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Objective. To assess whether a thermal annealing with a monoclinic zirconia (mZrO,)
nanoparticle coating can improve the reliability of sandblasted yttria-stabilized tetragonal
zirconia polycrystals (Y-TZP) and maintain its mechanical strength.
Methods. Commercially available Y-TZP (Lava Frame, 3M Dental Products) disks were sintered
and surface-treated as follows: AS (as sintered, with no treatment); SB (sandblasting); SB-
TA (sandblasting followed by thermal annealing at 1000 °C); and SB-mZr-TA (sandblasting
followed by thermal annealing at 1000 °C with the mZrO, nanoparticle coating). The mZrO,
nanoparticles of 21 nm in size were prepared by a hydrothermal method, and coated onto Y-
TZP sintered disks as a 5 g/L ethanol dispersion. Biaxial flexural strength (S) was measured
using the piston-on-three-ball test, and reliability was evaluated by the Weibull modulus
(m).
Results. Biaxial flexural tests showed a significant increase in the strength of Group SB
(Sss =1445 + 191 MPa) compared with Group AS (Sas =1071+ 112 MPa). The thermal anneal-
ing improved the reliabilities of the sandblasted Y-TZP (mgp-ta = 20.14 and mgg-mzr.ta =21.33),
as compared with Group SB (msg=7.77). However, the conventional thermal annealing
without the mZrO, coating caused a significant decrease in the strength of sandblasted
Y-TZP (Ssg-ta = 1273 + 65 MPa). Importantly, the mZrO, coating prevented the decrease in the
strength caused by conventional thermal annealing (Ssg-mzr-ta = 1379 + 65 MPa).
Significance. The thermal annealing with the mZrO, nanoparticle coating can improve the
reliability of sandblasted Y-TZP and maintain its mechanical strength, which would other-
wise be decreased by the conventional annealing process.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, all-ceramic restorations have been increas-
ingly used for medium-to-large tooth reconstructions [1].
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Owing to their superior mechanical properties, zirconia-based
ceramics, especially yttria-stabilized tetragonal zirconia poly-
crystals (Y-TZP), can be used as alternative to conventional
metal frameworks [2-4]. Transformation toughening along
with microcracking and deflection mechanisms are the tough-
ening mechanisms now prominentin zirconia-based ceramics
[5].

The major clinical problem with the use of zirconia-based
ceramics is the difficulty in achieving suitable bonding to lut-
ing agents [6-8] or veneering ceramics [9,10]. Airborne-particle
abrasion (mainly sandblasting with alumina particles) is com-
monly used to improve bonding, as this procedure cleans the
ceramic surface, removes impurities, increases surface rough-
ness, and modifies the surface energy and wettability [11,12].

The airborne-particle abrasion applied to Y-TZP surfaces
can also induce protective compressive residual stress on their
surfaces via tetragonal to monoclinic phase transformation
[12], thereby initially increasing flexural strength. However,
previous studies have indicated a decreased reliability of
Y-TZP after mechanical surface treatments, depending on
the degree of induced surface damage [13-15]. Considering
that mechanical surface treatments can exert both positive
and negative effects on Y-TZP, some researchers and manu-
facturers recommend thermal annealing as a “regeneration
firing” for the re-establishment of the tetragonal phase and
to increase the reliability of Y-TZP, even though it causes a
decrease in flexural strength [16,17]. The correlation between
the flexural strength and monoclinic phase content of Y-TZP
upon mechanical and annealing treatments was first reported
by Kosmac et al. [13] They showed that thermal annealing
caused a reverse transformation (i.e., the monoclinic phase
content of sandblasted Y-TZP decreased to a plateau value
after annealing above 900°C) that released the compressive
stress and decreased flexural strength.

In this study, we propose a novel method to improve
the reliability of sandblasted Y-TZP without decreasing its
mechanical strength by a thermal annealing with a non-
stabilized (i.e., yttrium-free) monoclinic zirconia (mZrO,)
nanoparticle coating. This idea was generated based on the
assumption that the yttrium-free mZrO, coating on a sand-
blasted Y-TZP substrate could induce protective compressive
residual stress after thermal annealing due to mismatching
of the thermal expansion coefficients of monoclinic coating
layer (mZrO,) [18] and tetragonal substrate (Y-TZP) [19]. The
null hypothesis was that there is no difference in both the
biaxial flexural strength and the Weibull modulus of Y-TZP
after sandblasting followed by thermal annealing with mZrO,
nanoparticles, as compared with only sandblasting or conven-
tional thermal annealing.

2. Materials and methods
2.1. Materials

Reagent-grade ZrOCl,-8H;,0, poly(acrylic acid) (PAA; molec-
ular weight, 5000) used as a binder, and ethanol were
used as-received from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Pre-sintered 3mol% Y-TZP (Lava Frame Zirco-
nia) was kindly donated by 3M ESPE Dental Products (Seefeld,

Germany). Milli-Q water (Millipore Corp., Bedford, MA) with
a specific resistance of 18.2 x 10° Q@ cm was used for all solu-
tions.

2.2. mZrO, nanoparticles

First, mZrO, nanoparticles were prepared via the hydrother-
mal method using 4 mol/L ZrOCl,-8H,0 aqueous solution in
an oil bath at 200°C for 100 h [20,21]. The resultant white pre-
cipitate was centrifugally washed with water and re-dispersed
in ethanol.

For scanning electron microscope (SEM) observation, the
dispersed sample was dried on an aluminum stub and
osmium coating was conducted using a Neoc-Pro osmium
coater (Meiwafosis Co., Ltd., Tokyo, Japan). The particle mor-
phology was observed using a JSM-6701F scanning electron
microscope (JEOL Ltd., Tokyo, Japan) operating at 5kV. The
number-averaged particle size (N=50) was determined from
the SEM photographs using image analysis software (Image
J; National Institutes of Health, Bethesda, MD, USA). Product
identification was achieved by using X-ray diffraction (XRD)
measurements (RINT2500HF; Rigaku Corp., Tokyo, Japan) with
Cu-Ke (1.54 A) irradiation at 40kV and 200 mA from 5 to 60° at
a scan speed of 2°/min.

The mZrO, dispersion was mixed with an equal volume
of 1wt% PAA ethanol solution and the final concentration of
mZrO, was 5g/L.

2.3. Y-TZP samples

Alow-speed cutting machine was used to cut the pre-sintered
Y-TZP into pieces of approximately 18 mm in diameter and
1.4mm in thickness under tap water irrigation. After the
disks were sintered at 1500°C for 2h (heating rate: 20 °C/min
from room temperature (around 20°C) to 800°C; 10°C/min
from 800 to 1500°C; cooling rate: <15°C/min), the Y-TZP
ceramics (approximately 14 mm in diameter and 1.2mm in
thickness) were randomly submitted to the following treat-
ments.

2.3.1. As-sintered (AS)
The samples after sintering were used without further treat-
ment.

2.3.2. Sandblasting (SB)

After sintering, both sides of the disks were ground sequen-
tially with #120, #320, and #600 silicon carbide abrasive papers
(Buehler, Illinois Tool Works Inc., IL, USA) to obtain a flat
uniform surface under tap water irrigation to remove contam-
inants. Each abrasive paper was exchanged and a new paper
was used after grinding one side of each disk. After grind-
ing, one side of each disk was then sandblasted with 50 um
alumina particles using a laboratory sandblaster (Hi-Blaster
111, Shofu Inc., Kyoto, Japan) at 0.25MPa for 10s at a distance
of 10mm [22]. After sandblasting, each disk was separately
cleaned with pure water three times, replacing the water each
time in an ultrasonic cleaner (ASU-2D; AS ONE Corp., Osaka,
Japan) set at 23 kHz for 1 min.
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2.3.3.
(SB-TA)
The sandblasted samples were thermally treated at 1000 °C for
1min (heating rate: 10 °C/min; cooling rate: <10 °C/min).

Sandblasting followed by thermal annealing

2.3.4. Sandblasting followed by thermal annealing with
mZrO, nanoparticle coating (SB-mZr-TA)

The sandblasted samples were applied with a mZrO, disper-
sion (0.2 pL/mm?2-sample surface area; i.e., 30 pL in the case of
the sample disk with 14 mm in diameter) using a micropipette,
and left to dry at room temperature for around 10 min. The
samples were then thermally treated at 1000°C for 1min
(heating rate: 10 °C/min; cooling rate: <10 °C/min).

2.4.  Biaxial flexural tests

The biaxial flexural tests (N=15) were performed using the
piston-on-three ball technique [23] in a universal testing
machine (Autograph AG-X, Shimadzu Corp., Kyoto, Japan).
Three 3.2 mm diameter stainless-steel balls were placed on a
circle with a diameter of 10 mm equidistant from each other.
The disks were placed centrally and faced the steel balls, and a
load was applied with a 1.2 mm diameter piston at a crosshead
speed of 1.0 mm/min. The fracture load for each specimen was
recorded and the biaxial flexural strength was calculated using

Eq. (1):

—0.2387P (X-Y
5 - OBRECY) &)

where Sis biaxial flexural strength (MPa); P is fracture load (N);
and d is specimen disk thickness at the fracture origin (mm).
The X and Y parameters were determined as follows:

x:(1+u)1n(%)2+[1;”} (%)2 )
Y=(1+v) {1+ln(2)2 +(17U)<%)2 (3)

where v is Poisson’s ratio (0.25), r1 is the radius of the support
circle, r, is the radius of the loaded area, and r3 is the radius
of the sample.

The Steel-Dwass test was performed using R version 3.3.2
[24] at preset alpha levels of 0.05 to detect multiple com-
parisons among the four experimental groups. The Weibull
analysis of the data was also performed to determine the
Weibull moduli [25]. The goodness-of-fit for Weibull distribu-
tion was evaluated from the coefficient of determination (R?)
[26]. The increase in the Weibull moduli of Groups SB-TA or SB-
mZr-TA, as compared with that of Group SB, was statistically
evaluated according to the method developed by Hudak and
Tiryakioglu [27] and the preset alpha levels were set to 0.05/2
(=0.025) in order to keep the familywise error rate of 0.05 after
the multiple comparisons (two times).

2.5.  Surface characterizations

Phase transformations induced by the applied surface treat-
ments were determined by analysis of the XRD patterns of the

samples. The XRD patterns were collected with a 6/26 diffrac-
tometer (RINT2500HF) using Cu-Ka (1.54 A) irradiation at 40 kV
and 200mA. The XRD patterns were obtained from 27 to 37°
at a scan speed of 1°/min. The monoclinic peak intensity ratio
(Xm) was calculated using the method reported by Garvie and
Nicholsone [28] as follows:

I (111) + I (112)
Xm = —— @)
I (111) + I (112) + T (111)

where I; and [, represent the integrated intensities of the
tetragonal (111) peak and monoclinic (111) and (-111) peaks
at approximately 30°, 31°, and 28.2°, respectively. Monoclinic
phase content (Fy;) was calculated using the method reported
by Taraya et al. [29] as follows:

1.311Xm

Fp=-———"™m
T 140311%,

©)

The total monoclinic phase thickness was obtained from
transformed zone depth (TZD) calculated according to the fol-
lowing equation [30,31]:

- [12] fn (125

where 0 (15°) is the angle of reflection, and  (0.0642) is the
absorption coefficient. The thickness of monoclinic phase
remained in Y-TZP substrate was estimated by subtracting the
thickness of the mZrO, coating layer, which was calculated
from the applied amount and density of mZrO,, from the total
monoclinic phase thickness determined by TZD.

The surfaces of the samples were observed by using a JSM-
6701F scanning electron microscope operated at 5kV after
coating with a Neoc-Pro osmium coater.

The average surface roughness (Ra) of each sample was
determined using a profilometer (HandySurf E-35B; Mitutoyo
Corp., Kanagawa, Japan) with active tip radius of 2 um, read-
ing length of 2.0mm, and reading speed of 0.6 mm/s. Three
measurements at different locations were recorded for each
specimen, and the values were averaged.

Vickers hardness (HV) was measured using a microhard-
ness tester (FM-700, Future-Tech Corp., Kanagawa, Japan) with
1000 gf for 15 sec. The measurements were performed on three
separate points for each sample.

3. Results
3.1. mZrO, nanoparticles

The SEM photograph shows that the number-averaged particle
size was 21+ 5nm (Fig. 1a). From the XRD pattern, the product
was determined to be monoclinic zirconia and no other crys-
tal phase was observed (Fig. 1b). The mZrO, nanoparticles after
centrifugal washing were dispersed in ethanol (5 g/L) contain-
ing 1wt% PAA as a binder. Ethanol was used as a dispersion
medium to promote fast drying and allow a uniform surface
coating. The thermal treatment (up to 1000°C) of the mZrO,
nanoparticles did not change their crystal phase, but each
peak in the XRD pattern sharpened as the thermal treatment
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Fig. 1 - (a) SEM photograph and (b) XRD pattern of the
mZrO, nanoparticles prepared by hydrothermal treatment
at 200°C.

15 20 25 30

temperature was increased (Supplemental Fig. S1), indicating
successful sintering and crystal growth.

3.2. XRD measurements

Fig. 2a shows the XRD pattern of the AS samples, showing
only a tetragonal phase. After grinding, the tetragonal (111)
peak at a 26 of 30.2° was broadened and the full width at half
maximum (FWHM) of the peak increased from 0.177 to 0.339
(Fig. 2b). In Fig. 2b, the monoclinic (—111) peak at a 26 of 28.2°
was detected, and the monoclinic phase content was deter-
mined to be 1.9% after grinding. The monoclinic content and
FWHM increased to 9.7% and 0.436, respectively, after sand-
blasting (Fig. 2c). After annealing at 1000°C without mZrO,
coating, the monoclinic phase peaks decreased to 2.8%, and
the tetragonal (111) peak became sharper (FWHM, 0.259), as
shown in Fig. 2d. The monoclinic phase peaks were clearly
observed after annealing with mZrO, coating (Fig. 2e) while
the tetragonal (111) peak became sharper (FWHM, 0.249) com-
pared with that observed before annealing.

The monoclinic phase content and total monoclinic
phase thickness of the mZrO,-coated sample after annealing
increased approximately linearly by increasing the amount of
mZrO, coating (Fig. 3 and Supplemental Fig. S2 with closed

+ Monoclinic
O Tetragonal

27 2I8 29 L (a) JE\IJDL

z

§ : b AR

/;A © A8
0o

: @ AR

27 28 29 30 31 32 33 34 35 36
20(°)

Fig. 2 - XRD patterns of (a: Group AS) as-sintered, (b) wet
ground, (c: Group SB) sandblasted, and annealed Y-TZP (d:
Group SB-TA) without and (e: Group SB-mZr-TA) with
mZrO, coating. The annealing was performed at 1000 °C.
mZrO, coating was performed at 0.2 pL/mm?. The inset
shows the magnified region.

circles). However, these values decreased after ultrasonic
washing of the samples coated above 0.3 pL/mm? (Fig. 3a and
Supplemental Fig. S2 with open triangles), suggesting a coat-
ing layer breakage when a thick coating was applied. The
thickness of monoclinic phase remained in the Y-TZP sub-
strate, which was estimated by subtracting the mZrO, coating
thickness (calculated from the coating amount and density of
mZrO;,) from the total monoclinic phase thickness determined
by TZD, increased over the coating range of 0-0.2 uL/mm?
and plateaued above 0.2 pL/mm? (Fig. 3b). These results sug-
gest a strong interaction between the mZrO; coating layer
and the Y-TZP substrate, and that the coating layer near sub-
strate surface prevented the monoclinic-to-tetragonal reverse
transformation of the Y-TZP substrate surface by thermal
annealing.

3.3. Surface characterizations

The Ra (Fig. 4) and HV (Supplemental Fig. S3) were measured
using Y-TZP coated with different amounts of mZrO, followed
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Fig. 3 - Variations in the total monoclinic phase thickness
of mZrO,-coated and thermally-annealed Y-TZP (a, closed
circles) before and (a, open triangles) after ultrasonic
washing treatments, and (b) the thickness of monoclinic
phase remained in the Y-TZP substrate as a function of
mZrO; coating. The thickness of monoclinic phase in the
substrates was estimated by subtracting the mZrO, coating
thickness, which was calculated from the coating amount
and density of mZrO, (5.83 g/cm3), from the total
monoclinic phase thickness calculated from transformed
zone depth (TZD) of the samples before ultrasonic washing.

by annealing and ultrasonic cleaning. The Ra values increased
over the coating range of 0-0.2 uL/mm? and plateaued in the
range of 0.2-0.4 pI/mm?. For the 0.6 pL/mm? coating, the Ra
values significantly decreased to same level as the non-coated
samples. The HV values were not largely changed by the mZrO,
coating.

Fig. 5 shows SEM photographs of the surfaces of non-coated
(Group SB-TA) and mZrO,-coated Y-TZP after annealing (Group

0.7
NI R AN
04 |

03® ¢

02

Ra (um)
L g

01 f

0 01 02 03 04 05 06 07
m-ZrO, coating (UL/mm?)

Fig. 4 - Surface roughness (Ra) values of the mZrO,-coated
Y-TZP after annealing followed by ultrasonic washing. The
error bars represent the standard deviations (SD, N =3).

SB-mZr-TA). Note that in the mZrO,-coated samples, spher-
ical particles with number-averaged size of 71+18nm were
observed uniformly on the substrate surface, indicating the
sintering of mZrO, coating layer after annealing.

3.4.  Biaxial flexural strengths

Fig. 6a summarizes the biaxial flexural strengths of the Groups
AS, SB, SB-TA and SB-mZr-TA. Sandblasting (Group SB) signif-
icantly increased the flexural strength of only-sintered Y-TZP
(Group AS), but further thermal annealing without mZrO,
coating (Group SB-TA) significantly decreased the strength.
Importantly, the strength of the Group SB-mZr-TA was not sig-
nificantly different from that of Group SB, indicating the mZrO,
coating could prevent the strength decrease induced by ther-
mal annealing. Of note, the strength of Group SB-mZr-TA was
significantly higher than that of Group SB-TA.

The Weibull modulus (m) was determined from the Weibull
plot (Fig. 6b) and used to assess the strength reliability, where
larger values indicated greater strength reliability. Each R?
value for Weibull fitting was larger than the critical points of
R? at «=0.05 (R%g05 =0.878 at N=15 [26]), indicating that each
Weibull fit was acceptable. The mas, msg, Msp-ta and Msp-mzr-Ta
were 9.78, 7.77, 20.14 and 21.33, respectively. In order to
statistically evaluate the improvement of reliability after ther-
mal annealing, the Weibull modulus ratios, compared to the
Group SB, were respectively calculated (msp-ta/msp =2.593 and
Mgp-mzr-TA/Msp =2.745). These ratios were respectively above
97.5% confidence level (i.e., mx/my >2.069 at N=15 [27]), indi-
cating a statistically significant improvement in the reliability
of Groups SB-TA and SB-mZr-TA, compared with Group SB.

4, Discussion

In this study, the Group AS was used as a control group to eval-
uate the mechanical strength increment [12] by sandblasting
(Group SB), which was also used as another control group to
evaluate the mechanical strength decrement and the reliabil-
ity increment [16,17] after thermal annealing (Groups SB-TA
and SB-mZr-TA). The null hypothesis could be rejected from
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m-ZrO, coated suace (Group

Fig. 5 - SEM photographs of the surfaces of (a, b: Group SB-TA) non-coated and (c, d: Group SB-mZr-TA) mZrO,-coated Y-TZP
after annealing. The mZrO, coating was performed at 0.2 pL/mm?.

the results shown of this study, and hence it was clear that
the thermal annealing with the mZrO, nanoparticle coating
could improve the reliability without decreasing the mechan-
ical strength of sandblasted Y-TZP. Such improvement in the
mechanical properties can facilitate the preparation of thinner
zirconia-based dental prostheses and further improve their
translucency.

One of the strengthening mechanisms behind the SB-
mZrO,-TA treatment should be the formation of compressive
stress, which occurred during the cooling process after
annealing due to the smaller thermal expansion coefficient
of the mZrO, coating layer (approximately 6 x 10" K1 [18])
compared to that of the Y-TZP substrate (approximately
10 x 10~°K~1[19]). Assuming that the mZrO, coating layer uni-
formly shrunk during the cooling process accompanied by the
Y-TZP substrate shrinkage, the compressive strain in the coat-
ing layer was calculated to be 0.4%.

In this study, the crystal phase of the mZrO, coating layer
should be unchanged during thermal annealing at 1000 °C.
However, the compressive stress in the coating layer could be
increased by inducing thermal crystal phase transformation at
higher temperatures. The mZrO, (density, 5.83 g/cm?) is ther-
modynamically stable at room temperature and undergoes
transformation to tetragonal phase (tZrO,; density, 6.1 g/cm?3)
with volume change above 1077 °C [32]. The actual monoclinic-
tetragonal phase transformation exhibits hysteresis, and the

transformation temperature upon heating and cooling have
been reported to be approximately 1227 and 927 °C, respec-
tively [33,34]. Therefore, thermal annealing of the mZrO,
coated samples above 1227°C is expected to induce larger
compressive stress by volume expansion upon cooling at
approximately 927 °C, and is expected to improve mechanical
properties to a more significant extent.

It should be noted that the non-doped (i.e., yttrium-free)
amorphous zirconia nanoparticles, which can be obtained by
chemical precipitation or the sol-gel method, crystalizes into
tZrO, at approximately 400°C and the resultant tZrO, trans-
forms into mZrO, above 600°C [35,36]. The transformation
of tZrO, into mZrO, is accompanied by volume expansion,
which also induces surface compressive stress. Hence, non-
doped amorphous zirconia nanoparticle coating is expected
to be effective for improving the flexural strength of Y-TZP
by annealing at lower temperatures. However, excessive com-
pressive stress may induce crack formation in the coating
layers.

In this study, nanoparticles were used for the mZrO, coat-
ing. Other coating methods, such as sol-gel coating, have the
potential to improve the mechanical properties of Y-TZP. A
recent study investigated a sol-gel coating zirconia, whose
crystal phase was not reported, on a Y-TZP substrate [37],
but the mechanical strength was unchanged after annealing
at 550°C. Previous data regarding the crystal phase transi-
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Fig. 6 — (a) Mean biaxial flexural strengths and (b) Weibull
plots of Y-TZP. The error bars represent the standard
deviations (SD, N = 15). Different italic letters (a, b and c) on
the bars indicate statistically significant differences
between the groups as determined by Steel-Dwass tests
(p <0.05). R, coefficient of determination; m, Weibull
modulus; Pf, fracture probability; o, fracture strength at a
given Pf.

tion temperature (i.e., 600 °C) of amorphous zirconia prepared
using the sol-gel method [35] indicated that only tZrO, was
formed in the coating layer and hence the mechanical prop-
erties were unchanged by annealing at 550°C.

Another strengthening mechanism could involve direct
effects on the Y-TZP substrate; i.e., migration of Y ions from
the Y-TZP substrate into the mZrO, coating layer during ther-
mal annealing and/or stabilization of the monoclinic phase
of Y-TZP substrate contacting the mZrO, coating layer. The
migration of Y ions would de-stabilize the tetragonal phase of
the Y-TZP substrate, and the compressive stress may remain
on the Y-TZP substrate surface. Direct evidence for the migra-

tion of Y ions was not obtained in this study, but the increase
in the thickness of monoclinic phase remained in the Y-TZP
substrate support this proposed mechanism.

It should be noted that the thick coating (>0.3 pL/mm?)
induced crack formation in the coating layer, and was partially
removed by ultrasonic washing treatment, which may be due
to the aggregation of mZrO, nanoparticles upon drying. In this
study, PAA was used to disperse the mZrO, nanoparticles in
ethanol through the interactions of COOH groups and zirco-
nium ions [38]. However, PAA might be inefficient to stabilize
the nanoparticle dispersion at the high nanoparticles concen-
tration upon drying. The formation of aggregates upon drying
could be prevented by optimizing the type of dispersion agent
and its concentration.

In this study, sintered Y-TZP was used as a substrate for
mZrO, coating. Considering the strengthening mechanism
described above, the mZrO, (or amorphous zirconia) coating
would also be effective to improve the mechanical properties
of other types of zirconia such as highly translucent partially
stabilized zirconia (PSZ) consisting of cubic zirconia (cZrOjy).
Coating on pre-sintered zirconia followed by sintering would
also be effective for improving mechanical properties, and
these hypotheses will be tested in the near future.

The surface roughness increased with mZrO, coating due
to the partial sintering of the nanoparticles during annealing
at 1000°C. The increased surface roughness is preferable for
obtaining suitable bonding with the intended synthetic sub-
strates, such as veneering porcelain or luting agents.

The effect of low temperature degradation (LTD) was not
evaluated in this study. However, the mZrO, coating layer is
expected to exhibit resistance to LTD, because LTD can be sup-
pressed by the monoclinic phase on the zirconia surface [39]
and a compressive surface stress layer is beneficial for aging
resistance [40]. Thus, LTD of mZrO, coated zirconia should be
investigated to confirm the long-term clinical performance of
zirconia restorations.

5. Conclusions

Based on the results obtained, and within the limitations of
this study, it can be concluded that the thermal annealing
with the mZrO; nanoparticle coating can improve the relia-
bility of sandblasted Y-TZP without decreasing its mechanical
strength, which would otherwise be decreased by the conven-
tional annealing process.
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