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Introduction

ABSTRACT

Purpose: This study evaluated the effect of air abrasion and polishing regimens on the flexural strength of yttrium
stabilized polycrystalline tetragonal zirconia (Y-TZP).

Methods: From Y-TZP blocks (InCeram 2000 YZ Cubes; Vita Zahnfabrik, Bad Sackingen, Germany) 120 bars (25 mm x
4 mm x 1.2 mm) were obtained according to ISO 6872:2008 and randomly divided into 4 groups: Group C: (control)
without surface treatment (n = 30); Group APA: Air abrasion with aluminum oxide (44 um) (n = 30); Group SC: Silica-
coating (Colet, 30 um) (n = 30); Group FD: Fine diamond bur (n = 30). Subsequently, all specimens were subjected to
4-point bending test (in distilled water at 37°C) in a universal testing machine (EMIC DL 1000; S3o José dos Pinhais,
Parang, Brazil); cross-head speed: 0.5 mm/min). The characteristic strength (o) of each specimen was obtained from
the flexural strength test and evaluated using Weibull analysis. X-ray diffraction analysis was utilized to quantity the
monoclinic phase. The surface topography of specimens was analyzed using 3D optical profilometer and scanning
electron microscopy (SEM) after surface conditioning methods. The flexural strength data (o4p) were statistically ana-
lyzed by 1-way ANOVA, Tukey test (a = 0.05) and Weibull (m = modulus, o, = characteristic strength) were calculated.
Results: The mean + standard deviations (MPa) of the groups were as follows: C: 1196.2 + 284.2%; APA: 1369.7 +
272.3°% SC: 1207.1 + 229.7° and FD: 874.4 + 365.4°. The values (m) and (o,) were as follows: C: 4.5 and 1308.12;
APA: 5.9 and 1477.88; SC: 6.0 and 1300.28; and FD: 2.6 and 985.901, respectively.

Conclusions: Air particle abrasion with neither silica nor alumina showed significant difference compared to the
control group but grinding with fine diamond bur impaired the flexural strength of the zirconia tested.

Keywords: Air abrasion, Polishing, Flexural strength, Weibull modulus, Phase transformation, Yttria-stabilized
tetragonal zirconia

tetragonal zirconia polycrystal (Y-TZP) offers good physical
properties, including high flexural strength and high fracture

Zirconia is a densely sintered ceramic that offers chemically
stable restorations with improved aesthetics. Yttria-stabilized
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toughness compared to other ceramic materials (1). In addition
to favorable mechanical properties, chemical and dimensional
stability (2) zirconia frameworks exhibit good radiopacity, en-
hancing radiographic evaluation of marginal integrity and de-
tection of recurrent decay (3).

Initially, conventional cements such as zinc phosphate or
resin-modified glass ionomer cements were suggested for lut-
ing zirconia reconstructions. However, adhesive cementation
has been shown to increase fracture resistance and improve
longevity of ceramic restorations (4, 5). In addition, resin ce-
ments offer the advantage of sealing minor internal surface
flaws created by acid etching or airborne particle abrasion,
which significantly strengthens ceramic materials (6). Zirconia
restorations present an arbitrary cement space incorporated
in the coping design, resulting in a loose fit. Furthermore,
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auxiliary retentive designs commonly used in metal ceramic
restorations are not routinely incorporated in zirconia resto-
rations. The minimal inherent mechanical retention in CAD/
CAM-milled zirconia restorations indicates the need for im-
proved adhesion. A reliable bonding protocol for zirconia
ceramics would further expand the minimal invasive appli-
cations of this new- generation aesthetic reconstruction ma-
terial. Resin bonding to silica-based ceramics could be best
achieved using surface conditioning methods based on me-
chanical roughening or chemical activation of the ceramic sur-
face. Unfortunately, zirconia surface is minimally affected by
conventional surface roughening methods (7). Furthermore,
the relative inertness of zirconia renders the surface unreac-
tive to adhesive promoters.

Various methods have been investigated in an attempt
to roughen and/or activate the zirconia surface to improve
adhesion. Previous reports suggest that mechanical rough-
ening procedures may enhance the strength of zirconia
ceramics (8-13). Airborne-particle abrasion, which is the
method of choice for roughening the intaglio surface of
conventional metal-ceramic restorations prior to cemen-
tation, has been contraindicated for feldspathic ceramic
restorations due to the high abrasion rate and subsequent
volume loss (14). Yet, the effect of air abrasion on the frac-
ture strength of high-strength ceramic materials has been
discussed controversially in the literature. Some reports ad-
vocate air abrasion of zirconia restorations to enhance their
strength (8, 9) whereas others present concerns about the
potential long-term adverse effect of surface abrasion on the
strength of zirconia (15, 16). Wet hand-grinding with a fine-
grit diamond rotary cutting instrument is another surface
modification described in the literature, with a favourable
effect on the strength of zirconia (11, 17). Previous inves-
tigators advocated fine grinding as an alternative method
for roughening zirconia reconstructions in the absence of air
abrasion armamentarium (10, 12, 18).

Tribochemical silicoating has been introduced as an alter-
native to air abrasion with alumina particles in order to im-
prove the adhesion between metals or oxide-based ceramics
and resin cements (14). In this technique, the surfaces are
airborne-particle abraded with aluminum trioxide particles
modified with silica. The blasting pressure results in the em-
bedding of the silica-coated alumina particles on the ceramic
surface, rendering the silica-modified surface chemically reac-
tive to the resin through silane coupling agents (19). To date,
there is no consensus regarding the best surface condition-
ing method for achieving optimum bond strength to zirconia.
The published data on the short- and long-term resin bond
strength to zirconia following different surface conditioning
regimens show diverse results (13). There are also concerns
that the surface of the metastable tetragonal zirconia ceramic
will be transformed, i.e. constrained, and also damaged that
will eventually influence the mechanical properties and reli-
ability of the material.

The objective of this study therefore was to evaluate the
effect of air abrasion and polishing regimens on the flexural
strength of Y-TZP ceramic. The hypothesis tested was that
mechanical surface modification of the zirconia for luting
procedures would affect its flexural strength and its phase
transformation.
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Materials and methods
Specimen preparation

Bars (N =120) (5 mm x 1.6 mm x 25 mm) were milled from
partially sintered 5% Y-TZP (InCeram 2000 YZ Cubes YZ-40/19;
Vita Zahnfabrik, Bad Sackingen, Germany) using an electrical
high-precision saw (Labcut 1010; Erios, Sdo Paulo, Brazil) un-
der water irrigation with a diamond disc. They were then sin-
tered at 1500°C for 7 h in a high temperature sintering furnace
assigned for zirconia (Vita Zyrcomat T, Vita Zahnfabrik). The
dimensions of the bars following 22% volumetric shrinkage
associated with the sintering were 4 mm x 1.2 mm x 20 mm
(0.2 mm, 0.2 mm, and *0.3 mm, respectively). The speci-
mens were randomly assigned to 4 groups (n = 30 per group):

Control group (C): This group underwent no mechanical
surface conditioning method following sintering.

Air-borne particle abrasion (APA): The bars were air-
abraded using 44 um Al,O, particles (Polidental, Cotia, Sdo
Paulo, Brazil) at 2.8 bar pressure from a distance of 10 mm
perpendicular to the long axis of the bars for 10 seconds.

Silicacoating (SC): The bars in this group were airborne-
particle abraded using a chairside air abrasion device (Micro-
Etcher, Danville, California, USA) with 30 um silica modified
AlLO, particles (Colet, 3M ESPE, St. Paul, Minn) at 2.8 bar
pressure for 10 seconds.

Fine-grit diamond (FD): The bars were initially wet ground
and finished using a fine-grit diamond rotary cutting instru-
ment (yellow stripe round-end straight diamond, 30-um grit
size; KG Sorensen, Cotia, Brazil) in a high-speed handpiece
under water irrigation for 10 s.

Flexural strength test

Each bar was oriented in a holding jig with the modified
surface subjected to tensile forces. The bars were loaded to
failure using the 4-bending test in a Universal Testing Machine
(EMIC DL 1000, Séo José dos Pinhais, Parana, Brazil) with a
100 kgf load cell at a cross-head speed of 0.5 mm/min (Fig. 1).
The tests were performed in a thermostatically controlled
water bath at 37°C.

Statistical analysis

Statistical analysis was performed with SPSS Statistics for
Windows Version 20 (SPSS, Chicago, IL, USA). Shapiro Wilk test
indicated normal distribution of the data. Flexural strength data
(MPa) were analyzed using 1-way analysis of variance (ANOVA).
Multiple comparisons were made using Tukey test (a = 0.05).
Weibull analysis was performed using Minitab 14 (Minitab,
State College, PA, USA). The statistical variability of estimates
for the 2 characteristic Weibull parameters m and o, were cal-
culated according to Ritter et al (20). Accordingly, Weibull mod-
ulus m depends only on the sample size, i.e., upon the number
of specimens per condition, whereas the variability in the char-
acteristic strength o, depends on both sample size and m:

Inin =m/r70'c—m/n0'0

(o,)
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Fig. 1 - Zirconia bar specimen on 4-point bending test.

X-Ray diffraction analysis (XRD)

The specimens (N = 8, n = 2 per group) were analyzed in
an X-ray diffractometer (D45000; Siemens, Munich, Germany)
using monochromatic Cu-K alpha radiation (A = 1.54060 A).
Scans were performed at 40 kV, 40 mA, 0.02°/step, with step
interval ranging from 20° to 60°, at 1 s per step.

The relative amount of transformed monoclinic zirconia
(F,,) (%) on the conditioned surfaces was determined from the
integral intensities of the monoclinic (-111)M and (111)M, and
the tetragonal (101)T peaks obtained using XRD, according to
the method described by Toraya et al (21) using the equations
(A and B) below:

1.311*X
ST e Eq. [A]
1+0.311%X
0 (111),+(112),
M (-111), +(111) +(101), Eq. [B]

where (-111)M, 26 = 28°%; (111)M, 26 = 31.20; (101)T,
20 = 30°, represent the integrated intensity of the peaks
diffracted in the monoclinic planes (-111)M and (111)M
and in the tetragonal plane (101)T.

Two measurements were carried out on each specimen
to obtain the mean values of F . Raman spectroscopy and

Influence of air abrasion and polishing on zirconia

XRD measurements were performed on the tensile side of
the specimens.

Transformed zone depth (TZD)

The transformed zone depth (TZD) (um) on the condi-
tioned surfaces of zirconia was calculated from the relative
amounts of the monoclinic phase, assuming that, within
the transformed surface layer, all the tetragonal grains have
transformed into the monoclinic symmetry, according to the
Equation C below (17):

2o=(22) i )|

where, 8 = 15° is the angle of reflection; u (= 0.0642) is the
absorption coefficient and F, the relative monoclinic fraction
obtained from the Raman analysis on the basis of equations
Aand B.

Eq. [C]

3D optical profilometer and SEM analyses

Specimen surfaces were further analyzed using a 3D opti-
cal profilometer (Wyko, Model NT 1100; Veeco, Plainview, NY,
USA) connected to the software (Wyko Vision 32; Veeco, USA)
for topography data analysis from a total area of 0.06 mm? at
x 20 magnification.

The microstructure and surface topography of the speci-
mens were analyzed using SEM (LEO-32, Model 1450 VP; Carl
Zeiss Nano Technology Stystems, Welwyn Garden City, UK) at
x 3000 magnification after gold sputtering (MED 020 Coating
System; Bal-Tec, Berkeley, CA).

Results

Mean flexural strength values (MPa) and standard devia-
tion for each group are listed in Table I. Significant difference
was observed between the groups (ANOVA, P = 0.00001).
Group FD showed the lowest flexural strength results (874.4
+ 365.4)® among all groups (1196.2 + 284.2 -1369.7 + 272.3)
(Tukey test). Air abrasion regimens using either alumina
(1369.7 + 272.3)* or silica (1207.1 + 229.7)* did not show
significant difference between one another and the control
group (1196.2 + 284.2)A,

Weibull statistics of the flexural strength test including
the characteristic strength, o, (the scale parameter) and the
Weibull modulus, m (the slope parameter) are summarized

TABLE | - Mean (+SD) of flexural strength (MPA) according to surface conditioning methods

Surface conditioning n Mean Standard Coefficient of Minimum Maximum
deviation variation

C 30 1196.2° 284.2 23.75 789.5 1791.7

APA 30 1369.7° 272.3 19.88 774.1 1846.4

sC 30 1207.1° 229.7 19.03 811.8 1636.0

FD 30 874.4° 365.4 41.79 272.5 1695.4

C = control; APA = air abrasion with alumina particles; SC = air abrasion with silica particles; FD = fine diamond grinding.

W
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TABLE Il - Weibull statistics of the flexural strength test

C APA SC FD
m g, m g, m o, m g,
4.6 1308.1 6 1477.88 6.1 13003 2.7 985.9
O Osy Ouy Osy Ouy Oy O Osy
4793 6841 6852 8997 6078 7958 1749 3227

Characteristic strength: o, (the scale parameter), Weibull modulus: m (the
slope parameter).
For group abbreviations see Table I.

TABLE Ill - Relative amounts of monoclinical zirconia and the cor-
responding TZD values for the experimental groups

Groups Monoclinic Transformed zone
phase (%) depth (TZD) (um)

C 0 0

APA 14.46 0.79

SC 12.32 0.66

FD 12.96 0.70

in Table Il. The highest m-value was obtained with the APA
and SC groups, followed by the C group. The FD procedure
decreased the m-value about one-half of the C group.

The highest amount of the monoclinical phase and TZD
was found after APA and FD procedures followed by SC
(Tab. 111).

XRD analysis of sintered Y-TZP ceramics indicate that only
group C group consisted of 100% tetragonal zirconia. After
surface conditioning however, detectable monoclinic peaks
with a marked preference of the M(1117) orientations ap-
peared in the XRD pattern (Figs. 2A-D).

SEM and profilometer results presented a certain rough-
ness including the group C (0.897 um) that was received as-
sintered, without any polishing of the surface after sintering
process (Figs. 3AB). Both APA (0.829 um) (Figs. 4AB) and SC
(0.651 um) groups (Figs. 5AB) showed less roughness than
that of group FD group (0.934 um) (Figs. 6AB).

Discussion

This study was undertaken in order to investigate the ef-
fect of air abrasion and polishing regimens on the flexural
strength of Y-TZP. Airborne particle abrasion and silica coat-
ing of zirconia resulted in higher flexural strength when com-
pared to the control. Yet, the results were not significant. On
the other hand, fine diamond grinding decreased the flexural
strength significantly. Thus, the hypothesis that mechanical
surface modification of the zirconia surface would affect its
flexural strength could be partially accepted.

Kosmac et al (11) demonstrated a similar effect of APA on
the flexural strength of zirconia, where tetragonal to mono-
clinic (T-to-M) phase transformation was induced on the Y-
TZP surface. Also, surface grinding has been suggested to
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create a region of compressive stresses on the Y-TZP surface,
which increased its mean flexural strength (8, 9). Swain et al
(18) demonstrated that hand grinding, when compared to
machine grinding, was more effective at inducing the T-to-M
phase transformation, thus increasing the strength of zirco-
nia. In another study, Xu et al (10) reported an improvement
in the strength of Y-TZP from fine grinding with a 25- um dia-
mond wheel, whereas coarser grinding resulted in strength
reduction. Similarly, Kosmac et al (11) advocated fine grinding
as a finishing procedure to improve the mean strength and
reliability of milled Y-TZP. The results of the current investiga-
tion are not in agreement with these previously described re-
ports, since fine diamond grinding significantly decreased the
flexural strength of Y-TZP in spite of the compressive stress
created.

The use of 30-um silica modified aluminum trioxide par-
ticles at 2.8 bar pressure in this study did not result in statisti-
cally higher flexure strength compared to APA. Xible et al (22)
reported a strengthening effect of tribochemical airborne-par-
ticle abrasion using a larger particle size (Rocatec, 110 um; 3M
ESPE) at 2.8 bar pressure. The smaller particle size used in the
present study was probably less effective at inducing the T-to-
M phase transformation on the surface of the Y-TZP. The lower
flexural strength values, compared to those reported by the
manufacturers of Y-TZP, may be due the fact that specimens
were only sintered, rather than sintered and polished as rec-
ommended by the ANSI/ADA specification for dental ceram-
ics (23). Furthermore, Swain and Hannink (18) reported that
hand-ground Ce-TZP surface contained almost 5 times more
monoclinic zirconia than severely machine-ground surface of
the same material. This was attributed to the extensive heat
generated during severe machine grinding in spite of a stream
of coolant that was directed near the cutting edge during
grinding. Consequently, locally developed temperatures ex-
ceeded the temperature for M-to-T transformation, thus the
reverse M-to-T transformation occurred. In contrast, the T-to-
M transformation was retained when hand grinding at lower
speed and grinding force, which was not associated with exten-
sive heat generation. Instead, due to high stresses developed
during grinding, severe surface cracks must have been formed
which decreased the strength and reliability of the material.

Air abrasion, in contrast, is considered to be a more gentle
process, during which considerably less material is removed
from the surface. In spite of lower stresses occurring during
air abrasion, the thickness of the transformed surface layer
was found to be larger than in ground specimens, indicat-
ing that not only stresses, but also the locally developed
temperature during air abrasion was minor. The calculated
transformed zone depth, roughly corresponding to the av-
erage grain size of sintered Y-TZP ceramic, implies that only
those tetragonal zirconia grains have transformed into the
monoclinic symmetry during air abrasion that forms the very
surface layer. Since these grains are not hydrostatically con-
strained as those in the bulk of the material, they can readily
transform under the stresses caused by deposition impact of
the alumina particles. Although the thickness of the surface
compressive layer formed during air abrasion is very small in
relation to the thickness of the test specimens, it was effective
in increasing the strength of the Y-TZP materials. The length
of surface flaws that are introduced by air abrasion, does not
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Fig. 2 - XRD analysis of zirconia specimens from groups. (A) Control; (B) Air abrasion with alumina particles; (C) Air abrasion with silica par-
ticles; (D) Fine diamond grinding. (T) Tetragonal zirconia phase; (M) monoclinic phase. Note that Control group shows tetragonal phase only.

b Y .
WD = 15mm LME-DEMAR-E
Mag= 3.00KX

Fig. 3 - (A) Topography of the specimen from the Control group before surface conditioning. Note the rough surface of an as-sintered speci-
men without any polishing; (B) 3D profilometer image of the surface roughness with mean roughness of 0.897 um.
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Fig. 4 - (A) Topography of the specimen from the APA group after surface conditioning; (B) 3D profilometer image of the surface roughness

with mean roughness of 0.829 um.

Signal A = SEL
EHT = 20.00kV Mag= 3.00KX

Fig. 5 - (A) Topography of the specimen from the SC group after surface conditioning. Note less roughness intensity compared to other
groups; (B) 3D profilometer image of the surface roughness with mean roughness of 0.651 um.

seem to exceed largely the thickness of the compressive sur-
face layer, otherwise the strength of the material would have
been reduced instead of being increased.

In the study of Souza et al (24), similar particles to those
used in this study as well as larger particles of 110 pm AL O,
and SiO, were used but the pressure was set at 2.5 and 3.5 bar.
Higher pressure and particle size resulted in up to 1.43 um TZD
and 27.21% M phase that are above the results obtained in this
study. In a recent study by Ozcan et al (25), particles similar to
the ones in this study were used but the duration of deposition
was 10 s longer. As expected, up to 1.07 um TZD and 19.25%
M phase were observed, which are also higher than the results
of this study. All these studies imply possible effects of deposi-
tion parameters on the transformation and surface morphology
changes.

Higher surface roughness values were found in the FD
group. In contrast, APA and SC demonstrated less roughness.

© 2015 Wichtig Publishing

This can be explained by the fact that force during parti-
cle deposition could erode the peaks and the depths but
at the same time they are partially embedded on the sur-
face, eventually diminishing the surface roughness in these
groups. Although alumina promotes rougher surface than
silica coating, the bond strength between ceramic and resin
cement is higher for silica coating than alumina abrasion,
because of its chemical interaction to resin cement after
silanization (26).

The toughness of Y-TZP ceramic is related to its capac-
ity for tolerating damage and is mostly related to phase
transformation, where the T phase is transformed into the
M phase. In this transformation, the energy absorbed by
the zirconia matrix in the vicinity of the propagating crack is
consumed by the T grains to transform into a M symmetry,
which is accompanied by ~ 3% to 4% volume expansion. This
volume expansion hinders crack propagation by means of
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Fig. 6 - (A) Topography of the specimen from the FD group after surface conditioning. Note the high roughness intensity compared to other
groups; (B) 3D profilometer image of the surface roughness with mean roughness of 0.651 um.

compressive stress (11, 27). Thus, in order to maintain this
beneficial effect of the Y-TZP ceramic, the phase transforma-
tion should be avoided at any rate to avoid crack propaga-
tion. The phase transformation in Y-TZP accompanied with
the progressive nucleation of M phase, demonstrated pre-
viously (28, 29), has a short-term strengthening effect for
the compressive stress accumulated on the surface layer.
However, the progress of the transformation leads to grain
pullout and surface degradation from the applied stresses,
leading eventually to the failure of the device enhanced by
the aqueous environment. In this study, only static load-
ing was studied, which could be considered a limitation.
Dynamic loading could better represent intraoral load-
ing conditions. The long-term effect of mechanical surface
modifications of Y-TZP on its flexural strength needs further
evaluation in fatigue conditions.

Conclusions

Considering the flexural strength results, lower Weibull
modulus, the higher amount of monoclinic phase, and rough-
er surface compared to the air-abraded groups and the con-
trol group, mechanical surface modification of Y-TZP surface
with fine diamond bur cannot be recommended prior to clini-
cal procedures.
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