Intraoral low-temperature degradation of monolithic zirconia dental prostheses:

S-year results of a prospective clinical study with ex vivo monitoring
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Abstract

Objectives: To investigate the 5-year intraoral evolution and kinetics of low-temperature degradation
(LTD) of second-generation monolithic prostheses made of 3% molar yttrium-doped tetragonal
zirconia polycrystal (3Y-TZP) and the influence of masticatory mechanical stresses and glaze layer
on this evolution.

Methods: A total of 101 posterior tooth elements were included in this prospective clinical study,
which comprised ex vivo LTD monitoring (at baseline, 6 months, 1 year, 2 years, 3 years, and 5 years)
using Raman spectroscopy (n=2640 monoclinic phase measurement points per evaluation time) and
scanning electron microscopy (SEM). Four types of areas (1-2 mm? surface, six on molars, and four
on premolars) were analysed on each element surface: occlusal, axial, glazed, or unglazed. Raman
mapping, high-resolution SEM, and focused ion beam-SEM were performed on selected samples.
Results: The dental prostheses developed a tetragonal-to-monoclinic transformation at the extreme

surface of the material after six months in a buccal environment, and this process increased
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significantly over time. Over the five years of monitoring, the transformation developed
nonuniformly with the presence of localised clusters of monoclinic grains. Tribological stresses
generate grain pull-out from these clusters, which may raise questions regarding the release of 3Y-
TZP nanoparticles into the body. The prosthesis fracture rate was 4.5% after 5 years.

Significance: LTD developed in vivo on the surfaces of 3Y-TZP dental prostheses and progressed
slowly but significantly over time, up to 5 years investigation. However, the effects of aging on the

failure rate recorded and of zirconia nanoparticles released into the body require further investigation.
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1. Introduction

In the early 2000s, low-temperature degradation (LTD) of 3% molar yttrium-doped tetragonal
zirconia polycrystal (3Y-TZP) ceramics induced significant clinical consequences in orthopaedic
devices, such as the fracture of approximately 600—800 zirconia heads within two years of
implantation [1]. Seven batches of the Prozyr® material, manufactured using tunnel furnaces
suspected to increase LTD susceptibility, were affected [2]. Numerous lab-scale studies on the effects
of LTD on implants have been conducted [3-9], while several assessments related to in vivo aging
have been performed through retrospective explant analyses. These results confirmed many of the
features discussed at the lab scale and highlighted the surface degradation of retrieved zirconia hip
implants [2, 10-14] and/or related strong osteolysis [15-17]. The results showed that LTD was
responsible for some clinical failures resulting from the use of zirconia in orthopaedics. The Prozyr®
heads broke because of crack propagation which initiated in the micro-cracked, transformed region,
which was loaded in tension. Many retrieved heads exhibited extensive grain pull-out, which resulted
in material debris around the implant, chronic inflammation, and, in the worst cases, osteolysis. These
issues, in particular the “Prozyr® failures,” had a negative impact on the use of Y-TZP in the field of
orthopaedics, despite contrasting results from zirconia heads of different compositions, which
exhibited strong performances and low wear rates [18, 19].

In contrast to its abandonment in orthopaedics in favor of zirconia-toughened alumina composites,
the use of Y-TZP as implants, abutments, and crowns has increased in the dental field in the last
decade owing to its better aesthetic properties when compared with metal alloys and its higher
mechanical resistance than glass-ceramics, owing to its unique phase transformation toughening at
room temperature. In particular, the important economic development of digital technologies in the
dental field has resulted in the progressive disappearance of the handcrafted veneering process of
prostheses and the large production of full zirconia prostheses produced by computer-aided
design/computer-aided manufacturing (CAD/CAM) processes. However, recently developed dental
zirconia materials have been shown to exhibit important metastable behaviour in vitro, which could
promote LTD [20, 21], while a systematic review concluded that LTD could significantly decrease
the flexural strength of 3Y-TZP dental ceramics, particularly in samples where 50% of the surface is
transformed [22-24]. Moreover, ISO 13356-2015 [25] states that the monoclinic phase content should
not exceed 25% in Y-TZP implants after autoclave aging for biomedical purposes. Nevertheless, in
vitro autoclave aging conditions are far from the body environment in terms of pressure and
temperature, and they do not consider exposure to salivary ionic solution, acidic beverages, constant

changes in pH, and especially the effects of masticatory tribological stress on material aging.



Mechanical stress was shown to accelerate Y-TZP degradation in hip prostheses [5, 14, 26]. However,

to date, LTD in dental prostheses under real conditions for use in vivo has not been investigated.

Therefore, an original clinical research protocol, including ex vivo analyses, was designed to
investigate the intraoral development and kinetics of LTD in second-generation zirconia dental
prostheses over five years, as well as the influence of masticatory mechanical stress and glaze on this
process [27]. The results of the 2-year follow-up in this prospective clinical study have been described

previously [28, 29]. This paper reports the results of this project.

2. Materials and methods

2.1. Study design

The protocol for this prospective clinical study was approved by the Ethics Committee of the
University Hospital Center (CHU) of Liege and was registered in the ClinicalTrials.gov database
(Identifier: NCT02150226). The authors complied with the Strobe guidelines. The study design is
illustrated in Figure 1. Written informed consent was obtained from all the patients before inclusion.
The patients were treated by four experienced operators at the Department of Fixed Prosthodontics,
Institute of Dentistry, CHU of Liege, Belgium. The eligibility criteria included the need for a molar
or premolar crown (maximum of six tooth elements per patient). Restorations were realised either on
natural teeth or dental implants, and bridges were also included, provided they were on implants and
limited to three elements. Patients without teeth or removable prostheses opposite the prostheses were
excluded. Forty-seven patients with 101 tooth elements were included in the study. The sample

descriptions are presented in Table 1.

2.2. Clinical procedure and prostheses manufacturing

Clinical procedures related to tooth preparation and impression were performed according to
standardised criteria and manufacturer’s recommendations. The detailed clinical protocol has been

presented in previous publications [27, 28].

Zirconia restorations (Lava Plus, 3M ESPE, Seefeld, Germany) were designed to allow Raman
analysis, as illustrated in Figures 2 and 3. The contact point areas with opposite teeth were shaped to
obtain a flat surface of 1-2 mm?. If needed, contact points with the opposite teeth were adjusted in

the mouth, following the manufacturer’s recommendations.



Two types of areas were analysed: areas subjected to masticatory mechanical stress (MS+, i.e.,
contact point areas with the opposite teeth) or not (MS-, i.e., axial surfaces of the crowns on their
lingual or buccal side). Half of the analysed areas were glazed (G+) and half were left unglazed (G-
). In the MS- areas, the buccal surface was systematically glazed, while the lingual surface was left
unglazed. Half of the MS+ areas were randomly selected to remain unglazed. The glaze (IPS Empress
stains and eMax Ceram glaze, Ivoclar Vivadent, Schaan, Liechtenstein) was sintered at 780°C for 1
min.

Baseline analyses were performed prior to placement. After 6 months, the restorations were removed
for ex vivo analyses, and provisional restorations replaced the zirconia restorations. Evaluations were
repeated after one-year, two-year, three-year, and five-year intraoral stay. The four-year follow-up
could not be performed because of the Covid-19 pandemic. All areas were encircled with permanent

ink before ex vivo analyses and registered with a picture.

2.3. Ex vivo analyses

Ex vivo analyses included (1) phase transformation using Raman spectroscopy and (2) glaze wear
using conventional scanning electron microscopy (SEM). Sample descriptions of the ex vivo analysed
areas (n=528) and measurement points (MPs) (n=2640) are presented in Table 1. Moreover,
additional Raman mapping, high-resolution SEM, and focused ion beam (FIB)-SEM were performed
on selected samples to verify the hypotheses formulated after the Raman spectroscopy analysis and

conventional SEM results.

2.3.1. Raman Spectroscopy

Five MPs were randomly chosen for each MS+ and MS- area (30 measurements for a molar and 20
measurements for a premolar). Consequently, analyses were performed on 2640 MPs at each
evaluation time. The Raman spectra were recorded using a Raman microspectrometer (LabRAM,
Horiba Scientific). The excitation laser was a HeNe laser (632 nm) with 1 mW power focused at the
surface, and the Raman spectra were acquired using a charge-coupled device detector (Horiba-Jobin
Yvon) with a spectral resolution of 1 cm™'. A confocal pinhole with adjustable diameter was used for
confocal detection, and an 80x objective (numerical aperture 0.75) was used to achieve a 1 um?®
resolution (lateral x axial). A pinhole aperture of 1.99 um was used to reach a collection depth of

1.44 um. The depth was determined using the calibration wedge method [30].



The collected spectra were analysed, and the transformed monoclinic volume fraction (Vm), which
is a measure of the transformation volume ratio in the confocally probed volume, was estimated using
Eq. (1), initially proposed by Clarke and Adar [31]:
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where I and I; are the peak intensities (superscript wavenumbers) of the monoclinic and tetragonal
phases, respectively. Raman peak positions and intensities were obtained by fitting the Raman spectra

with Lorentzian curves using Origin 8 software (OriginLab, Northampton, MA, USA).

2.3.2. SEM observations

After the Raman spectroscopy experiments, the restorations were gold-coated and observed using a

JSM-6400 conventional SEM (JEOL Ltd., Tokyo, Japan) to determine the glaze wear.

2.3.3. Additional experimentations on selected samples

2.3.3.1. Raman mapping

Raman spectroscopy mapping was performed on one crown immediately after machining (control),
two crowns after the 3-year follow-up, and one crown and two bridges after the 5-year follow-up.
Raman mapping was performed using a Raman microspectrometer (Alpha300 Apyron, WITEC). The
material was excited with a HeNe laser (633 nm), and Raman spectra were recorded in a
backscattering configuration using a 20X objective (numerical aperture = 0.50) with a spectral
resolution of 1.77 cm™.

For the surface characterisation, the mapping of a surface area of 100x100 um? with a step size of
3.33 um was first conducted. When the m phase was detected, high-resolution mapping of an area of
25x25 um? with a step size of 700 nm was performed. The depth profiles of the selected zones were
conducted along one line at different depths with a step size of 1 um.

For each map, the recorded signal was integrated with the spectral range of 24 cm™ centred at 184
cm! using the built-in Raman spectrometer software. The signal value was automatically transformed

to a colour scale using software.

2.3.3.2.  High-resolution SEM observations without gold coating

High-performance SEM (Supra 55VP; Carl Zeiss Microscopy GmbH, Oberkochen, Germany) was

performed on one crown immediately after machining (control), one crown after the 2-year follow-
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up, and one crown and one bridge after the 5-year follow-up. The microscope was fitted with a
variable-pressure secondary electron (VPSE) detector. This VPSE detector comprises a specific
arrangement of detectors designed to obtain electron-similar imaging in a gaseous environment (up
to 133 Pa of gaseous nitrogen), allowing the observation of non-conductive samples without the usual
requirement of a metalised surface coating. Thus, high-resolution topographic SEM imaging was
performed on the MS+ and MS- areas with an accelerating voltage of 10 kV and a pressure of 10 Pa

without any coating.

2.3.3.3. FIB-SEM

Further evaluations of the two crown subsurfaces before and 5 years after intraoral aging were
completed using FIB cross-sections. These analyses were performed using a FIB/SEM workstation
(NVision 40; Carl Zeiss Microscopy GmbH, Oberkochen, Germany). To minimise the curtain effect
introduced by gallium ion beam milling (i.e., vertical stripes on the cross-section induced by ion
milling) and to protect the sample surface from implantation, in-situ ion beam-induced carbon
deposition was performed over the areas of interest. Subsequently, trenches were milled to a depth
that freed up a cross-sectional surface allowing assessing the LTD depth (width of 20um and depth
between 15 and 20um). Settings for a 30 kV ion accelerating voltage with decreasing beam currents
(27nA, 13nA, 1.5nA, and 700 pA) were used to reach a suitable cross-section for SEM imaging and
to avoid any 1on beam-induced monoclinic transformation. SEM imaging was performed at 1.5 KeV
simultaneously with secondary electrons (SE) and energy-filtered backscattered electrons (BSE).
BSE signals lead to strong crystallographic contrast imaging which is useful for identifying signs of
twinning associated with the tetragonal-monoclinic transformation. The SEM imaging allowed us to

better check for cracks.

2.4. Statistical analysis

2.4.1. Sample size

The statistical unit was the tooth element characterised by its maximum LTD value measured at each
time point.

LTD is expected to induce a significant decrease in material flexural strength when 50% of the
sample surface undergoes a tetragonal-to-monoclinic (#-m) transformation [24]. The overall
proportion () of such treatment failures was defined as the primary outcome measure of the study.
The study rationale was to reject the proposed treatment for > 0.20: more than 20% of the treatment
failures over time. Assuming a significance level (o) of 1% (Bonferroni correction for multiple time

testing), a power 1-f of 90%, a proportion © of at most 0.08 (margin 0.12), and a one-sided Z test for
7



a binomial proportion of 0.20, a sample size (N) of 91 teeth was needed to detect > 20% of treatment
failures at each data point collection. The sample size was increased to a minimum of 100 teeth to

account for correlations between the teeth within the subjects and study withdrawal.

2.4.2. Statistical methods

The collected data were expressed as mean + standard deviation for quantitative variables and a
frequency table for categorical variables. The time evolution of the transformation was analysed using
a generalised mixed binomial model (GLMM). The time, group, and interaction effects were also
tested. Contrast analyses were performed to test for the differences between each time point. Owing
to the presence of excessive zeros, the transformation percentage over time was analysed using a
zero-inflated non-negative binomial regression for repeated measurements globally and according to
area. The effect of glaze and grinding procedures for contact point adjustments on the transformation
with time was also analysed using a GLMM, globally, and according to the type of area (MS+ or MS-
).

Results were considered statistically significant when p-value was < 0.05. Data analysis was

performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA), the SAS (version 9.4)

statistical package, and R version 3.6.1.

3. Results

3.1. Raman spectroscopy

The presence of the monoclinic phase significantly increased between baseline and 5 years, as
demonstrated by the evolution of the percentage of MPs+ in the MS- and MS+ areas (Table 3, Figure
4a). At baseline and 6 months, all transformation-positive areas presented only one MP+ out of five
MPs (Table 2), which explains the low mean Vi, values presented in Table 3. The increase in Vin
values was also statistically significant between baseline and 5 years (Table 3). However, a significant

decrease in the global MP+ percentage was observed between years 2 and 3.

The results showed significant differences between the MS+ and MS- areas in terms of the evolution
of MP+ presence, with a higher increase in MS- areas (p<0.0001). The #-m transformation was
detected at baseline, mostly in MS+, and was significantly associated (p=0.0003) with prosthesis
grinding using a diamond bur to adjust the contact points with the opposite teeth (34% of MS+ areas

had to be adjusted). In MS+ areas, the percentage of MP+50% was significantly decreased between
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baseline and 5 years (Table 3, Figure 4b). No significant differences were observed between G+ and

G- areas.

3.2. SEM observations

The SEM results revealed that the glaze was worn out in most of the MS+ areas (70.2% of cusps)
after 6 months and in all of them after 1, 2, 3, and 5 years (Figures 5a, 5b, and 5c). However, this did

not occur in the MS- areas (Figure 5d).

3.3. Raman mapping

Images arising from Raman wide mapping are presented in Figure 6. The yellow and red images
(Figures 6d, 6g, 6], and 6m) were combined to provide the spectral maps (Figures 6c¢, 6e, 6h, 6q, and
6n). The peaks at approximately 180 cm™ in the yellow spectrum were assigned to the monoclinic
phase (Figures 6e, 6h, 6k, and 6n). The analyses revealed the presence of localized clusters of
transformed grains (yellow spots) in both the MS- and MS+ areas of the prostheses after 3 years and
5 years of aging, respectively. More clusters were observed in the MS- area than in the MS+ area
(Figures 6f, 61, 61, and 60). No transformation was detected in the control sample (Figure 6a). Depth
mapping revealed that the transformation seems to extend from the surface towards the interior up to

several microns.

3.4. High-resolution SEM observations without gold coating

After 2 and 5 years, high-resolution SEM images illustrate the effect of tribological damage on the
MS+ areas (Figures 7d and 7f). The surface appeared polished with generalised grain pull-out,
especially in the MS+ areas.

In the MS- areas, there was less grain pull-out and no crushing (Figure 7c). After 5 years, crushed
grains were also observed in the MS- areas (Figure 7¢). No grain pull-out was observed in the control
sample (Figures 7a and 7b), and native grains and grain boundaries were clearly observed at the

surface.

3.5. FIB-SEM observations

At 5 years, the FIB-SEM observations of sample surface revealed typical ‘faceting’ of some zirconia

grains on an approximately 1-micron depth layer from the surface (Figure 8c and 8d). The faceted
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grains are monoclinic, and the contrast observed is typical of twinning occurring during the ¢-m
transition [32]. Subsurface microcracks were also observed in this layer (Figure 8e). T-m

transformation was not observed in the control crown (Figures 8a and 8b).

3.6. Fractures

Two prostheses were lost because of material fracture after 2 and 5 years. Moreover, only one
prosthesis had a minor fracture. The prosthesis fracture rate was 4.5% after five years. Overall
survival rate at 5 years was 88.1% (six prostheses were lost due to tooth fracture, periodontal disease,

or implant loss).

4. Discussion

The 2-year results of this study [28] showed that LTD develops in 3Y-TZP monolithic restorations 6
months after intraoral placement and progresses nonuniformly over time, with the presence of
localised clusters of transformed grains. The results at five years show the slow continuity of this
process, which remains non-uniform and limited to the extreme surface of the material. The increase
in Vi values was statistically significant between baseline and 5 years but remained very low, with
the overall image of a few monoclinic spots distributed over the surface (the percentage of
transformed regions was still quite low). Raman mapping revealed the presence of localised clusters
of transformed grains in both the MS- and MS+ areas of the crowns after 3 and 5 years of aging.
These clusters may result from the autocatalytic nature of the phase-transformation nucleation and
growth processes [1]. These results confirm the in vitro observations of Zhang ef al. using XRD and
Raman spectroscopy [33]. Depth mapping revealed that the transformation propagated inwards from
the surface by several microns. However, the FIB-SEM images showed a thinner, constant layer of
1-2 transformed grains on the extreme surface of the sample. Because the FIB-SEM technique allows
direct observation of the samples, the observed differences in depth measurements by Raman
mapping may be due to certain artefacts. Indeed, if the material is scattered in nature, the confocality
can change along the z-axis, inducing an aberration of a few microns [34]. Finally, it must be noted
that the m phase detected at baseline was significantly correlated with prosthesis grinding using a
diamond bur to adjust the contact points with the opposite teeth, generating a stress-induced

transformation [20].

In the occlusal areas, tribological stresses led to crushing of the surface and pull-out of the grains

from the clusters, as described in the 2-year follow-up, which explains the different evolution of the
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transformation in the MS+ and MS- areas. In the MS+ areas, high-resolution SEM images clearly
show this grain pull-out and polishing of the surface, which appears plastically deformed, as
previously observed in hip prostheses [4, 6, 35, 36]. It is likely that LTD initially induces surface
roughness and localised microcracking and that tribological stresses cause monoclinic grains to pull
away as the transformation progresses (Figure 9). Indeed, in the MS- areas, Raman mapping showed
more clusters of transformed grains, and the surface exhibited less grain pull-out and no crushing
compared with the MS+ areas. However, grain pull-out in the MS- areas was greater after 5 years
than after 2 years, perhaps because of different friction phenomena, such as the effect of
toothbrushing. The pull-out of monoclinic grains led to an underestimation of the LTD process when
studied using m-phase quantification. This also raises questions regarding the release of 3Y-TZP
nanoparticles (grains measuring approximately 0.3 microns in diameter) into the body. Toxicological
studies on zirconium oxide (ZrO3) nanoparticles are limited and the results are controversial. Some
studies have reported that ZrO» nanoparticles can induce mild [37, 38] or no cytotoxic effects [39-
41]. Other authors have pointed out that ZrO; nanoparticles have better biocompatibility than other
nanomaterials such as ferric oxide, titanium dioxide, and zinc oxide [38, 42-44]. However, ZrO»
nanoparticles can induce toxic effects at high concentrations, affecting cell viability, inducing
apoptosis and necrosis, and changing cell morphology [45]. Fortunately, zirconia debris is swallowed
and does not cause local chronic inflammation of the surrounding tissues or osteolysis, as is the case

with hip prostheses.

After 5 years, there was still no significant difference between the percentages of MPs+ in the G+
and G- areas, confirming that glaze cannot be considered a protection against LTD. Glaze thickness
is very low (0.1 to 0.2 pm) and wears away rapidly in most MS+ areas after 6 months and in all areas
after 1 year, due to the presence of tribological stresses [20]. In the MS- areas, glazes did not wear
away, and the hypotheses for LTD development in these areas were diffusion of water through the
glaze layer during firing [46, 47] or intraoral stay. These results contradict those of two in vitro studies
[48, 49] in which crowns subjected to mechanical stress showed a significant increase in the
monoclinic phase in areas of glaze wear, in contrast to specimens with intact glazes, which showed a
stable level of the m-phase. However, in these studies, contact with water reduced over time and did

not favour diffusion.

Regarding the impact of LTD on prosthesis survival, the fracture rate was 2.6% at 2 years (n=2) and
4.5% (n=3) at 5 years, which is slightly lower than the 5-year fracture rate of monolithic glass-ceramic
bonded partial restorations (5.9%), while 3Y-TZP is a supposed to be significantly more resistant

[50]. Similarly, a recent meta-analysis of the clinical performance of dental implant-supported crowns
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showed that zirconia materials had a slightly lower fracture rate than other ceramic materials [51]. In
fact, the impact of LTD development on 3Y-TZP dental zirconia appears to be fairly low in terms of
prosthesis life compared to hip prostheses. However, it cannot be ruled out that this process may
have contributed to the major and minor fractures observed, as other authors suspect [52]. More
recently, novel, highly translucent zirconia varieties that utilise a higher proportion of yttria have been
developed; thus, there is an increase in the cubic phase content and a decrease in the tetragonality of
the t phase. These restorations exhibit increased LTD resistance because of the higher cubic phase
content (yttria-partially stabilised zirconia (Y-PSZ) with 4 or 5 mol%: 4Y-PSZ contains more than
25% of the cubic phase, and 5Y-PSZ contains more than 50%). However, as the cubic phase does not
undergo stress-induced transformation, the toughness of these materials is significantly lower than
that of 3Y-TZP materials (<700 MPa flexural strength for 5Y-PSZ). Therefore, their indications are
limited, particularly for the fabrication of multi-unit restorations [21, 49]. One of the main challenges
in developing dental zirconia materials with reduced susceptibility to aging is the trade-off between
toughness, LTD resistance, and translucency, which are mandatory properties for dental restorations,

unlike hip prostheses.

Finally, it must be stressed that zirconia is not ‘a material’ but a family of sophisticated materials with
varying compositions, microstructures, and manufacturing processes, which can significantly

influence their resistance to LTD.

5. Conclusion

LTD develops on the extreme surface of 3Y-TZP monolithic prostheses after 6 months in the buccal
environment, and this process increases significantly with time, whereas glazing is not protective.
The #-m transformation progresses slowly and nonuniformly in the presence of localised clusters of
monoclinic grains. In addition, tribological stress causes monoclinic grains to pull out of the clusters,

raising questions regarding the release of 3Y-TZP nanoparticles into the body.
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Figure 2: Realization of a Lava Plus zirconia crown on a natural tooth (a) Crown after intraoral try-
in: the contact point areas with the opposite teeth were shaped in order to obtain a flat surface of a
minimum of 1-2 mm?. Registering of contact points on the masticatory surface, which is subjected
to mechanical stress (MS+). Areas that will not be glazed are encircled with permanent ink. The
lingual surface of the crown, which is not subjected to mechanical stress (MS-), is left unglazed (G-
). b) For molars, two cusps have been randomly selected to remain unglazed (MS+G-). The two other
cusps were glazed (MS+G+). (c) Glazed Lava Plus zirconia final crown. (d) Landmarking of areas to

be analyzed after intraoral try-in. (e) Intraoral view of the MS+ surface after baseline evaluation and

restoration placement. (f) MS- surface view.

16



Figure 3: Screw-retained Lava Plus zirconia crown on a dental implant. (a) Crown after intraoral try-
in and registering of contact points with the opposite tooth (MS+). Areas that will not be glazed (G-)
are encircled with permanent ink. The lingual surface of the crown (MS-) is left unglazed. For
premolars, one cusp is randomly selected to remain unglazed. (b) Landmarking of the areas to be

analyzed after intraoral try-in of the final zirconia crown. (¢) Intraoral view of the MS+ surface after

baseline evaluation and restoration placement. d) MS- surface view.

Figure 4: (a) Time evolution of the percentage of measurement points (MPs) with a Vi > 0,5%
(MPs+) globally and according to the type of area (MS+ or MS-). (b) Time evolution of the percentage
of measurement points (MPs) with a Vi > 50% (MPs+50%) globally and according to the type of
area (MS+ or MS-). In each figure, the global evolution in MS- and MS+ areas is schematized by a
straight line. Numbers indicate the total number of MPs at each evaluation time globally and

according to the type of area (MS+ or MS-).
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Figure 5: Scanning electron microscopy observation in tooth-supported dental crown. (a) MS+ areas
(subjected to mechanical stress) at baseline. Light grey zones correspond to unglazed areas. (b) MS+
areas at 2-year follow-up: glaze is shown to wear out on contact points with the opposite tooth (white
arrows). (¢c) MS+ areas at 5-year follow-up. (d) MS- area (not subjected to mechanical stress) at 2-

year follow-up: glaze was shown to be intact.
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Figure 6: Raman mapping on dental crowns. Large-scale image (100x100 um?) with a scale from
black (Vim=0%) to bright orange (Vi=maximum): (a) MS+ area (subjected to mechanical stress) and
(b) MS- area (not subjected to mechanical stress) just machined (control); (d) MS+ area and (h) MS-
area at 3 years. (I) MS+ area and (p) MS- area at 5 years. Related spectra are presented in figures c,

! which are

e, h, k and n, respectively. The yellow spectrum shows peaks around 180 cm’
characteristic of the monoclinic phase (encircled in red). No #-m transformation was detected at
baseline. High-resolution mapping (25x25 pm?) was carried out on the detected transformed grains
(encircled in red) with a scale from violet (Vim=0%) to red (Vin=maximum) on the MS+ (f) (I) and

MS- (i) (o) areas.
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Figure 7: (a) High-resolution SEM observation of a typical dental crown just machined (control),
MS- area (not subjected to mechanical stress), (b) of the same crown, MS+ area (subjected to
mechanical stress), (c) High-resolution SEM observation of a dental crown at 2-year follow-up, MS-
area, (d) of the same crown, MS+ area, (e) at 5-year follow-up, MS- area, (f) at 5-year follow-up,
MS+ area. The surface of the material of the control crown is not porous and the grains are intact.
After 2 years, on the MS- areas, the grain aspect is typical of the classical LTD process. However, on
MS+ areas, SEM images illustrate the effect of the tribological stress on contact point areas with grain
pull-out, low-density material, and crushing of remaining grains, which appear plastically deformed.
After 5 years, similar scanning electron microscopy images were observed in MS- areas than in MS+

arcas.
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Figure 8: Scanning electron microscopy images of focused ion beam cross-sections.

(a) and (b): MS+ surface (subjected to mechanical stress) of the control dental crown shown in Figure
3. Monoclinic grains are not observed.

(c) MS+ surface of the dental crown at the 5-year follow-up shown in Figure 3: differences in the
microstructure and a sharp boundary between the heterogeneous transformed regions with its
martensitic structure and the homogeneous unaffected region are clearly visible (delimited by a red
line), (d) same image at 30.00 KX magnification: no transformed grains were observed beyond 1 pm,

(e) same image at 30.00 KX magnification: some cracks were observed on the surface (white arrows).
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Figure 9: Schematic illustration of the low-temperature degradation process in the presence of

mechanical stress, which is characterized by a grain pull-out from clusters of transformed grains.

Table 1: Sample description in terms of patients, tooth-elements, ex vivo analysed areas, and Raman

measurement points (MPs). MS+: areas subjected to mechanical stress, MS-: areas not subjected to

mechanical stress, G+: glazed areas, G-: unglazed areas.
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Patients (n tot = 47) % (n)
Sex

Female 70.2 (33)

Male 29.8 (14)
Crowns (n tot= 101) % (n)
Support

Tooth 12.9 (13)

Implant 87.1 (88)
Tooth type

Premolar 38.6 (39)

Molar 61.4 (62)
Analyzed areas (n tot= 528) % (n)
MS+ (n = 326)

MS+G+ 55.5 (181)

MS+G- 44.5 (145)
MS- (n = 202)

MS-G+ 50 (101)

MS-G- 50 (101)
Raman measurement points (MPs) (n tot= 2640) % (n)
MS+ (n = 1630)

MS+G+ 55.5 (905)

MS+G- 44.5 (725)
MS- (n =1010)

MS-G+ 50 (505)

MS-G- 50 (505)

23



Table 2: Areas with at least one transformation-positive measurement point (MP+). Distribution of
the number of MPs+ per transformation-positive area at each evaluation time and for areas subjected
to mechanical stress (MS+) and not subjected to mechanical stress (MS-). Different superscripts
(within the column) denote that there were significant differences between the evaluation times. P-

values are from a generalized linear mixed model with a level of significance of p<0.05.

n transformation-  Transformation-positive areas, which on 5 MPs,
positive areas/ show:
n tot areas (%)

4 zero 3 zero 2 zero 1 zero
values values values values
n (%) n (%) n (%) n (%)
Global
Baseline  21/528 (3.98)2 21 (100) 0(0) 0(0) 0 (0)
6 months  18/528 (3.41)2 18 (100) 0(0) 0(0) 0 (0)
1 year 49/496 (9.88)bc 42 (85.71) 7 (14.29) 0(0) 0 (0)
2 years 57/480 (11.88)° 46 (80,70) 7 (12.28) 3 (5.26) 1(1.75)
3 years 27/392 (6.89)° 20 (74.1) 7 (25.9) 0 0
5 years 44/326 (13.50)b 31(70.4) 11 (25.0) 1(2.3) 1(2.3)
MS-
Baseline  2/202 (0.99)¢ 2 (100) 0(0) 0(0) 0 (0)
6 months  5/202 (2.48)¢ 5 (100) 0(0) 0(0) 0 (0)
1 year 26/190 (13.68)ef 20 (76.92) 6 (23.08) 0(0) 0 (0)
2 years 32/184 (17.39)e9 25 (78.13) 5(15.63) 1(3.13) 1(3.13)
3 years 18/150 (12.0)¢ 12 (66.7) 6 (33.3) 0 0
5 years 18/126 (14.29)"9 15 (83.3) 3 (16.7) 0 0
MS+
Baseline 19/326 (5.83)M 19 (100) 0(0) 0(0) 0 (0)
6 months  13/326 (3.99)" 13 (100) 0(0) 0(0) 0 (0)
1 year 23/306 (7.52)Mi 22 (95.65) 1(4.35) 0(0) 0 (0)
2 years 25/296 (8.45)iik 21 (84.0) 2 (8.0) 2 (8.0) 0 (0)
3 years 9/242 (3.72) 8 (88.9) 1(11.1) 0 0
5 years 26/200 (13.0)k! 16 (61.5) 8 (30.8) 1(3.9) 1(3.9)

Table 3: Results of Raman analyses: number of measurement points (MPs), transformation-positive
MPs with Vi, > 0% (MPs+), transformation-positive MPs with V> 50% (MPs+50%) and mean Vi
value with median, interquartile range (IQR) and range (min—max) at each evaluation time and for
areas subjected to mechanical stress (MS+) and not subjected to mechanical stress (MS-). Different
superscripts (within the column, for each variable) denote that there were significant differences
between the evaluation times. For the time evolution of the transformation, p-values are from a
generalized linear mixed model with the level of significance of p<0.05 and were not applicable (NA)

for the axial MPs +50% at baseline and 6 months.
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For the transformation percentage over time, p-values were obtained from a zero-inflated non-

negative binomial regression for repeated measurements, with a significance level of p<0.05.

MPs MPs+ MPs+50% Mean Vi,

(ntot) n (%) n (%) (%) Median IQR Min Max

Global Baseline 2640 21 (0.80)? 7(0.27) 0.262 0.00 0.00 0.00 90.00
6 months 2640 18 (0.68)2 1(0.04)° 0.12bc 0.00 0.00 0.00 93.00

1 year 2480 56 (2.26)>¢ 9 (0.36)° 0.52de 0.00 0.00 0.00 96.00

2 years 2400 73 (3.04)° 11 (0.46)2¢  0.62bd 0.00 0.00 0.00 90.00

34 (

60 (

3 years 1960 1.73)° 16 (0.82)¢  0.78ace 0.00 0.00 0.00 90.00

5 years 1630 3.68)° 7 (0.43)2d 0.63° 0.00 0.00 0.00 90.00
MS- Baseline 1010 2(0.20) 0 (0.0)NA 0.02ab 0.00 0.00 0.00 12.00
6 months 1010 5 (0.50) 0 (0.0)NA 0.062 0.00 0.00 0.00 21.00
1 year 950 32 (3.37)>¢  6(0.63)° 0.87ac 0.00 0.00 0.00 96.00
2 years 920 42 (4.57)>¢  8(0.87) 1.222 0.00 0.00 0.00 90.00
3 years 750 24 (3.20)° 13 (1.73) 1.61bc 0.00 0.00 0.00 90.00
5 years 630 21(3.33)%¢  3(0.48)2 0.73a 0.00 0.00 0.00 90.00
MS+ Baseline 1630 19 (1.17)22 7 (0.43) 0.41a 0.00 0.00 0.00 90.00
6 months 1630 13 (0.80) 1(0.06)° 0.15b¢ 0.00 0.00 0.00 93.00
1 year 1530 24 (1.57)2¢  3(0.20)° 0.31bd 0.00 0.00 0.00 93.00
2 years 1480 31 (2.09)>ed 3 (0.20)° 0.25° 0.00 0.00 0.00 64.00
3 years 1210 10 (0.83)2¢ 3 (0.25)° 0.26acde  0.00 0.00 0.00 90.00
5 years 1000 39 (3.90)%¢ 4 (0.40)° 0.57be 0.00 0.00 0.00 90.00
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