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Objective. To evaluate the influence of extrinsic pigmentation on the biaxial flexural strength

and  surface topographic of translucent Y-TZP (InCoris TZI – Sirona – USA) subjected to several

surface treatments.

Methods. Sintered zirconia discs-shaped specimens (n = 120) (ø:12 mm;  thickness:1.2 mm;  ISO

6872)  were prepared and divided (n = 15) according to various factors: “extrinsic pigmenta-

tion” (n: without; p: with) and “surface treatments” (C: control — as sintered; A: abraded

with silica-coated alumina particles (30 �m); G: glazed with a thin film of low-fusing porce-

lain  glaze; GH: glazed and etched with 10% hydrofluoridric acid for 60 s. Mechanical cycling

(1.2  × 106 cycles, 200 N, 3.8 Hz) and flexural strength test (1 mm/min — 1000 kg cell) were

performed. Two-way ANOVA and Tukey’s were used for statistical test (  ̨ = 0.05). Weibull

analysis was used to evaluate the strength reliability. Samples were analyzed via (1) an opti-

cal  profilometer to determine the surface roughness (Ra); (2) an X-ray diffraction (XRD) to

evaluate phase transformations; and (3) a SEM equipped with an energy dispersive X-ray

spectroscopy (EDX) to elucidate morphological properties and chemical compositions.
Results. Regardless of the surface treatment (p = 0.5459) (Cn: 560.16 MPa; Gn: 573.36 MPa;  An:

643.51 MPa; GHn: 542.94 MPa; Cp: 628.04 MPa; Gp: 641.90 MPa; Ap: 554.47 MPa; GHp :602.84 MPa)

and  extrinsic pigmentation (p = 0.1280) there was no difference in the flexural strength

among the experimental groups. According to the XRD analysis, phase transformations

occurred in the An group (t → m) and in Ap group (t → c). Surface roughness was affected by
surface treatments (An  — p = 0.001) and extrinsic pigmentation (Gp — p = 0.001).
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Significance. The biaxial flexural strength of the tested samples was not affected neither by

surface treatments nor by pigmentation, although it can cause phase transformation and

promote surface roughness.

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

-TZP ceramic (Yttria-stabilized tetragonal zirconia polycrys-
al) has a large number of indications, in both restorative and
mplant dentistry [1]. It can be used as a framework or mono-
ithic restoration for fixed dental prostheses (FDPs) and single
rowns, implants and abutments, inlays and onlays [2]. Y-TZP
as excellent biocompatibility and mechanical properties [3],
ost notably high fracture toughness [4] and remarkable load-

earing capacity [5]. Although concern has been expressed
ith regard to the survivability of such restorations com-
ared to their metal ceramic counterparts (particularly FDPs),

 recent clinical survey revealed similar survival rates for such
estorations as compared with metal ceramic ones [6].

Whilst clinical studies have demonstrated limited compli-
ations related to the Y-TZP frameworks [7], veneered zirconia
estorations can create clinical issues such as chipping or frac-
ure of the veneering ceramic [8], being the most reported
eason for the failure of such restorations [9]. Porcelain frac-
ure and chipping has been reported with annual rates from
% to 8% [10]. To avoid such complications, the use of anatomic
ontour zirconia FDPs (monolithic restoration) without addi-
ional veneering ceramic has been proposed [5,11,12]. While
t is still the strongest and toughest ceramic ever used in
entistry, its low translucence remains as a major drawback

13]. As the color of conventional zirconia is white, obtain-
ng a natural tooth color may be difficult to achieve even
fter veneering. For these reasons, using a stained or shaded
irconia may facilitate a more  natural appearance. External
haracterization with staining seems to be a good esthetic
lternative. However, staining can also significantly increase
urface roughness, which may cause bacterial biofilm accu-
ulation [14] and periodontal inflammation [15]. Another

pproach available to obtaining a shaded zirconia is to infil-
rate a green-stage framework with specific coloring liquids.
s an alternative, sintered zirconia can be painted with lin-
rs that require firing in a traditional dental ceramic furnace.
owever, doping with coloring substances—usually metal
xides—has been reported to decrease the mechanical proper-
ies of zirconia [4,16]. With the introduction of high translucent
-TZP coupled with the use of individualized staining tech-
iques enables the esthetics to be sufficiently improved,
aking this material an attractive alternative for restorative

ental treatments [17]. Adhesion of resin-based cement to zir-
onia is also an important issue for the long-term success of
he restoration [18]. A crucial aspect about Y-TZP is its high
rystalline content, becoming impossible for acids and silane
oupling agents to provide micro-retentions and chemical

onds. A reliable bonding would bring better clinical uses for
-TZP [19,20]. Some surface treatments have been proposed
o improve zirconia adhesion such as: tribochemical silica-
tization [21], 10-methacryloyloxydecyl dihydrogen phosphate
(MDP) base primers [22] and glazing, glass-infiltration, or vit-
rification [23–25]. Airborne-particle abrasion, which consists
of air-abrasion with silica-coated alumina particles followed
by silanization [26], is one of the most efficient methods
for promoting micromechanical retention and consequently
improving bond strength at the zirconia-cement interface
[27]. Although abrasion protocols are widely used in clinical
practice, reports in the current literature on their effects on
the mechanical properties and structural stability of Y-TZP
remain unclear [28]. Thus, the scientific community is still
cautious regarding its use, because this treatment may cause
surface damage and phase transformation (t → m)  [23,29]. The
surface modification of the Y-TZP by vitrification consists of
the application of a thin film of low-fusing porcelain glaze
(rich in silicon oxide) on the intaglio surface, which can be
selectively conditioned by hydrofluoric acid and silane appli-
cation, changing the topography and creating micro retentions
and chemical reactivity similar to the bonding mechanisms
of silica-based ceramics [30,31]. On the other hand, surface
glass-infiltration is set to infiltrate a high melting temperature
glass into the zirconia intaglio surface, producing a glass-rich
graded surface [32]. These methods significantly improved the
adhesion between Y-TZP and resin cement [25]. In addition,
this etching would increase the ceramic surface energy and
its adhesive potential, a necessary condition to obtain a sta-
ble and durable bonding of the resin cement to the substrate
[33]. This technique showed promising results with significant
improvements of the bond strength between resin cements
and Y-TZP [2].

Thus, to our knowledge, no published studies have eval-
uated the influence of the surface treatments and the
application of extrinsic pigmentation on the flexure strength
of translucent Y-TZP. The hypotheses tested were: (1) the
flexural strength and surface topography are affected by the
extrinsic pigmentation; (2) surface treatments can affect the
flexural strength and surface topographic of ZrO2; and (3)
extrinsic pigmentation and surface treatment promote phase
transformations (t-m).

2.  Materials  and  methods

The materials, commercial names and manufacturer used in
this study are presented in Table 1.

2.1.  Specimen  preparation
Disk-shaped zirconia (InCoris TZI, Dentsply Sirona, USA) were
sectioned with a diamond disc (Extec, Enfield, CT) in a cut-
ting machine (Isomet® 1000 Precision Saw, Buehler, Lake Bluff,
IL) under water irrigation. 120 specimens were obtained at
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Table 1 – The materials along with their brand names and manufacturers used in this study.

Material Brand name Manufacturer Batch numbers

Y-TZP ceramic InCoris TZI Dentsply Sirona, York, PA, USA 2015326815; 2015286550;
2015417321.

Low-fusion porcelain Vita Akzent Vita Zahnfabrik, Bad
Säckingen, Germany

A0764

30 �m alumina particles coated Rocatec®Soft 3M ESPE, Irvine, CA, USA 1511007637

with silica
Fluoridric acid 10% Condac Porcelana
Pigmentation liquid InCoris TZI Colouring Liquid

dimensions suggested by ISO 6872 [34] (ø = 15 mm;  thickness:
1.6 mm).  Discs were polished with #180, #600 and #1200 grit
silicon carbide abrasive papers for 5 min  each under water-
cooling and ultrasonically cleaned in isopropyl alcohol for
8 min. The specimens were sintered in a Zyrcomat T furnace
(Vita Zahnfabrik, Bad Säckingen, Germany) at a temperature
of 1510 ◦C for 120 min. The final dimensions of the disks were
ø12 × 1.2 mm (ISO 6872).

Half of the specimens (n = 60) received extrinsic pigmenta-
tion (InCoris TZI Coloring Liquid A3.5, Dentsply Sirona, USA)
(p) through an immersion technique for 5 min, according to the
manufacturer’s instructions. The other half of the specimens
(n = 60) did not receive pigmentation (n).

2.2.  Surface  treatment

The groups p (n = 60) and n (n = 60) were divided into four
groups (n = 15), according to the surface treatment:

• (C) Control: as sintered
• (A) Abraded: (one side) with 30 �m silica-coated alumina

particles (Rocatec Soft, 3M ESPE, Minnesota, USA) at 2.8 bar
for 15 s using a specific apparatus (Dento-PrepTM, RØNVIG
A/S).

• (G) Glazed: low-fusing porcelain glaze (powder/liquid) (Vita
Akzent, Vita Zahnfabrik, Germany), (0.2 g/8 drops) were
applied with a disposable brush (TechNew, Rio de Janeiro,
Brazil) and then placed in Vita Vacumat 6000 MP (Vita Zah-
nfabrik, Germany) for the glaze firing process, following the
manufacturer’s instructions.

• (GH) Glazed + hydrofluoric acid etched: after receiving the
glaze application, as described above, samples were treated
with 10% hydrofluoric acid (Condac Porcelana 10%, FGM,
Brazil) for 60 s on the glazed face.

2.3.  Optical  profilometer

Ten measurements were made to evaluate the surface mor-
phology. The digital optical profilometer (Wyko, Model NT
1100, Veeco, Tucson, USA) connected to a PC with image  soft-
ware  (Vision 32, Veeco, USA) was used for surface micrographs

(qualitative analysis of 3D geometry) and surface roughness
measurements. The software used to obtain the images pro-
vides arithmetic mean (Ra) data, based on peaks and valleys
presented in the analyzed area.
FGM, Joinville, SC, Brazil 310316
Dentsply Sirona, York, PA, USA 91026

2.4.  X-ray  diffraction  analysis

In order to determine phase transformations induced by sur-
face treatments, X-ray diffraction analysis was performed
(Model X’pert Powder, PANalytical, Almelo, Netherlands) for
two specimens of each group (Cu-K�, �̄ = 1.54060 Å, 45 kV,
40 mA,  25–80◦, 0.02◦ step size, integration time: 25 s). Each crys-
talline phase presents a set of characteristic peaks.

2.5.  Energy  dispersive  X-ray  and  scanning  electron
microscopy  (SEM)  analysis

Morphological and chemical analysis was performed on one
specimen from each group using SEM (5000 X, TESCAN, model
MIRA 3 and VEGA 3) equipped with an energy dispersive X-ray
spectroscopy (EDX) (Bruker, Spirit 1.0 software). The speci-
mens were analyzed under SEM at a high vacuum (20 kV,
working distance: 12 mm).

2.6.  Mechanical  aging

The samples were subjected to a mechanical cycling test in
a mechanical fatigue simulating machine (ERIOS, Model: ER-
11000, São Paulo, Brazil) for 1.2 × 106 cycles (200 N load and
3.8 Hz). The load was applied in the center of the specimens
by a stainless steel piston with a rounded tip and 1.5 mm cur-
vature radius. The load was applied in to the non-treated face.

2.7.  Biaxial  flexural  strength  test

According to ISO 6872 [34], disc-shaped specimens were sub-
jected to biaxial flexural test (1 mm/min, 100 kgf load cell,
in water) using a universal tester (Emic DL-1000, Emic, São
José dos Pinhais, PR, Brazil). The samples were positioned
with the treated surface facing downwards (tensile surface)
on three supporting balls (Ø = 3.2 mm)  placed 120◦ apart from
each other, forming a support circle with a diameter of 10 mm.
The assembly was immersed in water, and a flat circular
tungsten piston (Ø = 1.6 mm)  was used to apply a monoton-
ically increasing load (1 mm/min) until catastrophic failure
occurred. Before the test, adhesive tape (12 mm x 10 mm,  3M
ESPE) was placed on the compression side of the discs to pro-
vide better piston-sample contact as well as avoid fragment
spreading. The biaxial flexural strength (�) (MPa) of the discs
was determined according to the ISO 6872 standard:
� = −0,  2387P(X − Y)/b2

where P is the fracture load (N), X and Y are parameters related
to the elastic properties of the material [Poisson’s ratio and

https://doi.org/10.1016/j.dental.2019.08.117
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Table 2 – Mean and standard deviation of the surface
roughness. Different upper case letters indicate
statistical difference in the column.

Group Mean (Ra) �m

C 0.38 (0.05) C
A 0.78 (0.33) B
G 0.30 (0.09) C
GH 0.45 (0.09) C
Cp 0.51 (0.05) B  C
Ap 0.47 (0.02) B  C
Gp 1.33 (0.28) A

Weibull analysis was performed to evaluate the reliability
of the flexural strength, with the Weibull parameter (m)  and
GHp 1.40 (0.15) A

Fig. 1 – (a–h) Digital pro
 0 1 9 ) 1644–1653 1647

elastic module], and b is thickness of the specimen at the
fracture origin in mm.

2.8.  Statistical  analysis

The numerical values obtained through the optical profilome-
ter and the biaxial flexural strength data were subjected
to two-way ANOVA and Tukey multiple comparison tests
(  ̨ = 0.05).
the characteristic strength (�o), with a confidence interval of

filometer images.

https://doi.org/10.1016/j.dental.2019.08.117
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racti
Fig. 2 – X-ray diff

95%, being determined in a ln�c  − ln [ln 1/(1 − F(�c)] diagram
(according to ENV 843-5):

lnln

(
1

1 − F (�c)

)
= mln�c − mln�o
The characteristic strength represents the strength at a
failure probability of approximately 63.2%, and the Weibull
modulus m is used as a measure of the strengths distribution,
which indicates the structural homogeneity of the material.
on (XRD) spectra.

Statistical analysis was performed using a software
(Minitab software, version 17, 2013, Minitab, State College, PA).
The level of significance was 5%.

3.  Results
3.1.  Surface  roughness,  SEM,  and  EDX  analysis

The surface roughness (Ra) data (�m) obtained from the opti-
cal profilometer analysis are described in Table 2.

https://doi.org/10.1016/j.dental.2019.08.117
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Fig. 3 – (a–h) Scanning electron microscopy (SEM) images.
Note that C e Cp images presented irregular surfaces with
distinct grain boundaries, which are not presented in A and
Ap images due to blasting procedures altering surface
patterns. Images G and Gp presented a glazed surface and
images GH and GHp presented a deteriorated glazed
d e n t a l m a t e r i a l s 3

The surface treatment and pigmentation altered the sur-
ace roughness (p = 0.001). In the n groups (Fig. 1 — A–D), it was
bserved that the A group showed the highest surface rough-
ess, differing statistically from the others (p = 0.001). Within

he pigmented groups (Fig. 1 – E–H), the GH group showed the
ighest surface roughness, differing statistically from the A
roup that presented the lowest Ra mean values (p = 0.001).
hen the pigmentation factor was verified, it increased the

a average values of all but the A group. Thus, hypotheses 1
nd 2 were partially rejected.

SEM images of the Cn and Cp groups (Fig. 3A and E) revealed
 homogeneous surface and the zirconia grains, measuring
.4 �m (Cn) and 0.3 �m (Cp) average. In the Sn group (Fig. 3B),

 slight increase in roughness is observed due to the action of
he silica-coated particles sandblasted under pressure. How-
ver, such roughness is not apparent in the Ap group (Fig. 3

 F). The images of the Gn and Gp groups do not exhibit the
irconia grains, since they were covered by glaze (Fig. 3C and
). There was also a distinct aspect between these two groups,

ndicating that the pigmentation interferes in its appearance,
enerating a rougher surface. In the GHn and GHp groups, it
s possible to verify the partial degradation of the glaze layer
Fig. 3D and H) from the increase in its roughness. However,
cid etching is unable to remove the entire glaze layer, so it
s not possible to identify zirconia grains. The EDX results are
isted in Table 3.

.2.  Phase  assemblage

he An and Ap groups (Fig. 2 — B and F) showed characteristic
eaks of the tetragonal phases, which correspond to tetrag-
nal t(101) and monoclinic (28◦ and 31.2◦) crystallographic
lane. These two peaks correspond to the monoclinic m(-101)
nd m(111) crystallographic planes, respectively. In addition,
he PR group presents characteristic peaks of the cubic phase.
hus, hypothesis 3 was also partially rejected.

.3.  Biaxial  flexural  strength  (BFS)  and  Weibull
nalysis

he results of the data analysis are described in Table 4.
egardless of the surface treatments (p = 0.5459) and extrin-
ic pigmentation (p = 0.1280) there was no difference in the
exural strength among the experimental groups.

The Weibull analysis is displayed in Fig. 4. The Weibull
odulus, the characteristic strength and their confidence

nterval (95%) are described in Table 5. The data were tested for
qual modulus parameter (p = 0.967) and no differences were
ound.

.  Discussion

his study evaluated the influence of extrinsic pigmentation
n surface roughness, biaxial flexural strength and phase
ransformation after several surface treatments. The hypothe-

es tested were rejected. The extrinsic pigmentation and the
urface treatments affected only surface topography, and did
ot affect the flexural strength of Y-TZP. In addition, the extrin-
ic pigmentation did not promote phase transformation since
surface.

only the grit blasted zirconia showed t-m phase transforma-
tion.

4.1.  Surface  roughness,  SEM,  and  EDX  analysis
The Ra value describes the average roughness value for a sur-
face using an arithmetical mean of the absolute values of

https://doi.org/10.1016/j.dental.2019.08.117
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Table 3 – EDX analyses.

O Y Zr Al Si Na K Ca Ba Hf C Mg

C 21.97 4.18 73.85
A 33.07 63.03 2.02 1.88
G 42.03 4.17 39.26 4.47 3.22 4.64 2.22
GH 43.22 3.93 38.11 4.55 3.21 4.80 2.18
Cp 35.06 3.00 60.34 1.60
Ap 32.82 3.27 58.75 2.92 2.24
Gp 66.62 1.60 2.21 14.06 

GHp 67.20 1.80 11.14 

Table 4 – Mean, standard deviation and coefficient of
variation of the biaxial flexural strength (MPa). Same
upper case letters represent no statistical differences
regarding surface treatments and pigmentation.

Group n Mean MPa (SD) Coefficient of
variation (%)

C 15 560.16(68.75) A 12.28
A 15 643.51 (111.91) A 17.44
G 15 573.36(80.96) A 14.72
GH 15 542.94(80.96) A 14.91
Cp 15 628.04(115.14) A 18.33
Ap 15 554.47(86.83) A 15.66

deleterious to the mechanical properties of Y-TZP [40]. This
Gp 15 641.90(99.32) A 15.47
GHp 15 602.84(110.36) A 18.04

peaks and valleys measured from a medium plane (mm)  in
a surface that has been traced by the profilometer [35,36]. A
lower Ra value indicates a smoother surface [37]. The level
of acceptability for surface roughness is 0.5 �m,  which is the
level of perception of the tongue. According to the findings of
this paper, the air-abraded group is the most rugged without
the application of pigments. However, after characterization,
air-abraded is the only group in which roughness would be
acceptable.
The pigmentation affected the surface roughness accord-
ing to the data found in this work (Fig. 1a–h). As
suggested by Yuan et al. [15], all groups had become

Fig. 4 – Weibull plot for th
4.19 0.37 0.24 10.40 0.31
4.15 15.70

rougher after pigmentation, except the air-abraded group
which became smoother. Studies show that air-abrasion pro-
motes higher surface roughness, which may even promote
crack propagation by introducing flaws. But, the pigment
layer must have filled these surface defects, making it
smoother.

The values found here differ from those found in other
studies, for example of Manziuc et al. [38] which demonstrated
a significant reduction of the surface roughness after glaz-
ing zirconia without pigmentation. This happens because of
methodological differences, zirconia grain sizes, pores, and
flaw population. Although the roughness values do not rep-
resent clinical reality, the data associated with the other
analyzes may contribute to the conclusions of the study. The
readings are not performed throughout the sample area, but in
addition to the SEM images for example, it is possible to have
an overview of the surfaces. There are others parameters that
evaluate the surface roughness, e.g. RSm and Rz [39]. However,
Ra is the most commonly used parameter in dentistry.

SEM image  analysis indicated that the non-pigmented
group presented slightly larger grains than pigmented group
(Fig. 3b, d, f and h). Larger grains increase the surface rough-
ness, as well as lead to an increase in the flaw size, which is
information was not confirmed with the results of the present
study, since there was no difference in the biaxial flexural

e flexural strength.

https://doi.org/10.1016/j.dental.2019.08.117
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Table 5 – Weibull modulus and characteristic strength
(MPa)  values both with a 95% confidence interval. Same
upper case letters represent no statistical differences
regarding Weibull modulus.

Group m CI (lower–upper) �0 CI (lower–upper)

C 9.12 A 5.47–15.19 589.67 556.26–625.08
A 7.41 A 5.86–9.36 682.81 633.63–735.80
G 7.75 A 5.02–11.98 608.16 567.75–651.45
GH 7.38 A 4.72–11.53 577.40 537.18–620.64
Cp 5.63 A 2.94–10.78 677.18 615.38–745.18
Ap 7.65 A 5.42–10.78 588.02 547.90–631.08
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ing time. It should be noted that in none of these studies the
Gp 7.56 A 5.39–10.61 681.43 634.58–731.73
GHp 6.36 A 4.11–9.85 645.25 593.39–701.64

trength among the tested groups. However, grain size is also
elated to translucency parameters. The smoothness of the
urface correlates to the loss of incident light; in this sense, a
moother surface results in a lesser loss of the incident light.
his reflects a greater ceramic translucency [41].

SEM images also corroborate the greater surface rough-
ess for the glaze group; Dal Piva et al. [42] attributed the fact
hat the chemical bonding between glaze and zirconia is not
deal. Thus, the glaze accumulates irregularly on the surface,
gglomerating in certain points as islands, which generates a
reater roughness of the surface.

EDX analysis identifies the superficial chemical compo-
ition, but it is not possible to identify elements present
n subsurface layers such as zirconia in glazed samples.
igmentation liquid can be presented in either acidic or aque-
us solutions. The acid solution usually contains 0.1 wt.% of
ydrochloric acid (HCl), a strong acid that promotes staining
y means of an acid-basic reaction. While aqueous pigmen-
ation liquids are acid-free and deposit metal cations in the
-TZP pores [40].

After pigmentation, all groups showed higher oxygen levels
ue to the metal oxides present in the pigmentation liquids.
hese metal oxides interact with zirconia particles, causing

he grain size to decrease while promoting phase transforma-
ion. Such crystallographic and microstructural changes may
nfluence the mechanical properties of zirconia [43,44].

.2.  Phase  assemblage

n X-ray crystallographic analysis of the Ap group revealed
he presence of the cubic phase, which according to Cheva-
ier et al. [45], is detrimental to the flexural strength of Y-TZP.
ubic grains contain a higher amount of yttria, resulting in

 depletion of yttria in the surrounding tetragonal grains.
receding works have shown that transformation occurs by

 nucleation and growth mechanism [46]. Transformation is
hought to arise first in grains less stable than the aver-
ge, then propagate to the neighbors due to large stresses
nd micro-cracks induced from the t → m transformation. The
ubic grains can therefore act as nucleation sites for the trans-
ormation [45]. Air-abraded groups were the only specimens
o show monoclinic phases, because the stress induced phase
ransformation [47].
When Y-TZP is polished in a pre-sintered stage it presents
nly t phase after sintering. If polishing occurs after the sin-
ering, larger amounts of m phase are observed [48]. Since the
 0 1 9 ) 1644–1653 1651

polishing and sintering protocols performed in this study were
identical, it can be stated that the pigmentation and surface
treatments played an important role.

4.3.  Biaxial  flexural  strength  (BFS)  and  Weibull
analysis

There is no consensus in the open literature about the influ-
ence of pigmentation liquids on Y-TZP flexural strength [49].
A study [50] evaluated the flexural strength and hardness of
Y-TZP – pigmented and non-pigmented – and found no differ-
ences. It is noteworthy that the authors used different brands
and protocols from those used in this study. Monteiro et al.
[51], performed a study that analyzed the influence of age-
ing and pigmentation on the flexural strength of translucent
Y-TZP. They concluded that ageing did not affect the flex-
ural strength but pigmentation did. Moreover, the shade of
the pigmentation played an important role as the coloring
solutions used interacted with the material microstructure
and affected its flexural strength [51]. The differences found
among the present results and from other studies in the liter-
ature could be attributed in part to differences in composition
of the zirconia blocks and the pigmentation liquids, as well
as the techniques used for staining, which can cause diverse
crystallographic alterations. Mahmood [44] noted the brush
infiltration is more  operator-dependent than immersion infil-
tration, which may lead to a decrease in zirconia strength. In
addition, a prolonged immersion time (dipping time) may also
decrease the fracture load of zirconia [52].

Shah et al. [16] evaluated the flexural strength using pig-
ments containing cerium acetate, cerium hydrochloride and
bismuth hydrochloride in different concentrations. They con-
cluded that the flexural strength decreased with increasing
concentrations of the cerium-containing compounds. The
addition of metal oxides may accumulate at the grain bound-
aries, lowering the yttria content. With the reduction of the
stabilizing agents, it can increase the t → m phase transforma-
tion, which will alter the mechanical properties of the zirconia
[53].

The biaxial flexural strength data and the Weibull modulus
did not show statistical differences. It was expected that the
glazed group had the higher Weibull modulus because glaze
has an ability to reduce many  imperfections in the ceramic
surface. During cooling, it also generates a compressive layer,
which can help to improve the flexural strength and increasing
the Weibull modulus. However, the data of this study does not
confirm that tendency. Papia et al. [54] compared the flexural
strength of Y-TZP after several surface treatments and found
untreated zirconia has a higher strength than glass-modified
zirconia. They also showed that grit blasting increases zir-
conia strength. However, their study was carried out using
coarse alumina particles (100 �m)  - a different treatment pro-
tocol from the current study. Pozzobon et al. [26] compared the
fracture resistance of Y-TZP after glaze application and sev-
eral etching times and concluded that when the vitrification
technique is used, the strength decreased regardless of etch-
specimens were pigmented. In this present study, it was found
that after acid etching the biaxial flexural data decreased. This
is due to the removal of the superficial glaze layer, which gen-
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erates a defective area where it favors the stress concentration
[55]. This fact was corroborated by Amaral et al. [2].

Despite these apparently contradictory results, there is
no other study in the literature that correlates the pres-
ence/absence of pigmentation and surface treatment with
biaxial flexural strength, especially in translucent zirconia
ceramics. In order to reach a definitive conclusion, further
studies altering pressure parameters, particles size, glaze lay-
ering conditions are needed.

5.  Conclusions

Considering the limitations of this in vitro study, the following
could be concluded:

1. Extrinsic pigmentation and surface treatments did not
decrease the biaxial flexural strength, despite affecting the
topography of the zirconia surface;

2. All air-abraded groups, with or without extrinsic pigmen-
tation, showed the formation of m-phase. This occured due
to the stress-induced phase transformation. However, the
minor c-phase was only observed in the extrinsically pig-
mented and air-abraded group.
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