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ABSTRACT

The fretting wear behavior of self-mated Y-TZP dental materials obtained by non-conventional
microwave and conventional sintering has been investigated. Two 3Y-TZP materials, a widely
utilized commercial dental ceramic (LAVA) and a lab-prepared 3Y-TZP powder based equivalent
have been assessed. Relative density and mechanical properties as well as the grain size variations
upon sintering have been evaluated. After exposure to selected gross slip regime fretting wear
conditions, the wear tracks have been characterized allowing the measurement of the coefficient
of friction, track profiles, and pit features. The results indicate that microwave sintering results in
a similar fretting wear behavior as observed for conventional sintered 3Y-TZP, since the
measured volumetric wear loss is of a comparable order of magnitude. Regarding the influence
of the grain size, the analysis revealed that a large grain size (>300 nm) results in an increased
wear volume and that a higher resistance to fretting wear is constrained to a mid-range particle
size. Since the fracture toughness of all investigated ceramic grades was comparable, the influence
of the fracture toughness could not be assessed. Abrasive grooving, delamination and
microcracking have been identified as major wear mechanisms inside the wear tracks for both
conventional and microwave sintered 3Y-TZP. In general, microwave sintering can provide 3Y-
TZP dental materials with a comparable fretting wear resistance as that observed for conventional

sintering using lower dwell sintering temperatures and a shorter processing time.



1 Introduction

The wear resistance of biomaterials aiming to replace structural elements in the human body is
critical for an optimum long-term durability. Particularly, a study of the tribological behavior is
very important for orthopedic and orthodontic uses, as interactions between surfaces and friction
are quite common. The performance under wear conditions of yttria-stabilized zirconia
polycrystalline (Y-TZP) ceramics make these materials an interesting alternative as structural
bioceramics. Even though orthopedic applications of all-zirconia materials have been almost
completely abandoned after the catastrophic failures in the early 2000’s ?, restorative dentistry
has adopted zirconia-based ceramics for applications as prostheses and implants due to their
biocompatibility, physical, aesthetic and mechanical properties 2 2. Since teeth are subjected to
contact and friction between surfaces due to grinding during the mastication process and, in some
cases, due to mouth disorders such as bruxism, there is a need to investigate the wear resistance

of Y-TZP materials that are required to act as replacements of teeth.

Fretting wear is characterized by a constant reciprocating sliding motion between two bodies at a
low amplitude, usually no more than a few hundred micrometers * 5. Due to the small
displacements involved, removed material can be trapped between contacting surfaces
influencing the wear damage caused °. During the fretting process, three wear regimes arise as
wear progresses: stick, partial slip and gross slip ® 7. Moreover, surface damage is produced over
most of the contact where slip occurs. Several configurations based on displacement modes can
be used to describe fretting wear, being linear, radial and circumferential, three of the most
commonly encountered in engineering applications. The radial and linear mode can be applied to
describe wear of dental systems due to the nature of the contact. The linear mode corresponds to
a tangential displacement resulting in high friction and tangential forces between the interacting
surfaces, while the radial mode is concerned with exerting a normal force as the contact between
surfaces is perpendicular. The linear mode can result in a higher rate of material removal due to

the high friction force that results from tangential sliding and is representative of the grinding



processes teeth are subjected to. Hence, the focus of this study is based on the linear mode in a

ball-on-flat setup.

Microwave sintering is alternative material processing technique that differs significantly from
conventional sintering due to the nature of the heat generation and transfer and densification
mechanisms involved. This method presents itself as a fast, economical and flexible processing
tool. Some of the most important advantages over conventional sintering include a volumetric
direct heating, lower energy consumption and production costs, reduction of processing time,
higher heating rates, and in some cases even an improvement in the physical properties of the
consolidated material & °. As a consequence, scientific interest in this novel technique has been
developed progressively. In a general sense, microwave sintering increases the densification of
the material at lower dwell temperatures when compared to conventional sintering % 1,
employing shorter times and less energy > %3, and resulting in an improvement of the

microstructure and mechanical properties in some cases *# %°,

Since microwave sintering allows for a modified microstructure, especially by significantly
reducing the grain size, due to the heating mechanisms involved, the wear behavior of Y-TZP
ceramics is affected. In general, the literature suggests that microwave sintering of zirconia can
result in comparable mechanical properties and high degrees of densification at lower dwell
temperatures and significantly shorter sintering times than for conventional sintering 6-°.
Moreover, some studies have demonstrated that microwave sintered materials exhibit enhanced
crystallinity 2° and improved mechanical properties > 2122 Additionally, some authors have

suggested that smaller grain sizes can enhance the wear resistance of ceramics 2%,

The purpose of this work is to evaluate the tribological behavior under dry fretting fatigue
conditions of microwave sintered Y-TZP materials by a direct comparison with conventional
sintered 3Y-TZP dental ceramics and study differences in terms of wear behavior that may arise
as a consequence of microwave heating. Mechanical properties, such as hardness and fracture

toughness, have been determined and their influence on the wear rate has been elucidated.



Tribological parameters such as coefficient of friction (COF) and wear volume loss are

investigated along with a qualitative analysis of the wear pits.

2 Materials and Methods

2.1 Y-TZP materials

The starting materials considered in this study are a commercial dental Y-TZP material (LAVA
Zirconia, 3M ESPE, St. Paul, MN, USA) and a lab-optimized commercial 3Y-TZP powder based
ceramic (TZ-3YSE, Tosoh, Tokyo, Japan). The former has been provided as a pre-sintered block
with a green density of 65%, and then cut and shaped into the corresponding dimensions:
cylindrical bodies with a diameter of 10 mm and a height of 4 mm. The latter consists of a TZ-
3YSE ceramic powder that has been dispersed by colloidal processing in water with the aim of
optimizing the rheological behavior of the suspension in order to obtain a more homogeneous
powder in terms of particle size. Specific details on the preparation of the dispersing conditions
are provided in the works of Rayon et al. 2 The ceramic powder is finally obtained by freeze-
drying after homogeneous dispersion. The powder has been compacted with the aid of a punch
and a die of the corresponding dimensions to a pressure of 200 MPa to form green bodies with a
diameter of 10 mm and a height of 4 mm and a green density of approximately 60%. Important
physical properties and characteristics of both starting materials are summarized in Table 1. Small

amounts of alumina are present in both materials to enhance sintering kinetics ',

2.2 Sintering conditions

Both zirconia materials have been processed by conventional and microwave sintering. For
conventional sintering, a Thermolyne type 46100 (Thermo Fisher Scientific, Madrid, Spain) was
used with a heating/cooling rate of 10 °C/min at 1400 °C for 2 h in air. The total processing time
was 380 min. Microwave sintering has been performed in air applying a heating/cooling rate of
100 °C/min and a dwell temperature of 1200 °C for 10 min. Total processing time was 30 min.

An experimental microwave system with a rectangular cavity was used. The selected processing



parameters are based on previous studies where sintering conditions have been optimized to
obtain highly densified materials with comparable physical and mechanical properties for both
conventional and microwave sintering.’>1"¢ The sample temperature during microwave sintering
was monitored with a two-color pyrometer (Optris CT-Laser LT, Berlin, Germany), directly
focused on the sample surface through an aperture in the upper wall of the cavity. The emissivity
of the Y-TZP grades has been previously calculated for calibration of the pyrometer. Real-time
temperature monitoring is carried out by a feedback loop system software that adjusts the
dimensions of the cavity to control microwave absorption and, hence, temperature. For
convenience, the nomenclature of the commercial LAVA and the lab-optimized Y-TZP ceramic
powder are referred to as LV and LAB, respectively, and the suffix CS and MW refer to
conventional or microwave sintering, respectively. Four tests have been conducted for each

sintering condition and material.

2.3 Fretting test setup

Fretting tests have been carried out with a ball-on-plate configuration, as shown in Figure 1. Y-
TZP balls (TZ-3Y, Tosoh, Japan) with a diameter of 10 mm are used as counter material in all
tests. The system consists of a computer-controlled tribometer where the sample to be evaluated
is mounted on a translation table, which oscillates at a pre-defined frequency. The ball is fixed so
that only tangential fretting wear occurs. Specimens are fixed to the sample holder that allows
movement in the x and y directions. The experimental fretting parameters were kept constant for
comparative reasons as follows: normal load = 8 N, frequency = 5 Hz, number of cycles = 100,000
and x direction displacement = 200 pum. Fretting conditions have been selected based on
preliminary studies indicating that these conditions allow generating wear tracks of considerable
size and depth within reasonable testing times. Additionally, these parameters are expected to
yield a gross slip fretting behavior. Previous to the fretting wear tests, Y-TZP specimens have
been mirror-polished with colloidal diamond suspension down to 0.25 um. The fretting test
equipment is a home-made tribometer designed and built at the Department of Materials

Engineering at KU Leuven. According to Zheng et al.?®, friction and wear tests of dental



components should be carried out ideally in a reciprocating sliding mode to better simulate the
mastication behavior. All tests have been carried out at room temperature and under ambient

relative humidity conditions. At least two fretting tests have been carried out for each specimen.

2.4 Materials and wear track characterization

The density of the sintered ceramics has been determined with the Archimedes method following
the ASTM-C-373 Standard. For relative density calculations, a theoretical density of 6.05 g/cm?®
was used. Hardness, H and indentation fracture toughness, Kic, have been determined with a
Vickers indenter (FV-700, Future-Tech Corp., Tokyo, Japan) applying a load of 10 kg. Kic was
calculated from the size of the radial crack pattern according to the formula of Anstis using the
elastic modulus obtained from nanoindentation measurements. A total of ten measurements have
been conducted for each specimen. Elastic modulus, E, have been determined via the
nanoindentation technique using a calibrated Berkovich tip G-200 nanoindenter (Agilent
Technologies, Santa Clara, USA) up to a depth of 2000 nm as a means of evaluating the proper
consolidation of Y-TZP materials by both microwave and conventional sintering. Indentations
have been conducted using the Continuous Stiffness Measurement of a 2 nm and 45 Hz harmonic

oscillation.

The dynamic coefficient of friction, COF, was calculated from the on-line measured tangential
force as the average from all cycles. Fretting loops were obtained for several predefined cycles.
After wear testing, the specimens were rinsed in an ultrasonic bath in ethanol for 5 min to remove
any loose debris. Due to the size of the tracks, a geometrical approach was used to determine the
wear volume by means of white light interferometry (Wyco NT 1100 optical profilometer, Bruker,
Bellerica, USA). The measured wear pit dimensions were used to calculate the wear volume. An
empirical equation modified from Klaffke * and reported by Kalin et al. 3! has been employed as
a geometrical approximation (Equation 1). The shape of the wear track consists of an elongated
round cap due to the fretting conditions applied, which means that the diameter parallel to the

sliding motion, dj, is longer than the perpendicular diameter, d_.



V = whZy (R =22 + (“04) [R2sin (&) (R = heap )] 1

The approach to calculate the wear volume must consider two volumes. The first one corresponds
to a ball cap of height hcap, Which is the wear pit maximum depth. This volume corresponds to the
first part of Equation 1. The second one is the portion that results from the oscillating amplitude
direction. In this case, the length difference between the diameters can be used to calculate the
remaining volume, which is given in the second part of Equation 1. Other parameters considered
are the radius of the ball, R (d = 10 mm), and the factor, k, which takes into account the irregular

geometrical section of the elongated side and is given in Equation 2.

k = J2Rhegp — hZep 2

Another important tribological parameter that can be obtained from the wear volume is the wear
rate, which is given in Equation 3, and has been used to verify whether a gross slip regime has
been reached under the selected conditions by comparing it to the fretting regimes proposed by

Vingsbo et al. ’

14
Wrate = Fnd 3

with V, the wear volume [mm?], Fy, the normal force [N] and d, the sliding distance [m].

Track features have been assessed by means of confocal microscopy with a confocal scanning
laser microscope (LEXT 3100, Olympus, Tokyo, Japan). Grain size measurements were carried
out from FE-SEM images with an image analysis software. The value provided corresponds to
the average of 100 grain measurements. In order to determine whether phase transformation has
occurred by the fretting action, a Raman spectroscopy analysis has been carried out by obtaining
spectrograms on the inside of the wear track and identifying the corresponding tetragonal and
monoclinic phase peaks. The Raman spectrometer (LabRam HR UV, HORIBA Jobin Yvon,
France) is coupled with a thermoelectrically-cooled multichannel CCD detector. Raman spectra
are recorded for a Raman shift range of 120 — 700 cm™? as an average of two successive

measurements, each with an integration time of 120 s, 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 is employed.

3 Results and discussion

3.1 3Y-TZP ceramics densification and mechanical properties upon sintering

Table 2 summarizes the properties determined for both materials after microwave (MW) and
conventional sintering (CS). The results indicate that all specimens have reached a substantial
degree of densification at the selected sintering conditions, as most relative densities are above
99%. Particularly, LABMW has a significantly higher relative density compared to the CS grades,
reaching 99.6%. All specimens resultin H and E values above 12 GPa and 200 GPa, respectively,
which are typical values for 3Y-TZP ceramics. The Kic is not influenced by employing a different
sintering method and is comparable to that of the conventionally sintered 3Y-TZP counterparts.
However, these values are lower than those expected for Y-TZP materials at approximately 6
MPa-m*2, as reported in literature 32-%*. Fracture toughness plays an important role in the wear
behavior of ceramic materials due to their brittle nature. This property can be used to understand
the susceptibility to microcracking and volume wear loss but since the toughness is very similar

for all grades, its relevance is limited in this work.

The reported elastic modulus values are very high most probably due to the nanoindentation
measurement method and load dependency at loads below 5 kg. Since the fracture toughness is
not influenced by the grain size at this range, the contribution of transformation toughening is
very modest. Up to 250 nm, transformability of a 3Y-TZP is zero *. Only the LVCS has a slightly
higher grain size (343 nm) which might be slightly subjected to transformation under tensile

stresses.

Significant differences are given by the average grain size of the specimens, which arise from the
sintering method. Two-hundred grains have been measured with an image analysis program using

the linear-intercept method. The grain size variations are notably large for the LV grades. In LAB



materials, there are also significant differences, however they are not as pronounced as in LV.
The conditions employed for microwave sintering and the densification mechanisms involved
show significantly smaller grain sizes. Several literature reports have indicated a similar behavior,
where MW sintering resulted in smaller grain sizes due to the conditions and mechanisms
involved &% However, in the case of LAB materials, the grain size difference between MW
and CS materials is not statistically different, as they fall within the error range of each other. This
might be due to the colloidal pretreatment of the starting powder providing a more homogeneous
material in terms of particle size and green packing density ?. The grain size of LVCS grade is
substantially higher than that of LABCS grade due to a pre-sintering step that this material has
been subjected to by the manufacturer, which already initiates the formation of necks between
particles and, when exposed to conventional sintering conditions, the mechanisms that favor grain

growth during sintering are more easily activated.

3.2 Fretting wear behavior

Physical and mechanical properties of the Y-TZP balls used as counter-material in the tangential
fretting test are summarized in Table 3. This information is useful to understand the wear
mechanisms involved in a ball-on-plate configuration. Mechanical properties have been measured
in the same way as for sintered materials. As can be seen, the hardness of the ball is within the
range of values obtained for the sintered samples. The fracture toughness value is slightly lower

in the ball with a significant standard deviation indicating a degree of heterogeneity.

Fretting loops have been analyzed to identify the fretting wear slip regime resulting from the
applied conditions under ambient relative humidity. The hysteresis loop in Figure 2 indicates the
presence of gross slip after 2,000 and 20,000 cycles for MW sintered LAB material. The loop of
the 11'" cycle is shown to illustrate the behavior of the tangential force during the initial stages of
the fretting test. In this case, the tangential force is limited within -2 and 2 N. During the first few
cycles, a partial slip regime is observed, as indicated by a thinner loop. As the number of cycles

increases, the loop expands giving rise to gross slip and the tangential force increases substantially
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leading to considerable energy dissipation and wear damage. The displacement of 200 pm
remains constant throughout all cycles. This tribological behavior is expected for self-mated 3Y -
TZP materials under these wear conditions. Similar results have been obtained for CS ceramics
suggesting that MW sintered 3Y-TZP materials, both LV and LAB, result in a similar wear pattern
for the selected processing conditions (dwell temperature, sintering time and heating rates) with
respect to the development of tangential forces involved and friction between the ceramic flat and

ball counter-material 37 %,

Results of the mean coefficient of friction, COF, determined for all specimens during fretting are
compared in Figure 3. Nath et al. * have reported COF values of approximately 1.0 in self-mated
Y-TZP materials in ball-on-plate configurations at similar loads under ambient humidity. The
COF values calculated in this work fall within the 0.7-0.85 range. The MW sintered LV ceramic
has a statistically lower COF compared to the CS equivalent, as well as all the LAB grades, which

have a comparable COF.

In contrast, the LAB materials have a very similar COF of approximately 0.78, despite different
sintering methods and temperatures. This difference can be attributed to the green starting powder
compact material. The LAB material is a more carefully prepared powder with a more
homogeneous particle size, which is also reflected in a more uniform sintered grain size. A
relationship between COF and grain size shows that as grain size increases so does the COF in
the LV material and, since grain size variations amongst the LAB grades are very small, the COF
was also constrained to a narrow range. Even though the mechanical properties of LV and LAB
are similar, the starting powder characteristics, its further processing and the sintering conditions
have an influence on the microstructure of the consolidated body, leading to differences in grain
sizes and consequently variations in the COF and fretting sliding interaction between flat and

counter material.

In order to measure the wear volume resulting from the fretting tests, the depth of the wear tracks

and the length of the radius have been determined by means of light interference profilometry.
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Figure 4 shows profilometry images of the wear tracks after 100,000 cycles on LVMW and
LVCS. These ceramics have resulted in the largest difference in COF. An approximate radius a
has been calculated as the average of two measurements perpendicular to each other since the
tracks are not totally round. In this manner, Equation 1 can be used to determine the wear volume.
The measured radii, obtained from profilometry measurements, are shown in Figure 4a and 4b.
As can be seen, the deviation from zero eccentricity is quite significant. Nonetheless, for
comparative purposes, the proposed method for calculation of the wear volume is still being valid,

as all specimens resulted in similar wear track shapes.

The size and shape differences between wear tracks of LVMW and LVCS are significant. The
maximum depth of LVMW was measured at 4.5 um, while that of LVCS is 5.9 um. Additionally,
LVMW has considerably shorter radii indicating that a smaller volume of material has been
removed due to fretting. A higher degree of roundness can also be observed for the wear track of
LVMW. The variation in wear track radius is quite clear in these two examples. For the LAB
grades, wear track diameters, depths and shapes are very similar, which is in agreement with the

more stable COF values determined previously.

Although the displacement in the fretting tests was fixed to 200 um, the contact region and sliding
interaction between ball and flat also depends on the microstructure and the properties of the
sintered material. For the LV material, these properties are different due to the different sintering
conditions, as shown in Table 2. Therefore, the length of the wear track also varies. Radii of more
than 400 pm have been measured with profilometry and microscopy techniques for LVCS (Figure
4b). In contrast, for the LAB specimens, similarly-shaped wear tracks from the different sintering
conditions have been observed. Such behavior might be attributed to the nature of the starting

material, which yields a more uniform sintered ceramic in terms of grain size.

For comparative purposes of sintering methods and temperatures, the wear volume has been
determined from wear track geometrical features by assuming an elongated round cap shape, as

described in Section 2.4. The estimated wear volumes are shown in Figure 5. Error bars

12



correspond to the error associated with the measurement of wear tracks. Most values are within
the same order of magnitude (10° um?3). Similar wear volumes have been reported in other studies
on self-mated Y-TZP ceramics . However, some notable variations can be seen with respect to
processing method and material. When comparing sintering methods for the LV material, the
wear volume of LVMW is lower than LVVCS grades. A comparison of Figure 3 and 5 indicates
that the highest COF results in the highest wear volume (LVCS), but the smallest wear volume

does not arise from the lowest COF, which is given by LVMW.

Regarding the LAB ceramics, the calculated wear volumes fall within a very close range from
each other and no significant statistical differences can be observed. A more stable wear behavior
can be observed in this material. Calculated wear volumes are above 5.5x10° pum?®. In the case of
LVCS, the wear volume is higher than for any of the other grades, including those found in LAB.
In any case, MW sintering at lower dwell temperatures with shorter processing times and lower
energy consumption provides a processing method that allows the consolidation of materials with
a tribological behavior comparable to those of CS. An important observation is that the deviation
in wear volume increases with bigger tracks due to the approximation approach employed.
Nonetheless, the calculated values can be used for the comparison purposes established in this

study.

In order to corroborate whether the slip regime under the evaluated fretting conditions
corresponds to gross slip, the wear rate of each specimen has been calculated from the wear
volume and compared with a fretting regime model taken from Basu et al.*°, as shown in Figure
6. The results indicate that a gross slip regime has been achieved under the selected fretting
conditions in all cases as the wear rates fall within this regime at 200 um amplitude. Due to the
similar properties of the sintered bodies, particularly fracture toughness, the wear rates fall within
a very close range. This behavior indicates that MW sintering under the selected conditions is
able to provide Y-TZP materials for dental applications with the same wear rates as those obtained

by CS. In this sense, the durability under fretting wear conditions of the material is not
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compromised by this alternate processing technology. LVCS, which has the highest COF, also

has the highest wear rate.

Morphology analysis of the fretting pits and damage has been performed by means of confocal
microscopy, as shown in Figure 7. The micrographs illustrate some of the most important
microstructural characteristics of fretting wear in Y-TZP ceramics such as delamination,
microcracking and abrasive grooving. Also, information regarding the wear mechanisms involved
can be obtained. In these materials, fretting wear in ball-on-plate configurations begins with
abrasive grooving parallel to the fretting displacement direction due to the sliding contact. This
mechanism is characterized by substantially increasing surface roughness. It is then followed by
delamination, which corresponds directly to the removal of material. Finally, microcracking at
the fretting contacts is responsible for severe wear damage due to cracking-activated spalling and
could lead to complete failure of the structural ceramic under higher loads and/or by increasing
the number of cycles. Microcracking occurs perpendicular to the fretting displacement direction
and might be due to a phenomenon arising from oscillatory motion of contacting surfaces known

as fretting fatigue **.

Figures 7a and 7b correspond to LVMW and LABMW, respectively, while Figure 7c and 7d
belong to LVCS and LABCS, respectively. Figure 7a shows morphological features
corresponding to delamination, which is the mechanism responsible for material removal in self-
mated zirconia ceramics. The morphology of the fretting pits is quite different among the
specimens shown. However, abrasive grooving parallel to the fretting direction can be observed
in all cases. LABCS has a maximum pit depth of 1 um, is mostly affected by abrasive grooving

and no significant microcracking can be appreciated.

LVCS on the other hand, which has the biggest wear volume coupled with the deepest groove of
almost 6 pm, indicates the presence of microcracking and significant delamination. The

predominantly whitened center of this fretting pit corresponds to the shallowest depth. The

14



fretting pits of the ceramics sintered via MW heating are quite similar with microcracking,

delamination and abrasive grooving with maximum pit depths of 4.5 and 4.1 um.

Y-TZP ceramics are characterized by a tetragonal-to-monaoclinic phase transformation that
substantially increases fracture toughness and inhibits crack growth. Therefore, fracture
toughness can be an important factor when assessing wear damage in these materials, particularly
when it comes to microcracking. The grain size has also been found to influence the wear loss
volume, as there is a tendency for reduced wear with decreasing grain size “ %2, Therefore, both
factors need to be taken into consideration. As previously stated, the fracture toughness was not
influenced by the sintering method used or the increase in dwell temperature (see Table 2).

However, the grain size significantly varied, especially in the LV ceramics.

With respect to the phase transformation induced by fretting, the identification of small
monoclinic peaks can be inferred on the Raman spectrograms obtained from the inside of the wear
tracks when compared to those of the unworn surface, where it is difficult to discern the peaks
from the background since their intensities are very low. The tetragonal to monoclinic
transformation can be induced by mechanical stresses in high toughness materials, such as Y-TZP
ceramics. The observed microcracks inside the wear tracks can be attributed to the stress induced
by the tetragonal to monoclinic transformation. The presence of microcracks and intergranular
fractures, as well as the occurrence of grain pull-out, which induces delamination, suggest that
tribomechanical wear is the major mechanism responsible for material removal for the selected

fretting conditions.

Figure 8 presents the fracture toughness and average grain size against the wear volume after
100,000 fretting cycles. Fretting wear studies on Y-TZP ceramics have established that a lower
fracture toughness results in a decreasing wear rate *. However, in this case no particular
correlation has been found due to very similar Kic values. In the graph, the highest fracture
toughness value seems to correspond with the highest wear volume loss. Nonetheless, the fracture

toughness values fall within the error range of each other. Hence, it is not possible to conclude
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that the fracture toughness influenced the wear behavior in this case. The differences in wear

volume can be, therefore, attributed to other factors such as grain size and yttria content.

Regarding the grain size, a slight tendency of increasing wear volume with increasing grain size
has been found for CS specimens, in accordance with the results obtained by Basu et al.®’. A
smaller grain size, obtained in MW sintered specimens, would indicate a higher wear resistance,
as determined by Binner et al. 3 In this case, the wear volume is not statistically different between
both materials. The grain size of the LAB materials falls within a narrow range (150 -200 nm)
and does not exhibit significant variations in wear volume. However, grain size has a significant
effect on the wear volume of the LV material. A grain size of 146 nm (LVMW) relates to a higher
resistance to fretting wear than the specimen sintered by conventional methods, which resulted in
a grain size of 343 nm. On the other hand, similar grain sizes obtained for the LAB material, under
different sintering conditions, revealed that the wear volume barely varied. Additionally, the
smallest grain size did not correspond to a lower wear volume, indicating that a smaller grain size
do not improve wear resistance. The lowest wear volume is associated to a grain size of 200 nm.
An average wear volume under these fretting conditions results in a value of 6.8x10° um?, which
falls within a close range of values found in other studies for zirconia ceramics 3 %%, Therefore,
the geometrical approximation approach used for the wear volume calculation results in a

relatively good estimation for the quantitative characterization of the wear behavior.

4  Conclusions

The tribological behavior under fretting wear conditions of two Y-TZP materials sintered at 1200
°C by microwave heating technology has been studied and compared to conventionally sintered
specimens at 1400 °C. Upon sintering at the selected conditions, relative densities above 98%
have been obtained. Mechanical properties indicate that microwave-sintered materials comply
with the expected values for hardness and fracture toughness, even though a lower sintering
temperature, shorter processing times and faster heating rates have been applied, as their values

are comparable to those obtained by conventional sintering. Significant variations in grain size

16



have been observed on the pre-sintered commercial LAVA. These variations are not as

pronounced on the in-house powder that has been carefully prepared prior to sintering.

The influence of processing has been reflected on the microstructure and, hence, on the fretting
wear behavior of these materials. The results in LAVA material indicate that large grain sizes,
above 300 nm, lead to an increase on the resulting wear volume. Therefore, microwave heating
can help reduce grain coarsening when compared to conventional methods due to two main
factors: 1) the nature of dielectric heating and 2) the selected processing conditions. As a
consequence, a finer microstructure can be obtained and higher wear volume losses can be
prevented. In the case of the in-house powder, the effects of sintering on grain growth are not as
pronounced, giving place to similar wear volumes. The calculated wear rates indicate that a gross
slip regime has been achieved for both sintering conditions. Moreover, the wear mechanisms
which include abrasive grooving, delamination and microcracking, are still present in Y-TZP
materials even though different sintering methods have been employed. Phase transformation has
occurred due to mechanical stresses generated from the fretting action. In general, microwave
sintering can still provide materials with a fretting wear resistance comparable to those obtained
by conventional sintering using lower dwell temperatures and shorter sintering times for the

sintering of individual pieces.
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Figure captions:
Figure 1. Fretting wear setup and conditions.

Figure 2. Fretting hysteresis loops of the 11, 2,000" and 20,000" cycle for microwave sintered LAB
material revealing that a partial slip or gross slip regime occurs under the selected fretting conditions.

Figure 3. COF of the 3Y-TZP ceramics during tangential fretting tests.
Figure 4. Confocal light microscopy profiles of (a) LVMW and (b) LVCS materials.
Figure 5. Wear volume for LV and LAB ceramics after microwave and conventional sintering.

Figure 6. Wear rates of all ceramics grades at 200 um fretting amplitude plotted on top of the fretting
regime model 3,

Figure 7. Confocal microscopy images of wear pits after 100,000 cycles for a) LVMW, b) LABMW c)
LVCS and d) LABCS showing delamination and microcracking.

Figure 8. Plot of the average grain size and fracture toughness against wear volume for the studied Y-
TZP materials.
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