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Objectives

3Y-TZP ceramics with reduced alumina content have improved translucency and are
used in monolithic dental restorations without porcelain-based veneers. The workflow
can be further streamlined with rapid sintering. This study was designed to assess how
these approaches affect ageing when the materials are exposed to the oral
environment in vivo .

Methods

43 discs were fabricated from 3Y-TZP powder with 0.05% Al 2 O 3 and sintered with
conventional or rapid regimens (1450°C 2 h, 1530°C 2 h, or 1530°C 25 min). Their
surfaces were polished or airborne-particle abraded with 50 um Al2 O 3 . The discs
were incorporated in complete dentures of 16 volunteers and worn continuously for up
to 48 months. Ageing changes on disc surfaces were monitored every 6 months by X-
ray diffraction, scanning electron microscopy and atomic force microscopy. Data was
statistically analyzed with linear models.

Results

The amount of monoclinic phase on polished surfaces increased linearly, reaching up
to 40% after 48 months in vivo . The ageing process observed for rapid sintering was
1.6 times faster compared to conventional sintering. A nano-scale increase in
roughness with microcracking was also detected on polished surfaces. Airborne-
particle abraded surfaces did not exhibit clear signs of ageing during the course of the
study.

Significance
Highly-translucent 3Y-TZP ceramics are more susceptible to ageing than classic 3Y-

TZP. After 4 years in vivo , the extent of degradation did not yet constitute grounds for
clinical concern, but was more pronounced in materials prepared with rapid sintering.
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Highlights

e Highly-translucent 3Y-TZP is more susceptible to in vivo ageing than classic 3Y-
TZP.

e Rapid sintering increases the susceptibility to in vivo ageing.
e Airborne-particle abrasion suppresses in vivo ageing.

e Surface degradation after 4 years in vivo was within clinically acceptable range.
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In vivo ageing of zirconia dental ceramics — Part Il: highly-translucent and rapid-sintered

3Y-TZP

Objectives

3Y-TZP ceramics with reduced alumina content have improved translucency and are
used in monolithic dental restorations without porcelain-based veneers. The workflow
can be further streamlined with rapid sintering. This study was designed to assess how
these approaches affect ageing when the materials are exposed to the oral environment
in vivo.

Methods

43 discs were fabricated from 3Y-TZP powder with 0.05% Al2Os and sintered with
conventional or rapid regimens (1450°C 2 h, 1530°C 2 h, or 1530°C 25 min). Their
surfaces were polished or airborne-particle abraded with 50 ym Al20s. The discs were
incorporated in complete dentures of 16 volunteers and worn continuously for up to 48
months. Ageing changes on disc surfaces were monitored every 6 months by X-ray
diffraction, scanning electron microscopy and atomic force microscopy. Data was
statistically analyzed with linear models.

Results

The amount of monoclinic phase on polished surfaces increased linearly, reaching up to
40% after 48 months in vivo. The ageing process observed for rapid sintering was 1.6
times faster compared to conventional sintering. A nano-scale increase in roughness
with microcracking was also detected on polished surfaces. Airborne-particle abraded
surfaces did not exhibit clear signs of ageing during the course of the study.

Significance

Highly-translucent 3Y-TZP ceramics are more susceptible to ageing than classic 3Y-
TZP. After 4 years in vivo, the extent of degradation did not yet constitute grounds for
clinical concern, but was more pronounced in materials prepared with rapid sintering.



1. Introduction

This is the second of our two co-published articles about ageing of 3Y-TZP ceramics in
vivo. The aim was to build on the conclusions of the previous study [ref in vivo paper 1],
to move beyond traditional, biomedical grade 3Y-TZP ceramics and investigate ageing

properties when modern material variants and processing techniques are applied.

Traditional dental 3Y-TZP ceramics are very opaque and have to be veneered with
glass-based porcelain veneers to achieve acceptable aesthetics. As veneers are prone
to chipping [1], there is a strong drive to circumvent this problem by using monolithic
zirconia instead. The full-contour technique requires specially formulated versions of
zirconia ceramics with improved light transmittance. This can be achieved by decreasing
the grain size, reducing the porosity [2] and modifying the amount of dopants such as
yttria and alumina [3]. Dopants are normally added to aid sintering and control the
transformability, and consequently also affect the susceptibility to low temperature
degradation (LTD) [4]. Typically, the alumina content in zirconia ceramics is 0.25%, but
highly-translucent variants have it reduced to 0.05%. Such concentration of AlI** is not
sufficient for the isolated alumina grain formation in the 3Y-TZP matrix during sintering.
A decrease in its protective effect against ageing can therefore be expected [5]. Another
strategy to improve optical properties is by increasing the yttria content and decreasing
the tetragonality of the system. But although cubic Y-TZP ceramic is both translucent
and ageing-resistant, it is a very different, mechanically weaker material due to the

absence of the t-m toughening mechanism [3][5] and was not considered in this study.

As monolithic zirconia restorations do not require veneering, less steps are needed in
production, which can be a considerable advantage. A complementary approach to
further streamline the workflow is to shorten the sintering times. Sintering typically takes
about 12 hours and is the most time-consuming component of working with zirconia
ceramics. Modern rapid sintering protocols only take a fraction of this time and are
currently gaining traction [6], but knowledge on their effect on the final material's
properties is still limited. Increased heating rates and shorter dwell times result in
specific material microstructures with larger grain sizes, and the implications for their

mechanical performance and translucency are not always beneficial [7][8][9]. Our main



goal was to assess the susceptibility of such ceramics to ageing when exposed to the
oral environment in vivo. The ceramics were prepared with conventional or rapid
sintering, and their surfaces were either polished or airborne-particle abraded
(sandblasted) to emulate the relevant preparation procedures in a clinical setting. The
experimental design used our established methodology with complete dentures as
vehicles to hold the ceramic samples in patients' mouths for up to 48 months [ref in vivo
paper 1].



2. Materials and methods
2.1 Clinical study background

This clinical study was designed as a collaboration between the Department of
Prosthodontics, Faculty of Medicine, University of Ljubljana and Faculty of Dentistry, Ss.
Cyril and Methodius University. The study protocol consisted of inserting the ceramic
specimens in lower complete dentures worn by patients, as also described in our
previous publication [ref in vivo paper 1]. The study was granted approval by the
Republic of Slovenia National Medical Ethics Committee (approval no. 61/04/1011). All
the procedures were in accordance with the Helsinki Declaration of 1975, as revised in
1983. The following inclusion criteria were used to select the patients:

e good general satisfaction with the existing complete dentures based on the

Patient Denture Assessment (PDA) questionnaire [10],
e personal preference and willingness to wear the dentures 24 hours a day,

e no medical history that might interfere with the planned 6-month recall during the

course of the study.

The present series consisted of 16 volunteers (5 men and 11 women). They received
verbal and written explanation on the study design and the purpose of the research. The
participation was confirmed by signing an informed consent form. The participants
agreed to take part in a regular 6-month recall program and were free to stop
participating at any time. The target time frame was 24 months. Patients were then given

the option to continue in the study extension for up to 48 months.



2.2 Preparation of the intraoral ageing devices

The studied ceramic materials to be incorporated into dentures were prepared from
commercially available, translucent grade 3Y-TZP granulated powder containing 3 mol%
of yttria, 0.05 wt.% of alumina and 3 wt.% of an organic binder (TZ-PX-242A, Tosoh,
Tokyo, Japan).

Disc-shaped specimens were dry pressed uniaxially at 150 MPa and sintered to get

three distinct ceramic materials, as presented in Table 1 and Fig.1.

Table 1. Overview of sintering regimens, microstructures and surface treatments for

materials used in this study. APA = airborne-particle abrasion.

Material ~Sintering regimen Average Surface treatment
grain size in
Mm (SD)
CS1450 Conventional sintering: 0.26 (0.02) Polishing (n=10)
heat 5°C/min, dwell 1450°C 2 h, cool APA (n=10)

5°C/min until ambient temperature

CS1530 Conventional sintering: 0.32 (0.03) Polishing (n=12)
heat 5°C/min, dwell 1530°C 2 h, cool
5°C/min until ambient temperature

RS1530 Rapid sintering: 0.47 (0.06) Polishing (n=11)
heat 60°C/min, dwell 700°C 2 min, heat
60 °C/min, dwell 1300°C 2 min, heat
40°C/min, dwell 1530°C 25 min, cool
90°C/min until 700°C, cool 60°C/min until
400°C, cool 40°C/min until ambient
temperature

After sintering, the final diameter of the discs was 8 mm and their thickness 1 mm. The
relative density was determined by the Archimedes’ method, using deionized water as
the immersion liquid. A theoretical density of pr = 6.08 g/cm? for the tetragonal phase

was used in the calculations. The relative density exceeded 99% of the theoretical value.



The grain sizes were estimated from FE-SEM images (GeminiSEM, Carl Zeiss AG,
Jena, Germany) using the linear-intercept procedure based on the ASTM E112-13
standard without introducing any correction factors. The examined ceramic surfaces
were mirror polished, thermally etched (1300°C for 30 min in air) to expose the grain
boundaries and examined without any surface coating applied (Fig.1).

Fig. 1

SEM micrographs of the ceramic surfaces prepared with conventional (a, b) or rapid
sintering (c). All three materials were produced from the same 3Y-TZP powder with
alumina content of 0.05%. The average grain sizes are displayed on the images.

Ten CS1450 specimens were airborne-particle abraded with 50 um Al203 particles at a
pressure of 2.5 bar, using an air-abrasion unit (Basic IS, Renfert Dental, Hilzingen,
Germany). The rest of the specimens were mirror polished. After surface treatments, the

specimens were ultrasonically cleaned with acetone and deionized water.

Prior to inserting the ceramic specimens in the dentures, the necessary space was
prepared in suitably flat regions of the denture’s sublingual flanges. The patients were
instructed to wear their dentures continuously, removing them only for daily cleaning
with soapy water and a denture brush. Regular recall visits were scheduled to ensure
the patients were in good oral health and could use their dentures without difficulties. If
any denture-related lesions were visible on the mucosa, the dentures were adjusted

accordingly or relined.



2.3 Ceramic specimen analyses

At every 6-month recall appointment, ceramic specimens were temporarily removed
from the dentures and submerged in 2.5% sodium hypochlorite for 10 min to remove the
organic debris from the surface. After rinsing, the specimens were cleaned ultrasonically
in acetone, ethanol and deionized water for 10 min to prepare them for surface
characterizations with XRD, FE-SEM and AFM. XRD patterns were collected using Cu-
Ka radiation at 45 kV and 40 mA over the range of 25 to 40 26 (X'Pert PRO X-Ray
diffractometer, PANalytical, Almelo, The Netherlands). The Xmn was estimated using the

Garvie and Nicholson method [11].

Scanning electron micrographs of ceramic surfaces were taken with FE-SEM
(GeminiSEM, Carl Zeiss AG, Jena, Germany) without any surface coating applied. AFM
analysis of the polished surfaces was performed in the contact mode with the scan size
of 10 um x 10 ym (Dimension 3100, Veeco Instruments, Plainview, USA). The acquired
AFM data was processed with the WSXm 4.0 Beta 8.1 software [12], utilizing three

measurements to estimate the mean roughness (Ra).

When the analyses were complete, the specimens were re-inserted in the corresponding
patients’ dentures using cold-curing acrylic resin. At the end of the study, the discs were
permanently removed from the dentures and cross-sections perpendicular to aged
surfaces were prepared by FIB machining (Helios Nanolab 650, FEI, Hillsboro, USA). A
0.5 um layer of platinum film was sputtered on the area of interest, using the ion-beam-
assisted gas injection system at 30 kV and 0.43 nA to prevent the extensive curtain
effect. FIB trenches were cut at 30 kV and 65 nA and finalized by ion polishing at 30 kV
and 21 nA. The transformation depth and changes in the immediate subsurface zone

were observed in situ, at an angle of 52°, using the electron probe at 2 kV and 100 pA.



3.4 Statistical analysis

The data on Xm was statistically analysed with linear models using the statistics software
package R 3.1.2 [13]. Ageing was treated as a numerical variable expressed as months
in vivo. Sintering regimen was treated as a descriptive variable with three levels:
conventional sintering at 1450°C, conventional sintering at 1530°C and rapid sintering at
1530°C. Surface treatment was treated as a descriptive variable with two levels:
polishing or airborne-particle abrasion. Pairwise differences between treatment groups
were further examined with Tukey's HSD test. The significance level was set to a = 0.05.



3. Results

The retention rate and compliance of study participants was very good. One participant
was lost to follow-up after 6 months, one moved abroad after 12 months, and one could
not continue wearing their dentures due to suffering a stroke 12 months into the study.
After 24 months, 6 participants elected to continue with the study extension for up to 48
months. These participants were wearing polished CS1450 and RS1530 specimens. We
were therefore able to obtain 48-month results for these groups, and 24-month results
for polished CS1530 and airborne-particle abraded CS1450 specimens.

3.2 Phase composition

XRD analyses revealed changes in phase composition, reflecting the rate and the extent
of ageing in vivo, as presented in Fig. 2 and Table 2. Before ageing, polished samples
were monoclinic phase-free, whereas Xm of the airborne-particle abraded samples was
2.5%. The latter also exhibited low-28-angle asymmetric broadening of peak
(111)¢/(101):, the reversed intensity of peaks (002): and (110);, and an increased full
width at half maximum (FWHM) value of peak (002):.

Sintering regimen affected the initial phase composition through sintering-related phase
partitioning process. Increasing the sintering temperature increased the amount of
untransformable yttria-rich t'-ZrO2 phase. This was evident from the estimated increase
in the peak intensity ratio of 1(110)¢/I(110):, which was 0.17 in material CS1450 and 0.21
in material CS1530. In rapid-sintered samples the phase partitioning was even more
pronounced and the intensity ratio was 0.37. The increase in sintering temperature or
speed also resulted in higher tetragonality of the untransformable, yttria-rich t'-ZrO2
phase. The relevant (002):/(110)c peaks were pushed apart, away from 35° 26 and
closer to peaks (002): and (110):.

After 24 months of ageing in vivo, the emergence of monoclinic peak (1 11)m was clearly
discernible in polished samples. On the contrary, very little change was observed in the
XRD patterns of airborne-particle abraded samples. In material CS1450, the mean Xm
has risen to 11.9% in polished samples and to 4.2% in airborne-particle abraded

samples. Polished CS1530 samples had the mean Xn of 9.3% after 24 months in vivo.



After 48 months in vivo, the changes on polished samples developed further, reaching
the mean Xm of 39.7% in the rapid-sintered material RS1530 and 27.3% in the

conventional-sintered material CS1450.

Fig. 2

XRD patterns obtained from polished (a, b, ¢) and airborne-particle abraded (d)
specimens, before and after ageing in vivo. Ceramics prepared with rapid sintering
exhibited the most pronounced ageing changes (b). Higher-angle 26 XRD patterns are
presented as close-ups to illustrate how differences in sintering regimens affected phase
composition, phase partitioning and the peak intensity ratio 1(110):/1(110):.
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Table 2. Mean values and standard deviations for the monoclinic content (Xm) before
and after ageing in vivo. Values marked with the same letters are not significantly
different from each other (Tukey’s HSD test, a= 0.05). APA = airborne-particle abrasion.

Ageing in vivo (months) Material Surface treatment  Xm in % (SD)
0 CS1450 polished 0.1° (0.14)
0 CS1530 polished 0.0r (0.00)
0 RS1530 polished 0.1° (0.13)
0 CS1450 APA 2.5" (0.31)
6 CS1450 polished 2.7" (0.47)
6 CS1530 polished 5.2M (0.47)
6 RS1530 polished 9.0/ (0.66)
6 CS1450 APA 3.6" (0.62)

12 CS1450 polished  5.4™(0.72)
12 CS1530 polished 6.7X (0.64)
12 RS1530 polished  13.4" (1.37)
12 CS1450 APA 3.5" (0.68)
18 CS1450 polished 8.4i (0.87)
18 CS1530 polished 8.2 (0.49)
18 RS1530 polished  18.87(1.22)
18 CS1450 APA  4.0M™ (0.61)
24 CS1450 polished  11.9'(1.22)
24 CS1530 polished 9.31(0.71)
24 RS1530 polished  23.3¢ (0.85)
24 CS1450 APA  4.1M™ (0.61)
30 CS1450 polished 15.59 (2.02)
30 RS1530 polished 28.29(0.92)
36 CS1450 polished  19.57(1.76)
36 RS1530 polished  32.6° (1.10)
42 CS1450 polished 21.7¢(2.48)
42 RS1530 polished  36.9° (0.84)
48 CS1450 polished  27.39(0.49)

48  RS1530 polished  39.72 (0.80)



Statistical analysis with multivariate linear regression determined that ageing, sintering
regimen and surface treatment had statistically significant effects on Xm. There were two
statistically significant interactions: between ageing and sintering regimen (p<0.0001),
and between ageing and surface treatment (p<0.0001). This indicated that materials
prepared with different sintering regimens differed in their ageing behaviour, as did
groups that were polished or airborne-particle abraded. To estimate the actual
degradation rates, further statistical analysis was conducted separately for each of the

four groups and the results are presented in Table 3.



Table 3

Separate linear regression analyses of the Xm progression during ageing in vivo.
Estimated values are expressed in % change per month.

Estimate Standard error t-value p-value

CS1450, polished
(F=2225 on 1 and 72 degrees of freedom, p<0.0001, adjusted R2=0.97)

Intercept -0.68 0.28 -2.462 0.0162

Slope 0.54 0.01 47.175 <0.0001

CS1530, polished
(F=294.4 on 1 and 49 degrees of freedom, p<0.0001, adjusted R2=0.85)

Intercept 1.47 0.29 5.044 <0.0001

Slope 0.37 0.02 17.175 <0.0001

RS1530, polished
(F=3000 on 1 and 65 degrees of freedom, p<0.0001, adjusted R2=0.98)

Intercept 2.74 0.35 7.941 <0.0001

Slope 0.83 0.02 54.773 <0.0001

CS1450, airborne-particle abraded
(F=34.47 on 1 and 44 degrees of freedom, p<0.0001, adjusted R?=0.43)

Intercept 2.79 0.15 18.541 <0.0001

Slope 0.07 0.01 5.871 <0.0001

Statistically significant (p<0.0001), upward linear trends with exposure time were
detected in all groups, but the rate was one order of magnitude faster in polished
specimens compared to airborne-particle abraded specimens. Ageing changes were
most pronounced in the rapid-sintered material RS1530, where the estimated Xm



increase was 0.83% per month. Polished specimens prepared with conventional
sintering aged at a rate of 0.54% per month for material CS1450 and at 0.37% per
month for material CS1530. Airborne-particle abraded specimens exhibited an Xm
increase of only 0.07% per month. Ageing trends are graphically presented in Fig. 3.
While the airborne-particle abraded specimens exhibited a larger initial Xm, the

degradation rate of polished specimens was significantly faster.

Fig. 3

Graphical representation of the Xm progression when ceramic specimens in complete
dentures were exposed to the oral environment in vivo. Data points are shown as mean
values + standard deviations.
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3.3 Surface morphology

During the course of the study, early signs of degradation of the polished surfaces were
observed with the microscopy methods. Representative SEM micrographs are displayed
in Fig. 4.

Fig. 4

SEM micrographs of polished surfaces before (a) and after ageing in vivo (b-g). Initial
surface changes consisted of raised regions with transformed monoclinic variants (b).
Deterioration progressed with the formation of intergranular microcracks and sloughing
of the topmost layer, which was most evident in ceramics following rapid sintering (c, d).
Gross mechanical wear, pulled-out grains (e, f) and exposed pores (g) were also
discernible on the surfaces.
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On non-aged specimens, residual scratches from polishing and the differences in
contrast due to random orientations of the underlying grains were the only discernible
surface features (Fig. 4a). After in vivo exposure, monoclinic variants and intragranular
microcracks consistent with ageing-related t-m transformation were apparent on the
surface (Fig. 4b). More conspicuous changes included individual pulled-out grains and
signs of mechanical wear (Fig. 4c-f). The remaining pores, which were either pre-
existing on the surface before polishing, or exposed during it, were also discernible (Fig.

4q).

Similar features were also observed with the AFM (Fig. 5). Initially, only scratches
associated with polishing were present (Fig. 5a), but after in vivo exposure, surface
uplifts consistent with monoclinic transformation began to emerge (Fig. 5b-d). After in
vivo ageing, mean roughness increased from 1.8 nm to up to 5.8 nm, with rapid sintering

exhibiting the highest mean values.
Fig. 5
AFM analysis of polished surfaces before (a) and after ageing in vivo (b, c, d).
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In the case of airborne-particle abraded specimens, ageing-related surface changes
were not clearly observable. The SEM examination revealed a varied surface
topography with sharp cutting grooves, cracks and broken grains. The surface was
heavily plastically deformed to begin with and did not noticeably degrade after 24

months in vivo.



3.4 Transformed zone depth

On FIB-prepared cross-sections, direct observation of the immediate subsurface layer
not masked with processing artifacts was possible (Fig. 6). Non-aged polished
specimens exhibited a uniform microstructure with clearly discernible grains not showing
any signs of t-m transformation (Fig. 6a). In material CS1450 aged for 24 months in vivo,
ageing-related t-m transformation penetrated approximately 1 ym under the polished
surface, as indicated by the white line (Fig. 6b). The transformed layer was about three
layers of grains thick with few short intragranular microcracks appearing in the upper
part and indicated by black arrows. In contrast, an airborne-particle abraded surface was
heavily plastically deformed, but the underlying grains did not exhibit a sharply defined
transformation front (Fig. 6¢). Instead, they were distinctly altered, with cleavages and
shadows resembling multiple domains. No clear signs of ageing-related t-m
transformation were evident after 24 months in vivo (Fig. 6d). A transgranular crack

spanning several grains in the immediate subsurface layer is indicated by a black arrow.

Fig. 6

FIB cross-sections representing the immediate subsurface region of polished (a, b) and
airborne-particle abraded CS1450 specimens (c, d) before and after 24 months in vivo.
The white line in (b) indicates the degraded layer under the polished surface after
exposure in vivo. Microcracks are indicated by white arrows.




4. Discussion

This study has shown that highly-translucent zirconia with reduced alumina content is
susceptible to LTD when exposed to the oral cavity. An important finding was that rapid
sintering increases polished zirconia ceramics’ susceptibility to LTD. The difference was
observable even when the same maximum temperature of 1530°C was used in
conventional and rapid sintering. This points to an underlying difference in phase
composition and microstructure (Fig. 1) that evolves specifically during faster sintering
cycles (Table 1). Even though rapid sintering is more time efficient, the obtained
microstructure in our study was coarser (Fig. 1b, ¢) and exhibited more pronounced
phase partitioning (Fig. 2b, c). Crystallite-ordered coalescence contributing to grain
growth and coarser microstructures was previously shown to occur during rapid sintering
in 3Y-TZP [6], as well as in other ceramic systems [14][15][16]. It is assumed that
ordered coalescence of intergranular crystallite domains will also shorten the distances
needed for lattice diffusion, contributing to enhanced phase partitioning. Consequently, a
higher amount of untransformable yttria-rich t'-ZrO2 phase is coupled with yttria-lean
tetragonal phase which is more susceptible towards LTD [17]. Caution when employing

rapid sintering strategies is thus needed.

For materials prepared with conventional sintering, the speed of ageing was comparable
to the previously investigated classic, opaque zirconia ceramics, where the Xm rose to
11-13% after 24 months in vivo [ref in vivo paper 1]. In the present study, the values for
highly-translucent zirconia ceramics ranged between 9% and 12% for the same time
period. Considering that the grains in our previous study were coarser (around 0.5 ym
compared to around 0.3 um in this study), this indicates that highly-translucent zirconia
ceramics are more susceptible to ageing than the traditional, biomedical 3Y-TZP
version. When rapid sintering was employed, the ageing rate was even faster: Xm was
23% after 24 months and almost 40% after 48 months in vivo. An important thing to note
is the clear linearity observed in this study. In the first 6 months, a somewhat higher
increase in Xm occurred in groups sintered at the higher temperature of 1530°C. Later
on, the linear growth was uniformly linear and did not appear to decelerate with time.

This in vivo ageing behaviour differs from non-linearity we previously observed in



biomedical zirconia ceramics [ref in vivo paper 1]. A possible underlying reason could be
the inherently higher sensitivity of the highly-translucent zirconia ceramics to ageing.
Notably, however, the material CS1530 did not exhibit a clearly faster ageing rate
compared to CS1450. This was unexpected, but it is likely that the differences in
sintering temperatures and grain sizes between these two conventionally-sintered
materials were not extensive enough for clear separation. It should also be mentioned
that a much shorter in vivo study of the same highly-translucent material (TZ-PX-242-A,
1450°C 2h) reported the Xm of 7.8% after just 100 days [18]. This appears several times
faster than our results for conventional sintering. The authors used different specimen
geometries and a different polishing protocol prior to sintering, but since they only
reported one time point, it is impossible to make any deductions about the underlying

ageing kinetics [18].

However, and as previously discussed, the material lifetime prediction cannot be made
on the basis of the velocity of the transformation alone [19]. One of the crucial aspects of
LTD is the deterioration of the surface properties and it is well known that ageing is
associated with microcracking, roughening and a decrease in hardness and stiffness
[20][21]. This clinical study provides direct evidence that polished surfaces do change
during exposure in vivo, although the observed changes were minor. Microcracks due to
the volumetric expansion associated with the t-m phase transformation were present
(Fig. 6c, d), but the associated nanoscale roughening was one order in magnitude lower
than the clinically relevant 5 ym-gap between primary and secondary crowns used to
support removable dentures [22]. Even in rapid sintering, ageing-related topographical
changes such as individual pulled-out grains and mechanical wear, were not extensive
enough to represent clinical issues. Pores on the surface (Fig. 4g), are, however, of
potentially larger clinical concern. While not caused by ageing itself, pores represent
both surface flaws and paths for moisture access to the inner parts of the material. The
presence of these intragranular pores is likely associated with the 3Y-TZP spray-dried
granules which have not completely collapsed during the final stages of powder pressing
[23][24]. In addition to that, rapid sintering was previously reported to result in greater
porosity due to incomplete grain fusing and growth evolution during the fast sintering

cycles [8]. While polishing is commonly seen as a desirable method eliminating surface



irregularities, new porous regions can always be uncovered as the pseudo-grain (spray
dried grain) structure with weaker boundaries is present throughout the volume of the
material. Even though the ageing process is slow, its extent might be importantly

influenced by the presence of such flaws.

In contrast to polished surfaces, the surface morphology following airborne-particle
abrasion was extensively damaged and did not noticeably degrade during 24 months in
vivo. The absence of monoclinic variants on the immediate surface might be related to
its composition of shattered nano-sized grains, which are thermodynamically more
stable due to their small size and therefore not susceptible to transformation. In addition,
constraints due to residual stresses hinder the ageing process, as visible in Figs. 6¢ and
d. These in vivo results therefore corroborate well with in vitro findings, showing that
airborne-particle abraded surfaces can be highly ageing-resistant regardless of severe
plastic deformation [25]. It needs to be emphasized, however, that residual stresses
might be relaxed during thermal treatments which may be applied for finalizing the
monolithic 3Y-TZP restorations through colouring and glazing. Annealing is known to
affect the microstructure and stress patterns [26][27][28] and might also affect the

susceptibility to ageing.

Still, the fact that no major surface degradation was discernible neither in polished nor in
airborne-particle abraded surfaces suggests that ageing in vivo is not likely to represent
a potential clinical threat. Also, however, the time span of only 48 months offers a limited
- albeit useful - insight into the ageing process occurring during clinical service, where
dental restorations are expected to last a decade or more. Efforts to obtain reliable in
vivo ageing data for longer time spans with our methodology are restricted by ethical
considerations and elderly patient drop-outs due to illness. Similar to our previous in vivo
study [ref in vivo paper 1], another limitation is that the experimental protocol did not
consider any mechanical loading which invariably occurs during clinical service. Wear
and ageing were shown to have synergistic effects [29], meaning that cyclic masticatory
forces and other mechanical stresses might accelerate micro-crack growth and further
increase the wear rate. Previously this was apparent for a number of failed hip

prostheses with crater-like surface defects releasing wear debris into the synovial cavity



[30][31]. While it must be emphasized that such degradation is not the norm and was the
result of an improper sintering technique [30], improper use of novel sintering protocols
could potentially increase such risk. It has been shown that rapid sintering programs
affect different brands of zirconia differently, and they should only be used in accordance

with the manufacturer's instructions [8].

While ageing renders the surface more sensitive to damage, the actual effects on
fracture behaviour and bulk mechanical strength remain the object of future studies. As
suggested previously, strength measured by flexure might not be sensitive to a
degraded surface layer even with a substantial thickness, possibly because the
microcracks are parallel to the surface and not stressed in mode 1 during flexure testing
[25]. This resistance to loading is not necessarily comparable to oral conditions, where
the geometries, stress patterns and chemical environment are much more complex.
While Borges et al. did not detect any decrease in mechanical properties after 100 days
in vivo [18], Miragaya et al. reported a substantial mechanical weakening after just 60
days of intermittent oral exposure and in the absence of loading [32]. Uniaxial flexural
strengths decreased as much as 30% and the corresponding monoclinic phase content
was only 7.7%, but the authors suggested that acidic conditions might harm the
mechanical properties and aggravate the degradation even in the absence of t-m
transformation [32]. More research is needed to support this suggestion and it would
also be prudent to consider other possible explanations, for example the reliability of
uniaxial test results in light of possible edge flaws introduced during the handling of thin,
beam-shaped specimens [33]. Edge flaws on thin crown margins were shown to be a
common reason for failure of all-ceramic crowns [34][34][35]. These crown margin
regions experience considerable hoop stresses during mastication, but ageing may
incite spontaneous fracture even in the absence of external loading [23]. Very thin

monolithic dental restorations might also be more susceptible to such failure.



5. Conclusion

While this clinical study shows promising results on the in vivo ageing stability of highly-
translucent 3Y-TZP ceramics, future in vivo study designs including occlusal loading
would further explore the ageing phenomenon and yield more robust results on the true
longevity of 3Y-TZP ceramics in the oral environment. Our findings also support a
cautious approach when attempting to streamline the workflows with rapid sintering
protocols. The differences between conventional and rapid sintering were clearly
observable in this study and even though they did not pose a reason for clinical concern,

the possible implications for hydrothermal stability should not be overlooked.

Acknowledgements

This work was supported by the Slovenian Research Agency funding through research
project "Towards reliable implementation of monolithic zirconia dental restorations (J2-
9222)" and research program "Ceramics and complementary materials for advanced
engineering and biomedical applications (P2-0087)". The authors are grateful to Prof.

Michael V. Swain for continuous motivation and valuable discussions.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Pjetursson BE, Sailer I, Makarov NA, Zwahlen M, Thoma DS. All-ceramic or
metal-ceramic tooth-supported fixed dental prostheses (FDPs)? A systematic
review of the survival and complication rates. Part II: Multiple-unit FDPs. Dent
Mater 2015;31:624—-39. https://doi.org/10.1016/j.dental.2015.02.013.

Shen Z, Liu L, Xu X, Zhao J, Eriksson M, Zhong Y, et al. Fractography of self-
glazed zirconia with improved reliability. J Eur Ceram Soc 2017;37:4339-45.
https://doi.org/10.1016/j.jeurceramsoc.2017.03.008.

Zhang Y. Making yttria-stabilized tetragonal zirconia translucent. Dent Mater
2014;30:1195-203. https://doi.org/10.1016/j.dental.2014.08.375.

Samodurova A, Kocjan A, Swain M V, Kosmac¢ T. The combined effect of alumina
and silica co-doping on the ageing resistance of 3Y-TZP bioceramics. Acta
Biomater 2015;11:477-87. https://doi.org/10.1016/j.actbio.2014.09.009.

Zhang F, Inokoshi M, Batuk M, Hadermann J, Naert |, Van Meerbeek B, et al.
Strength, toughness and aging stability of highly-translucent Y-TZP ceramics for
dental restorations. Dent Mater 2016;32:e327-37.
https://doi.org/10.1016/j.dental.2016.09.025.

Kocjan A, Logar M, Shen Z. The agglomeration , coalescence and sliding of
nanoparticles , leading to the rapid sintering of zirconia nanoceramics. Sci Rep
2017;7:1-8. https://doi.org/10.1038/s41598-017-02760-7.

Jansen JU, Lumkemann N, Letz I, Pfefferle R, Sener B, Stawarczyk B. Impact of
high-speed sintering on translucency, phase content, grain sizes, and flexural
strength of 3Y-TZP and 4Y-TZP zirconia materials. J Prosthet Dent
2019;122:396—-403. https://doi.org/10.1016/j.prosdent.2019.02.005.

Lawson NC, Maharishi A. Strength and translucency of zirconia after high-speed
sintering. J Esthet Restor Dent 2020;32:219-25.
https://doi.org/10.1111/jerd.12524.

Jerman E, Wiedenmann F, Eichberger M, Reichert A, Stawarczyk B. Effect of
high-speed sintering on the flexural strength of hydrothermal and thermo-
mechanically aged zirconia materials. Dent Mater 2020;36:1144-50.
https://doi.org/10.1016/j.dental.2020.05.013.

Komagamine Y, Kanazawa M, Kaiba Y, Sato Y, Minakuchi S. Reliability and
validity of a questionnaire for self-assessment of complete dentures. BMC Oral
Health 2014;14:1-7. https://doi.org/10.1186/1472-6831-14-45.

Garvie R, Nicholson P. Structure and Thermomechanical Properties of Partially
Stabilized Zirconia in the CaO-ZrO2 System. J Am Ceram S 1972;55:152-7.

Horcas |, FernAndez R, Gomez-Rodriguez JM, Colchero J, Gbmez-Herrero J,



[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Baro AM. WSXM: A software for scanning probe microscopy and a tool for
nanotechnology. Rev Sci Instrum 2007;78. https://doi.org/10.1063/1.2432410.

R Core Team. R: A language and environment for statistical computing 2018.

Hu J, Shen Z. Grain growth by multiple ordered coalescence of nanocrystals
during spark plasma sintering of SrTiO3 nanopowders. Acta Mater 2012;60:6405—
12. https://doi.org/10.1016/j.actamat.2012.08.027.

Hu J, Shen Z. Ordered coalescence of nanocrystallites contributing to the rapid
anisotropic grain growth in silicon nitride ceramics. Scr Mater 2013;69:270-3.
https://doi.org/10.1016/j.scriptamat.2013.04.017.

Chaim R, Levin M, Shlayer a., Estournes C. Sintering and densification of
nanocrystalline ceramic oxide powders: a review. Adv Appl Ceram 2008;107:159—
69. https://doi.org/10.1179/174367508X297812.

Bucevac D, Kosmac T, Kocjan A. The influence of yttrium-segregation-dependent
phase partitioning and residual stresses on the aging and fracture behaviour of
3Y-TZP ceramics. Acta Biomater 2017;62:306—16.
https://doi.org/10.1016/j.actbio.2017.08.014.

Borges MAP, Alves MR, dos Santos HES, dos Anjos MJ, Elias CN. Oral
degradation of Y-TZP ceramics. Ceram Int 2019;45:9955-61.
https://doi.org/10.1016/j.ceramint.2019.02.038.

Keuper M, Berthold C, Nickel KG. Long-time aging in 3 mol.% yttria-stabilized
tetragonal zirconia polycrystals at human body temperature. Acta Biomater
2014;10:951-9. https://doi.org/10.1016/j.actbio.2013.09.033.

Cattani-Lorente M, Scherrer SS, Ammann P, Jobin M, Wiskott HWA. Low
temperature degradation of a Y-TZP dental ceramic. Acta Biomater 2011;7:858—
65. https://doi.org/10.1016/j.actbio.2010.09.020.

Cattani-Lorente M, Durual S, Amez-Droz M, Wiskott HWA, Scherrer SS.
Hydrothermal degradation of a 3Y-TZP translucent dental ceramic: A comparison
of numerical predictions with experimental data after 2 years of aging. Dent Mater
2016;32:394—-402. https://doi.org/10.1016/j.dental.2015.12.015.

Weigl P, Hahn L, Lauer HC. Advanced biomaterials used for a new telescopic
retainer for removable dentures: Ceramic vs. electroplated gold copings: Part I. In
vitro tribology effects. J Biomed Mater Res 2000;53:320-36.
https://doi.org/10.1002/1097-4636(2000)53:4<320::AID-JBM6>3.0.CO;2-W.

Swain M V. Impact of oral fluids on dental ceramics: What is the clinical
relevance? Dent Mater 2014,30:33-42.
https://doi.org/10.1016/].dental.2013.08.199.

Coti¢ J, Jevnikar P, Kocjan A, Kosmac T. Complexity of the relationships between
the sintering-temperature-dependent grain size, airborne-particle abrasion, ageing



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

and strength of 3Y-TZP ceramics. Dent Mater 2016;32:510-8.
https://doi.org/10.1016/j.dental.2015.12.004.

Coti¢ J, Jevnikar P, Kocjan A. Ageing kinetics and strength of airborne-particle
abraded 3Y-TZP ceramics. Dent Mater 2017;33.
https://doi.org/10.1016/j.dental.2017.04.014.

Kosmag T, edomir Oblak C, Jevnikar P, Funduk N, Marion L. Strength and
Reliability of Surface Treated Y - TZP Dental Ceramics. J Biomed Mater Res (
Appl Biomater ) 2000;53:304-13. https://doi.org/10.1002/1097-
4636(2000)53:43.0.CO;2-S.

Kosmag T, Oblak C, Marion L. The effects of dental grinding and sandblasting on
ageing and fatigue behavior of dental zirconia (Y-TZP) ceramics. J Eur Ceram Soc
2008;28:1085-90. https://doi.org/10.1016/j.jeurceramsoc.2007.09.013.

Roa JJ, Turon-vinas M, Anglada M. Surface grain size and texture after annealing
ground zirconia. J Eur Ceram Soc 2016;36:1519-25.
https://doi.org/10.1016/j.jeurceramsoc.2015.12.022.

Gremillard L, Martin L, Zych L, Crosnier E, Chevalier J, Charbouillot A, et al.
Combining ageing and wear to assess the durability of zirconia-based ceramic
heads for total hip arthroplasty. Acta Biomater 2013;9:7545-55.
https://doi.org/10.1016/j.actbio.2013.03.030.

Chevalier J. What future for zirconia as a biomaterial? Biomaterials 2006;27:535—
43. https://doi.org/10.1016/j.biomaterials.2005.07.034.

Chevalier J, Gremillard L, Virkar A V., Clarke DR. The Tetragonal-Monoclinic
Transformation in Zirconia: Lessons Learned and Future Trends. J Am Ceram Soc
2009;92:1901-20. https://doi.org/10.1111/j.1551-2916.2009.03278.x.

Miragaya LM, Guimarées RB, Othavio R, Assuncéo D, Botelho S, Guilherme J, et
al. Effect of intra-oral aging on t—m phase transformation, microstructure, and
mechanical properties of Y-TZP dental ceramics. J Mech Behav Biomed Mater
2017;72:14-21. https://doi.org/10.1016/j.jmbbm.2017.04.014.

Xu 'Y, Han J, Lin H, An L. Comparative study of flexural strength test methods on
CAD/CAM Y-TZP dental ceramics. Regen Biomater 2015;2:239-44.
https://doi.org/10.1093/rb/rbv020.

@ilo M, Quinn GD. Fracture origins in twenty-two dental alumina crowns. J Mech
Behav Biomed Mater 2016;53:93-103.
https://doi.org/10.1016/j.jmbbm.2015.08.006.

dilo M, Kvam K, Gjerdet NR. Load at fracture of monolithic and bilayered zirconia
crowns with and without a cervical zirconia collar. J Prosthet Dent 2016;115:630—
6. https://doi.org/10.1016/].prosdent.2015.11.017.



