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Clinical Relevance

Surface treatment of Y-TZP–based ceramics should be carried out with care to avoid
unexpected negative effects on the material.

SUMMARY

Objectives: To evaluate the effects of surface
treatment, specimen thickness, and aging on
the biaxial flexural strength (BFS) of two types
of yttria-stabilized, tetragonal zirconia poly-
crystal (Y-TZP) ceramics.

Methods and Materials: Disc-shaped speci-
mens, 0.4 and 1.3 mm thick, made from hot
isostatic pressed (Denzir) and non–hot isostat-
ic pressed (ZirPlus) Y-TZP, were sandblasted,
heat treated, and autoclaved. The surface
topography was assessed in accordance with
European Standard 623-624:2004 and the BFS
tests in accordance with International Organi-

zation for Standardization Standard 6872:2008.
For statistical analyses, one-way Shapiro-Wilk
test, analysis of variance (post hoc: least sig-
nificant differences), Mann-Whitney U-test,
and Pearson correlation tests (p,0.05) were
used.

Results: As delivered, the BFS of the 0.4-mm
ZirPlus was .1.3-mm ZirPlus (p,0.01), and the
BFS of the 0.4-mm Denzir was .1.3-mm Denzir
(p,0.001). Sandblasting with 0.2 MPa reduced
the BFS of the ZirPlus and Denzir discs
(p,0.01), whereas sandblasting with 0.6 MPa
increased the BFS of the 0.4-mm Denzir
(p,0.001) and reduced the BFS of the 0.4-mm
ZirPlus (p,0.05). Heat treatment significantly
reduced the BFS of all the groups except for
the 0.6 MPa sandblasted 0.4-mm ZirPlus. Auto-
claving reduced the BFS of the as-delivered
ZirPlus and Denzir specimens (p,0.001),
whereas autoclaving the 0.6 MPa sandblasted
and heat-treated specimens had no effect
(p.0.05) on the BFS. The 0.6 MPa sandblasted,
heat-treated, and autoclaved 0.4-mm Denzir
exhibited higher BFS than the 0.6 MPa sand-
blasted, heat-treated, and autoclaved 0.4-mm
ZirPlus (p,0.05).
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Conclusions: Thickness and surface treatment
of Y-TZP–based ceramics should be considered
since those factors could influence the BFS of
the material.

INTRODUCTION

Zirconia was introduced into dentistry at the
beginning of the 1990s, and various types of zirconia
systems are currently available as biomaterials.1-3

The zirconia (ZrO2) ceramic is polymorphic and
exists in three different phases—monoclinic, tetrag-
onal, and cubic4—and compared with alumina and
other dental ceramics has higher flexural strength
and fracture resistance, making the ZrO2-ceramic of
particular interest as a material for dental cores/
substructures.1-3 In addition, ZrO2 ceramics are
opaque and have a relatively small particle size,
which has been said to allow the possibility of
minimally invasive restorations and the masking of
discolored underlying tooth structure.5

Today, zirconia restorations for dental application
are manufactured mainly of yttria tetragonal zirco-
nia polycrystals (Y-TZP) using computer-aided de-
sign/computer-aided manufacturing (CAD/CAM)
techniques,1,3 and the restorations can be processed
with hard or soft machining.5-7 Hard machining uses
sintered Y-TZP blocks subjected to the process of hot
isostatic pressing (HIPing), which has been said to
effectively reduce porosity and possibly improve the
mechanical properties of the material.8 Soft machin-
ing uses mainly Y-TZP presintered prefabricated
blocks; an enlarged core/substructure for a crown or
fixed partial denture (FPD) is machined from the
presintered block and subsequently sintered to the
desired dimensions before veneering.6,7 The recom-
mended thickness of conventional cores/frameworks
made of Y-TZP ceramics has been said to have a
usual range of between 0.3 and 0.6 mm.9

To improve the esthetic appearance, the Y-TZP
cores/frameworks are usually layered with feldspar-
based or glass ceramics. During the veneering
process, the cores/frameworks are subjected to heat
treatment up to around 9008C-10008C, and it has
been shown that heat treatment, like veneering,
significantly affects the strength of zirconia.10-12

Various other mechanical processes, such as
grinding, milling, and sandblasting, could affect the
properties of zirconia dental restorations.10-15 How-
ever, conflicting results concerning the effects of
grinding/machining on the strength of zirconia
ceramics have been reported.13-15 For example, some
studies have shown that grinding/machining can

reduce the strength of zirconia,13,15 whereas other
studies show that grinding/machining increases the
strength.14,16 Moreover, surface treatments such as
sandblasting have been shown to increase the biaxial
flexural strength (BFS) of zirconia.13,15 In addition,
an earlier study demonstrated that reduced thick-
ness of HIPed Y-TZP copies could affect the fracture
resistance of veneered stylized all-ceramic crowns.17

Since the thickness of the material in dental cores/
substructures is important and various surface and
heat treatments are usually inevitable steps in the
manufacturing and veneering processes of dental
ceramic restorations, the aim of the present study
was to examine the effect on BFS of HIPed and
unHIPed Y-TZP ceramics of 1) specimen thickness,
2) heat treatment, 3) sandblasting using various
pressure, and 4) artificial aging.

METHODS AND MATERIALS

The materials studied were unHIPed Y-TZP (Zir-
Plus, Cad.esthetics AB, Skellefteå, Sweden) and
HIPed Y-TZP (Denzir, Cad.esthetics AB) ceramics
(Figure 1a,b). The composition of the two types of
ceramics was identical.

Preparation of Specimens

Two hundred disc-shaped (13-mm diameter) speci-
mens were CAD/CAM manufactured from prefabri-
cated blanks using the Cad.esthetics software sys-
tem (Cad.esthetics AB). The ZirPlus and Denzir
specimens were made in two different thicknesses:
0.4 and 1.3 mm. Means 6 SD of the thickness of the
Denzir discs (n=20) and the ZirPlus discs (n=20)
were 1.3 6 0.02 mm. Corresponding figures for the
ZirPlus (n=80) and Denzir discs (n=80) were 0.4 6

0.03 and 0.4 6 0.05 mm, respectively. Figure 1a,b
summarizes the various groups of the ZirPlus and
Denzir specimens studied. The reason why these
thicknesses (1.3 and 0.4 mm) were chosen was
because the International Organization for Stan-
dardization (ISO) Standard 6872:200818 states that
the thickness of the specimen should be 1.2 6 0.2
mm, whereas the thickness of dental zirconia cores
often is between 0.3 and 0.6 mm.9,17

Ten specimens of each type and thickness of the Y-
TZP ceramic were studied as delivered, that is,
directly after machining. In addition, 10 specimens
of each thickness and type of Y-TZP were heat
treated before testing in a similar way to veneering
with a feldspar-based porcelain (VITA VM9, VITA
Zahnfabrik, Bad Säckingen, Germany).19 To study
the effect of surface treatment and aging, before
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testing, the tensile surface of 50 discs of the 0.4-mm

ZirPlus and 50 discs of the 0.4-mm Denzir discs were

sandblasted (Basic Quattro, Renfert GmbH, Hitzin-

gen, Gemany) for 90 seconds with 110 lm Al2O3 at a

distance of ;2 mm between the surface of the disc

and the nozzle (Basic Quattro). Of these 100 discs,

the tensile surfaces of 20 of the 0.4-mm ZirPlus discs

and 20 of the 0.4-mm Denzir discs were sandblasted

with 0.2 MPa, and the tensile surfaces of 30 of the

0.4-mm ZirPlus discs and 30 of the 0.4-mm Denzir

discs were sandblasted with 0.6 MPa (Figure 1a,b).

Thereafter, 10 discs of each type were subjected to

heat treatment similar to veneering (VITA VM9),19

and 10 discs of each type of the as-delivered

specimens were autoclaved (Kebo Lab AB, Stock-

holm, Sweden) twice for five hours at 1348C in 0.2

MPa pressure.20 In addition, 10 discs of each type of

the sandblasted 0.4-mm discs were heat treated in a

way similar to veneering (VITA VM9)19 and auto-

claved twice for five hours at 1348C in 0.2 MPa

pressure before testing (Figure 1a,b).20 Between the

two autoclave treatments, the autoclaved specimens

were stored at room temperature for 16 hours.

Figure 1a,b. Flowchart of the ZirPlus and Denzir test samples. Means 6 SD of the thickness of each group of the ZirPlus and Denzir discs studied
are shown in parentheses. Ten specimens in each group.
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Determining the Surface Roughness

Using a measuring profilometer (Taylor/Hobson
Precision Form Taylor Surf 50, Taylor Hobson,
Warrenville, IL, USA), the arithmetical mean devi-
ation of the assessed surface roughness (Ra), the
maximum profile valley depth (Rv), and the maxi-
mum height of the roughness (Rz) of the surfaces
intended to be subject to tensile stress during the
testing were measured; the cutoff length was 0.8
mm, evaluation length 4 mm, stylus speed 0.5 mm/s,
and stylus tip radius 2 lm, in accordance with
European Standard 623-624:2004.21 Before testing,
the specimens were cleaned ultrasonically (Bran-
sonic B221, Bransonic Ultrasonic Co, Danbury, CT,
USA) for five minutes in tap water, rinsed in
distilled water, and air-dried. Five parallel scans
were made at randomly selected locations in the
center of the specimen on each measured surface. All
measurements were recorded by one operator.

Test of Biaxial Flexural Strength

A universal testing machine (Tinius Olsen H10K-T,
Horsham, PA, USA) was used for the BFS test, and
the test setup was in accordance with ISO
6872:2008.18 The support area for the specimens
comprised three symmetrically placed steel balls, 3.2
mm in diameter, positioned 1208 apart creating a
circle with a diameter of 10 mm. The disc-shaped
specimens were placed on the supporting balls, and
the load was applied at the center of the specimen
with a flat punch, 1.6 mm in diameter, at a crosshead
speed of 1 mm/min. The sandblasted surface of the
specimens was placed in tension; that is, the
sandblasted specimens were placed in the sample
holder with the sandblasted surface face-down
bearing on the three stainless-steel supporting balls.

The load in newtons (N) required to fracture the
specimens was automatically recorded, and the BFS
was calculated using the following equations:

S ¼ �0:2387
PðX � YÞ

d2
ð1Þ

where S is the maximum tensile stress (MPa) and P
is the load at fracture (N) and

X ¼ ð1þ vÞ1nðr2=r3Þ2 þ ½ð1� vÞ=2�ðr2=r3Þ2 ð2Þ

Y ¼ ð1þ vÞ½1þ 1nðr1=r3Þ2� þ ð1� vÞðr1=r3Þ2 ð3Þ

where m is the Poisson ratio, r1 is the radius of the
support circle, r2 is the radius of the loaded area

(mm), r3 is the radius of the specimen (mm), and d is
the specimen thickness (mm).

In the current study, the Poisson ratio (m) = 0.25,
r1 = 5 mm, r2 = 0.8 mm, and r3 = 6.5 mm, was used.
The thickness of the fractured surface of each
specimen was measured using a measuring micro-
scope (Leitz UWM-Dig-S, Ernst Leitz GmbH, Wet-
zlar, Germany) at 203 magnification at three
selected measuring points: two points in the outer
borders and one point in the center of the fractured
discs. For each specimen, the mean value of the
three measurements for each specimen was then
used as the value for d in equation 1.

Statistical Analysis

The Shapiro-Wilk test was used to test normal
distribution of the data. The BFS data were
statistically analyzed using one-way analysis of
variance supplemented with least significant differ-
ences post hoc tests (p,0.05). As the data of the
surface roughness did not meet the normality
requirement the Mann-Whitney U-test, a nonpara-
metric test was used (p,0.05) to statistically analyze
the Ra, Rz, and Rv values. The Pearson correlation
test (p,0.05) was used to correlate the determined
BFS with the surface roughness, that is, the
determined Ra, Rz, and Rv values for each type of
group. All data were analyzed using SPSS version 24
statistical software (Statistical Package for Social
Science, SPSS Inc, Chicago, IL, USA).

RESULTS

Figure 2 presents the BFS of all the specimens
studied, and Tables 1 and 2 present the statistical
analyses of the BFS. Tables 3 through 5 show the
arithmetical mean deviation and statistical analyses
of the assessed roughness (Ra), the maximum valley
depth (Rv), and the maximum height of the rough-
ness (Rz).

Effects of Specimen Thickness, Heat
Treatment, Sandblasting, and Autoclaving on
the BFS

As delivered, the BFS of the 0.4-mm ZirPlus discs
was significantly superior to the 1.3-mm ZirPlus
discs (p,0.01), and the BFS of the 0.4-mm Denzir
was significantly superior (p,0.001) to the 1.3-mm
Denzir (Figure 2; Table 1). Sandblasting with 0.2
MPa reduced the BFS of the 0.4-mm ZirPlus and
Denzir as-delivered discs (p=0.000), whereas sand-
blasting with 0.6 MPa increased the BFS of the 0.4-
mm Denzir (p,0.001) and reduced the BFS of the
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0.4-mm ZirPlus (p,0.05). Heat treatment signifi-
cantly reduced the BFS of all the groups except for
the 0.6 MPa sandblasted 0.4-mm ZirPlus. Autoclav-
ing reduced the BFS of the as-delivered ZirPlus and
Denzir specimens (p=0.000), whereas autoclaving
the 0.6 MPa sandblasted and heat-treated 0.4-mm
specimens had no effect (p.0.05) on the BFS (Figure
2; Table 2). The 0.6 MPa sandblasted, heat-treated,
and autoclaved 0.4-mm Denzir exhibited significant-
ly (p,0.05) higher BFS than the 0.6 MPa sandblast-
ed, heat-treated, and autoclaved 0.4-mm ZirPlus
(Figure 2; Table 2).

Surface Roughness and the Pearson
Correlation Test

Of all the groups studied, the 0.6 MPa sandblasted
ZirPlus discs exhibited the highest Ra, Rv, and Rz
values (Tables 3-5). For the ZirPlus specimens, the
Pearson correlation test revealed no statistically
significant (p.0.05) correlations except between Rv
and BFS of one of the 0.6 MPa sandblasted, heat-
treated, and autoclaved 0.4-mm ZirPlus discs
(r=0.658, p=0.039). For the Denzir specimens, the
Pearson correlation test showed no statistically
significant (p.0.05) correlations except for one
specimen: one of the heat-treated 0.4-mm Denzir
discs exhibited Ra and BFS (r=�0.721, p=0.019), Rv
and BFS (r=�0.776, p=0.008), and Rz and BFS
(r=�0.731, p=0.016).

DISCUSSION

Effects of Specimen Thickness

Today, minimally invasive restorations with high-
level-esthetic appearance have become available for
dental restorations, mainly because of the introduc-
tion of oxide-based ceramics,1-3,10,17 and it has been
stated that the small particle size of zirconia makes
it possible to produce thin ceramic dental restora-
tions.5 However, the quality of zirconia can be
affected, for example, by the grain size, type of
stabilizing oxide, heat treatment, manufacturing
process, and composition,8,12,17,22-24 and the intro-
duction of zirconia into dentistry has led to a number
of questions about the proper handling of zirconia for
dental applications. For example, in an earlier
study,17 stylized, veneered ceramic crowns with
cores made of HIPed Y-TZP, 0.2 mm thick and
placed on a slice-formed preparation, exhibited
superior fracture strength compared to the values
reported in a similar study of HIPed Y-TZP ceramic
crowns with 0.5-mm cores placed on a circumferen-
tial chamfer.10 In these previous studies,10,17 it was
proposed that the monoclinic phase/tetragonal phase

Figure 2. Box plot of the biaxial flexural strength (MPa) of all the
various groups studied. Ten specimens in each test group. Data are
presented as medians and first and third quartiles. The median is
presented by a horizontal line within the box. The maximum and
minimum values are illustrated via the upper and lower strokes. All the
sandblasted surfaces of the specimens were placed in tension. White
boxes: ZirPlus specimens. Gray boxes: Denzir specimens.
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distribution in the Y-TZP core could have influenced
the outcome.

Similarly, in the present study the BFS of the as-
delivered 0.4-mm Denzir discs, that is, before a heat
treatment similar to veneering, was significantly
superior to the as-delivered 1.3-mm Denzir discs,
and the BFS of the as-delivered 0.4-mm ZirPlus discs
was superior to that of the as-delivered 1.3-mm
ZirPlus discs (Figure 2; Table 1). That is, thinner
specimens exhibited significantly (p=0.000) higher
BFS than thicker specimens of a similar type of
material. One possible explanation for thinner discs
made of Y-TZP ceramics resulting in higher BFS
could be the phase transformation t ! m created on
the surface because of the machining process. A
monoclinic layer could be detected on ground/
machined surfaces of Y-TZP ceramic,25 and a
proportionally thicker monoclinic layer may be
created on thinner specimens than on thicker

specimens. Since the monoclinic layer has ;3%-4%
volume expansion compared to the tetragonal phase,
the compressive layer formed at the surface by this
layer could have resulted in the thinner specimens
having a higher flexural strength than the thicker
specimens.13 It has been reported in a study by
Ramos and others25 that higher monoclinic content
could be detected on ground zirconia surfaces
compared to nonground surfaces and that subse-
quent heat treatment produced reversed transfor-
mation.26 On the other hand, in a previous study of
magnesia-stabilized zirconia (Mg-PSZ), the various
specimen thicknesses, that is, 0.4-mm and 1.3-mm
discs, did not influence the BFS.2 However, it has
been stated that phase transformation toughening is
less in Mg-PSZ than in Y-TZP,5,27,28 but it was also
seen in the previous study of Mg-PSZ2 that sand-
blasting and heat treatment could affect the strength
of Mg-PSZ specimens. Another reason that the

Table 1: Summary of the Statistical Analysis (Analysis of Variance Supplemented With Least Significant Differences Post Hoc
Test) of the Biaxial Flexural Strength of the As-Delivered and Heat-Treated ZirPlus and Denzir Specimens (10
Specimens in Each Group)a

Specimen A B C D E F G H I J

A. ZirPlus, 1.3 mm, as delivered

B. ZirPlus, 1.3 mm, heat treated 0.407

C. ZirPlus, 0.4 mm, as delivered 0.000 0.000

D. ZirPlus, 0.4 mm, autoclaved 0.029 0.174 0.000

E. ZirPlus, 0.4 mm, heat treated 0.204 0.037 0.026 0.001

F. Denzir, 1.3 mm, as delivered 0.840 0.530 0.000 0.048 0.141

G. Denzir, 1.3 mm, heat treated 0.399 0.988 0.000 0.178 0.035 0.520

H. Denzir, 0.4 mm, as delivered 0.000 0.000 0.090 0.000 0.000 0.000 0.000

I. Denzir, 0.4 mm, autoclaved 0.877 0.500 0.000 0.043 0.155 0.963 0.490 0.000

J. Denzir, 0.4 mm, heat treated 0.053 0.006 0.118 0.000 0.503 0.033 0.006 0.001 0.037
a Statistical differences (p,0.05). The values in the table refer to the p-values obtained.

Table 2: Summary of the Statistical Analysis (Analysis of Variance Supplemented With Least Significant Differences Post Hoc
Test) of the Biaxial Flexural Strength of the 0.2 and 0.6 MPa Sandblasted and Autoclaved ZirPlus and Denzir
Specimens (10 Specimens in Each Group)a

Specimen K L M N O P Q R S T

K. ZirPlus, 0.4 mm, 0.2 MPa

L. ZirPlus, 0.4 mm, 0.2 MPa, heat treated 0.000

M. ZirPlus, 0.4 mm, 0.6 MPa 0.575 0.000

N. ZirPlus, 0.4 mm, 0.6 MPa, heat treated 0.521 0.001 0.229

O. ZirPlus, 0.4 mm, 0.6 MPa, heat treated and autoclaved 0.125 0.013 0.037 0.370

P. Denzir, 0.4 mm, 0.2 MPa 0.000 0.771 0.000 0.000 0.006

Q. Denzir, 0.4 mm, 0.2 MPa, heat treated 0.000 0.393 0.000 0.000 0.001 0.573

R. Denzir, 0.4 mm, 0.6 MPa 0.000 0.000 0.000 0.000 0.000 0.000 0.000

S. Denzir, 0.4 mm, 0.6 MPa, heat treated 0.289 0.000 0.617 0.090 0.010 0.000 0.000 0.000

T. Denzir, 0.4 mm, 0.6 MPa, heat treated and autoclaved 0.544 0.000 0.963 0.212 0.033 0.000 0.000 0.000 0.650
a Statistical differences (p,0.05). The values in the table refer to the p-values obtained.
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specimen thickness affected the strength of the Y-

TZP specimens in the present study could be that the

volumes between the 0.4-mm and the 1.3-mm

specimens were different. That is, when the volume

of the specimens increases, it will be more likely to

hit strength-limiting defects in the ceramics, which

could decrease the mean strength, that is, the effect

of volume scaling.29 Thus, when evaluating the

results of, among others, the BFS tests, the thick-

ness of the zirconia samples should be taken into

consideration.

Effects of Surface Treatment

During the manufacturing processes of dental

restorations, the surfaces of copies/frameworks are

subjected to mechanical treatments, such as grind-

ing, polishing, and/or sandblasting,30,31 and previous

studies show that the effects on the mechanical

properties of such surface treatments and heat

treatment of zirconia can vary.13,32-34

In order to mimic surface treatments in the

present study, one of the flat surfaces of the 0.4-
mm disc-shaped specimens was subjected to sand-
blasting using two different pressures: 0.2 MPa and

0.6 MPa. Sandblasting the 0.4-mm ZirPlus and 0.4-
mm Denzir discs with 0.2 MPa significantly reduced
BFS compared to the as-delivered specimens, where-
as when a pressure of 0.6 MPa was used, the BFS of

the 0.4-mm Denzir discs was significantly superior to
the as-delivered discs, while the BFS of the 0.4-mm
ZirPlus discs was reduced compared to the as-

delivered discs. Possible explanations could be that
0.2 MPa sandblasting mimicked polishing rather
than grinding of the specimen surfaces and that 0.6
MPa sandblasting caused a rougher surface of the

ZirPlus discs than of the Denzir discs (Tables 3-5). It
has also been demonstrated previously that surface
treatments of zirconia could produce a variety of

effects.31,35-37 The study by Hjerppe and others31

shows that flexural strength could be improved by
surface conditioning with airborne-particle abrasion.

Table 4: Maximum Profile Valley Depth (Rv) of the ZirPlus and Denzir Specimens (lm)a

Specimen ZirPlus (Mean6SD) Denzir (Mean6SD)

1.32 mm, as delivered 1.5 6 0.5 A, E 1.0 6 0.8 C

1.32 mm, heat treated 1.4 6 0.5 A, B, E 0.5 6 0.3 I

0.4 mm, as delivered 0.9 6 0.4 C 0.6 6 0.3 I, J

0.4 mm, autoclaved 1.5 6 0.5 A, B, D 1.2 6 0.5 D, E

0.4 mm, heat treated 1.3 6 0.8 A, B, D, E 0.7 6 0.3

0.4 mm, 0.2 MPa 2.4 6 0.8 F, M 1.5 6 0.4 A, B, D, E, K

0.4 mm, 0.2 MPa, heat treated 2.6 6 0.7 F 1.5 6 0.3 A, B, D, E, K

0.4 mm, 0.6 MPa 4.5 6 1.1 G 2.2 6 0.4 L, M

0.4 mm, 0.6 MPa, heat treated 4.5 6 1.2 G 2.1 6 0.4 L

0.4 mm, 0.6 MPa, heat treated and autoclaved 5.4 6 0.9 2.1 6 0.4 L, M

a Identical letters indicate absence of statistically significant difference (p.0.05). No letter indicates statistically significant difference compared with all the other groups
in respective table (p,0.05). n = 10 in each group (Mann-Whitney U-tests).

Table 3: Arithmetic Mean Deviation of the Assessed Profile (Ra) of the ZirPlus and Denzir Specimens (lm)a

Specimen ZirPlus (Mean6SD) Denzir (Mean6SD)

1.32 mm, as delivered 0.3 6 0.1 A 0.3 6 0.1 A, B, E

1.32 mm, heat treated 0.3 6 0.2 A, B 0.2 6 0.1 C, H

0.4 mm, as delivered 0.2 6 0.1 C 0.2 6 0.1 C, K

0.4 mm, autoclaved 0.4 6 0.1 D 0.4 6 0.2 D

0.4 mm, heat treated 0.3 6 0.2 A, B, C, E 0.2 6 0.1 C, E, H, K

0.4 mm, 0.2 MPa 0.5 6 0.2 F 0.6 6 0.2 I

0.4 mm, 0.2 MPa, heat treated 0.5 6 0.1 F, G 0.6 6 0.1 G, I

0.4 mm, 0.6 MPa 1.3 6 0.2 0.9 6 0.2 J, L

0.4 mm, 0.6 MPa, heat treated 1.2 6 0.3 0.9 6 0.2 J

0.4 mm, 0.6 MPa, heat treated and autoclaved 1.4 6 0.2 0.8 6 0.1 L

a Identical letters indicate absence of statistically significant difference (p.0.05). No letter indicates statistically significant difference compared with all the other groups
in respective table (p,0.05). n = 10 in each group (Mann-Whitney U-tests).
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The studies by Garcia Fonseca and others34 and
Özcan and others36 demonstrate that the size and
type of particles could affect the strength of Y-TZP
ceramic and reduce it; these findings provide one
possible explanation for the effect of 0.6 MPa
sandblasting on the ZirPlus discs. Manufacturing
and adjustments involving grinding and/or polishing
of zirconia-based restorations could influence the
BFS of Y-TZP ceramics and should therefore be
carried out carefully.

Effects of Heat Treatment and Accelerated
Aging

Heat treatment did not significantly affect the BFS
of the 1.3-mm specimens but significantly reduced
the BFS of the 0.4-mm discs (Figure 2; Table 1). For
the 0.2 MPa sandblasted discs, only the ZirPlus
specimens were affected by the heat treatment,
whereas heat treatment of the 0.6 MPa sandblasted
discs significantly reduced the BFS of both the
ZirPlus and the Denzir specimens (Figure 2; Table
2). Another interesting result was that autoclaving
did not affect the BFS after heat treatment of the 0.6
MPa sandblasted 0.4-mm ZirPlus and Denzir spec-
imens, whereas the BFS of the as-delivered 0.4-mm
specimens was reduced after autoclaving (Figure 2;
Tables 1 and 2). These effects on the BFS of
autoclave treatment of the ZirPlus and Denzir discs
in the current study were similar to the findings
reported in the previous study of Mg-PSZ speci-
mens.2 In that study, it was shown that autoclaving
of the as-delivered Mg-PSZ specimens reduced their
strength, whereas it had no influence on the BFS of
heat-treated 0.6 MPa sandblasted specimens.

The fact that the heat-treated discs were not
affected by subsequent autoclaving is of interest
since accelerated aging of ceramics by autoclaving at

1348C for five hours has been recommended in ISO
13356; 201538 as a method for studying aging of, for
example, ceramic femoral heads. In the current
study, the specimens were autoclaved at 1348C and
0.2 MPa for 10 hours, which, according to Chevalier
and others,39 corresponds to ;36-48 years in vivo. In
the previous study by Lucas and others24 of two
brands of Y-TZP, autoclaving for five hours and 0.2
MPa did not influence the modulus of elasticity. It
has also been reported in previous studies of
zirconia5,24 that the grain size could influence the
t ! m transformation23 and that grains below a
certain size seem not to transform t! m.5 However,
it should be noted that in a meta-analysis by Pereira
and others39 of low-temperature degradation of Y-
TZP ceramic, it was stated that autoclave aging
could reduce the mechanical properties of Y-TZP and
that aging time, pressure, and temperature affect
the outcome. Another meta-analysis40 reported that
airborne-particle abrasion could both increase and
reduce the strength and affect the phase transfor-
mation in Y-TZP and that after artificial aging in an
autoclave for more than 12 hours, there was less
monoclinic content in the sandblasted specimens
than in the control. In the present study, both
autoclaving and heat treatment could reduce the
BFS, and it is of great interest to examine how these
methods affect the phase transformation of the
studied Y-TZP materials, and further studies are
needed to clarify the transformation process.

Surface Roughness and the Pearson
Correlation Test

The Ra, Rv, and Rz values of the 0.4-mm ZirPlus and
0.4-mm Denzir specimens in the current study were
significantly increased after autoclaving compared to
the as-delivered discs (Tables 3 through 5). This is in

Table 5: Maximum Height of the Profile (Rz) of the ZirPlus and Denzir Specimens (lm)a

Specimen ZirPlus (Mean6SD) Denzir (Mean6SD)

1.32 mm, as delivered 2.5 6 0.7 A 1.4 6 0.4

1.32 mm, heat treated 2.5 6 1.0 A, B 1.0 6 0.5 F

0.4 mm, as delivered 1.8 6 0.7 1.0 6 0.5 F

0.4 mm, autoclaved 2.8 6 0.9 A, B, C 2.2 6 0.9 A, B

0.4 mm, heat treated 2.6 6 1.5 A, B, C 1.2 6 0.5 F

0.4 mm, 0.2 MPa 4.6 6 1.4 D 3.1 6 0.8 C

0.4 mm, 0.2 MPa , heat treated 4.5 6 1.1 D 3.1 6 0.7 C

0.4 mm, 0.6 MPa 8.6 6 1.9 E 4.4 6 0.9 D, G

0.4 mm, 0.6 MPa, heat treated 8.2 6 2.1 E 4.2 6 0.8 D, G, H

0.4 mm, 0.6 MPa, heat treated and autoclaved 9.5 6 1.4 4.1 6 0.7 D, H

a Identical letters indicate absence of statistically significant difference (p.0.05). No letter indicates statistically significant difference compared with all the other groups
in respective table (p,0.05). n = 10 in each group (Mann-Whitney U-tests).
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agreement with the results in a previous study by
Lucas and others24 addressing the artificial aging of
zirconia in autoclaving where a slight increase in
surface roughness was seen after aging in an
autoclave for five hours. In spite of this, the Pearson
correlation test in the present study showed no
correlation (p,0.05) between the BFS and the
surface roughness, except for the heat-treated 0.4-
mm Denzir discs and the heat-treated and auto-
claved 0.4-mm ZirPlus discs sandblasted with 0.6
MPa. Similar findings were reported in the study by
Ramos and others,26 in which it was stated that no
correlation was seen between surface roughness and
the BFS of Y-TZP ceramic. On the other hand, in the
study by Hjerppe and others,31 a statistically
significant correlation was seen between surface
roughness and the strength values in a three-point
bend test of zirconia, indicating that the surface
roughness could influence the fracture behavior of
dental zirconia.

CONCLUSIONS

Based on the findings in the present study, several
factors could significantly influence the BFS of the
Y-TZP–based ceramics studied. In particular, the
thickness of Y-TZP–based ceramics seems to have a
major impact on the BFS of the material. In addition,
surface treatments, such as sandblasting and heat
treatment, have an impact on the BFS in the Y-TZP
ceramics tested. Since heat treatment and sand-
blasting are methods that are commonly used for
manufacturing this type of dental ceramic restora-
tion, the surface treatment of Y-TZP ceramics should
be carried out with care to avoid unexpected
negative effects on the material.

Acknowledgement

The authors would like to thank Cad.esthetics AB, Skellefteå,
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