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ABSTRACT

Objective: This study investigated the influence
of different surface treatments on zirconia surface
energy, roughness and microshear bond strength.
Material and Methods: Forty eight slices of Yttria-
stabilized tetragonal zirconia polycrystal (Y-TZP-
VITA In-Ceram® YZ for inLab®) (6.4 x 3.2 x 1.6
mm) were divided into 3 groups according to the
surface treatment (n = 16): YIZP_control -untreated;
YTZP plasma -surface treatment with non-thermal
oxygen plasma; YTZP_primer - coating with ceramic
primer. Surface energy (n = 6) was measured with
a goniometer; and surface roughness (n = 10) was
analyzed with a 3D profilometer were performed
over zirconia surface. On the same specimens of
surface roughness, on the treated zirconia’s surface,
resin cement (PANAVIA V5 - Kuraray Noritake
Dental) was built up by inserting the resin cement
into Tygon tubes (1 mm of internal diameter X 1
mm length). After 24h storage, microshear test was
assessed. Data were analyzed by one-way ANOVA
and Tukey posthoc test (p < 0.05). Results: Non-
thermal oxygen plasma treated specimens exhibited
higher statistically significant surface energy (p =
0.00) and bond strength (p = 0.00) when compared
to control and primer groups. Roughness test (p =
0.897) could not detect statistical difference among
the tested groups. Conclusion: Non-thermal oxygen
plasma should be a suitable alternative for zirconia
surface treatment prior to luting hence it improved
microshear bond strength and provided higher
surface energy without affecting surface roughness.

KEYWORDS

Adhesion; Non-thermal plasma; Surface treatment.

RESUMO

Objetivo: Este estudo investigou a influéncia de diferentes
tratamentos de superficie na energia de superficie,
rugosidade e resisténcia de unido da zirconia. Material
e Métodos: Quarenta e oito fatias de zirconia tetragonal
policristalina estabilizada por itria (Y-TZP - VITA In-
Ceram® YZ for inLab®) (6,4 x 3,2 x 1,6 mm) foram
divididas em 3 grupos de acordo com o tratamento de
superficie (n = 16): YTZP controle sem tratamento;
YTZP plasma - tratamento de superficie com plasma
de oxigénio ndo térmico; YIZP primer - aplicacdo de
um primer ceramico. A energia da superficie (n = 6) foi
medida com o auxilio de um gonidémetro; e a rugosidade
superficial (n = 10) foi analisada com um perfilémetro 3D.
Nos mesmos espécimes da rugosidade, prolongamentos de
cimento resinoso (PANAVIA V5 - Kuraray Noritake Dental)
foram construidos inserindo o cimento em micro tibulos
de silicone (Imm de didmetro interno de X 1 mm de
comprimento). O teste de microcisalhamento foi realizado
ap6s 24h. Os dados foram analisados estatisticamente
ANOVA um fator e teste auxiliar de Tukey (p < 0,05).
Resultados: Os espécimes tratados com plasma de
oxigénio apresentaram maiores valores de energia de
superficie (p = 0,00) e resisténcia de unido estatisticamente
significante (p = 0,00) quando comparados aos grupos
controle e do primer. A andlise de rugosidade (p =
0,897) ndo detectou diferenca estatistica entre os grupos
testados. Conclusdo: O plasma ndo térmico pode ser uma
alternativa para o tratamento de superficie de zirconia
antes da cimentacao, pois aumentou a resisténcia de unido
ao microcilsalhamento e proporcionou maior energia
superficial sem afetar a rugosidade da superficie.

PALAVRAS-CHAVE

Adesdo; Plasma ndo-térmico; Tratamento de Superficie
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INTRODUCTION

he increased aesthetic demand for prosthetic

treatments have led to the development
of high-strength ceramic materials, such
as  yttrium-stabilized tetragonal zirconia
polycrystals (Y-TZP), which has widened the
indications of metal-free restorations. Y-TZP has
higher mechanical properties, such as, flexural
strength, compression and abrasion resistance,
when compared to feldspathic ceramics and glass
ceramics [1] due to its polycrystalline nature and
the lack of a glassy phase in its microstructure.
In addition, this material is toughened by a
phase transformation mechanism, in which
the tetragonal crystals are transformed into
monoclinic whenever stresses concentrate in the
surrounding of a crack tip. Since the monoclinic
crystal has 3-5% higher volume than that of the
tetragonal crystal, this phase transformation
creates a significant level of compressive stresses
around the preexisting flaw, hindering crack
propagation and subsequent catastrophic failure

[2,3].

Despite the superiormechanical properties
of Y-TZP, its cementation on tooth preparations
remains a challenging task, due to its inability
to be etched by the classic hydrofluoric acid
pretreatment [4]. Additionally, Y-TZP does not
contain silica in its composition impairing the
adhesion with silane agent [5]. Such an inert
surface results in poor adhesion between resin
cements and Y-TZP [6].

Alternative methods for conditioning the
surface of Y-TZP crowns prior luting have been
suggested in the literature, such as aluminum
oxide sandblasting and tribochemical silica
coating [2,7]. The latter has been regarded
as the preferred method for zirconia surface
treatment, based on the bond strength literature
[7-10]. However, there is also scientific evidence
indicating that sandblasting creates -critical
defects on the ceramic surface which might
become crackinitiators and compromise the long-
term performance of the zirconia restoration
[11,12]. Primers containing the 10-MDP
monomer (10-methacryloyloxydecyldihydrogen
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phosphate) have claimed to create a chemical
interaction between crystalline ceramics and
resin cements that improved adhesion [13,14].
Other studies suggested the use of high power
lasers for alter the surface of Y-TZP [15,16].
However studies have demonstrated lower bond
strength after aging [9]. Controversial literature
are observed due to the diversity parameters
and methodologies tested. For this reason,
alternative strategies to improve bond strength
to zirconia should be explored.

Non-thermal plasma (NTP) has been used
as a surface treatment that is able to modify
the surface chemistry without damaging glass
ceramics [17] and zirconia [18]. Plasmas are
ionized gases containing a mixture of electrons,
ions, and free radicals that can induce chemical
reactions resulting in significant changes on the
functional groups of material surface [19]. Such
a surface treatment is capable of transforming
non-reactive surfaces into reactive ones without
affecting their mechanical properties [20]. In
this way, plasma application enhances surface
energy (SE) and wettability of substrates
[17,18,20-25], improving the adhesion of the
treated surface to Rely X U200 [23], Panavia
F 2.0 [23], Rely X Unicem [26] and Clearfil
Esthetic [27] resin cements.

An important advantage of plasma
application as a surface treatment is the fact
that it does not remove material structure and
does not deposit a pellicle on the cementation
surface; therefore, the adaptation of the zirconia
crown is not compromised [18,26]. NTP is an
alternative surface treatment that needs to be
explored, especially when a new formula of
conventional-type adhesive resin cement is
introduced in the market.

Panavia V5 (Kuraray Noritake Dental,
Tokyo, Japan) is an amine-free resin cement
composed of methacrylate monomers, new
redox initiators, and fillers. The material system
consists of a dual-curing resin cement and a
one-bottle MDP-based self-etching primer which
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enables improvement in bond compatibility
and long-term color stability [28]. The
novelty of Panavia V5 (PV5) is to simplify
a conventional adhesive cement system,
combining easy handling, by using a single
bottle primer without previous etching, as
well as being automix version [28,29]. The
incorporation of a self-etch component and
a multi-step adhesive into a single cement
system reduces technique-sensitivity and
facilitates daily clinic routines. No other study
was detected in literature that suggest NTP
surface treatment as a non-destructive method
to effectively enhance the bond strength of a
new formulation of a resin cement (Panavia
V5) to Y-TZP surfaces.

Therefore, the aim of this study was
to evaluate the effect of non-thermal oxygen
plasma surface treatment on the surface
energy, roughness and bond strength of
zirconia. The null hypotheses were outlined:
(1) NTP surface treatment does not increase
surface energy of zirconia; (2) NTP surface
treatment does not increase roughness of
zirconia and; (3) NTP surface treatment does
not increase microshear bond strength of a
resin cement to zirconia.

MATERIALS AND METHODS
2.1. Specimen preparation

The materials used in the present study
are listed in Table 1. A commercial Y-TZP
polycrystalline material (VITA In-Ceram® YZ
for inLab®; VITA Zahnfabrik, Bad Sackingen,
Germany) was cut from unsintered blocks
using a low-speed cutting machine (Isomet
1000 Precision Saw; Buehler Ltd, Lake Bluff,
IL, USA) under water-cooling at 250 (rpm) to
obtain 48 specimens with dimensions 8 x 4 x
2 mm.

Non-thermal plasma increase bond strength
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Table 1 - Materials used in this study with their application
procedure

Material Composition Application procedure
Y-TZP blo-
cks 92 % 2r02,5 %
VITAIn-Ce- Y203, Hf02\3 %, and Al203,
ramYZfor  Si02\1% by weight
inLab

Paste A: Bis-GMA, TEGD-
MA, hydrophobic aromatic
dimethacrylate, hydrophilic
aliphatic dimethacrylate,
initiators, accelerators,
silanated barium glass filler,
PANAVIAVS5 silanated, fluoroalminosilica-
(PV5) te glass filler, colloidal silica

Cylinders were build up
on the zirconia surface,
by inserting it into tygon

Kuraray Paste B: Bis-GMA, hydropho- .
Noritake bic aromatic dimethacrylate, g?igznd L
hydrophilic aliphatic dime-
thacrylate, silanated barium
glass filler, silanated almi-
nium oxide filler, accelera-
tors, dl-camphorguinone,
pigments
Clearfil
ge_ramm 3-Methacryloxypropil trime- Anplyonithezirconid 7
rimer thoxy silane, 10-MDP surface for 15 s and air-
Kuraray ’ dry gently
Noritake

Bis-GMA: bisphenol A diglycidyl ether dimethacrylate, TEGDMA:
triethyleneglycol dimethacrylate10-MDP: 10-methacryloyloxydecy!
dihydrogen phosphate

Afterwards, the specimenswere ultrasonically
(Digital Ultrasonic Cleaner; Shenzhen Codyson
Electrical Co., Ltd, Shenzhen, China) cleaned in
distilled water and dried with absorbent paper
(Mellita; Mellita do Brasil LTDA, Guaiba, Brazil)
; and were sintered in a furnace (VITA ZYrcomat;
VITA Zahnfabrik, Bad Séackingen, Germany) at
1.530 °C for 7.5 h according to the manufacturer’s
instructions. After sintering, the specimens with
dimensions of 6.4x3.2x1.6 mm were ultrasonically
cleaned with 96% isopropanol for 3 min.

The specimens were randomly assigned to
three groups according to the surface treatment
(Table 2): untreated (YTZP_ control); with oxygen
plasma (YTZP_plasma); and with ceramic primer
(YTZP_primer). Zirconia specimens were tested
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in its surface energy (n = 6); roughness, by a
3D optical profilometry (n = 10). On the same
specimens of surface roughness, microshear
bond strength (uSBS) (n = 10) was performed.

Table 2 - Experimental groups considering zirconia surface
treatment as main factor (n = 16).

Experimental Groups Zirconia Surface Treatment

YTZP_control Untreated - control

Non thermal oxygen plasma was applied

YTZP_plasma at 120 mm distance, for 16 min.
Clearfil Ceramic Primer (Kuraray Noritake
YTZP_primer Dental) was applied following the manu-

facturer’s instructions

NTP surface treatment (YTZP_plasma
group)

A hollow-cathode plasma gun was used
for the non-thermal oxygen plasma treatment
of zirconia at a single point, covering the entire
zirconia surface. The plasma equipment is made
of ceramic, is stainless steel and aluminum
construction, and the wire grid is a tungsten
mesh. The plasma discharge occurs within
the hollow cathode region, with the grounded
tungsten mesh serving as anode. Oxygen gas,
for the work described here, was coupled to the
source through a small diameter plastic tube,
using a needle valve to control the pressure.
Samples were positioned 120 mm away from the
plasma gun exit, which was fed with oxygen gas
until the vacuum chamber has reached the base
pressure of 2.0x10-4 mbar and set a voltage of
700 VDC to produce oxygen plasma stream [30].
A pilot study was done to determine the time
point to increase the surface energy of zirconia.
In this study, specimens were initially treated
for 8 minutes; however low values of bond
strength, as well as surface energy values, were
observed. Based on this finding, we decided to
increase the treatment time, applying 16 min,
which resulted in better effects on zirconia.

Non-thermal plasma increase bond strength
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Primer coating (YTZP_primer group)

A commercially available ceramic primer,
Clearfil Ceramic Primer (Kuraray Noritake
Dental, Tokyo, Japan) (Table 1) was applied
following the manufacturer’s instructions; one
layer of the primer was rubbed with a disposable
brush tip for 15 s; the excess of the solvent was
evaporated with a gentle air stream for 5 s.

Analysis of Surface Energy (SE)

The surface energy was evaluated under
controlled temperature (23+1°C) immediately
after the surface treatments. Six specimens of
each experimental group were used. The surface
energy of the Y-TZP samples was measured with
a goniometer CAM 200 (KSV instruments; LTD,
Helsinki, Finland) by the sessile drop technique.
Ten readings were made for each specimen
to measure the deionized water contact angle
(polar component), and another 10 readings
were made to determine the ethylene glycol
contact angle (dispersive component). At each
reading, the samples were dried with absorbent
paper (Mellita; Mellita do Brasil LTDA, Guaiba,
Brazil). The distance from the tip, as well as
the position of the samples, and the zirconia
surface was kept constant form all assays. The
relationship of the contact angle and surface
energy was calculated by the Owens-Wendt-
Rabel-Kaelble method, which calculates the
contact angle between drops of two liquids
with different polarities and the Y-TZP surface
[24,31].

Analysis of surface roughness

The average roughness (Ra in um) of each
specimen was measured using a non-contact
profilometry (3D Proscan 2100; Scantron,
Taunton, England). Three measurements with
1x1 mm were made on different areas in the
middle of the specimen. The equipment was
set to go through 1000 steps in the X-axis, with
each step measuring 0.001 mm. In the Y-axis,
there were 5 steps measuring 0.2 mm each. The
roughness was measured from the average of
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Ra values in the X-axis and Y-axis, calculated
by a Proscan Application software (Scantron;
Taunton, England) version 2.0.17 [32].

Bonding Procedure and uSBS Test

After 48h completion of the surface
treatment described above, uSBS test was
performed. Approximately 9 cylinders per
zirconia block were mounted with Tygon
tubing molds (R-3603; Norton Performance
Plastic, Cleveland, USA) on treated zirconia
surface, delimited by an adhesive tape [33].
Two hundred and seventy tygon cylinders with
dimensions (1.0-mm internal diameter and 1.0-
mm thickness) were filled with Panavia V5 luting
(Shade A3, Kuraray Noritake Dental, Tokyo,
Japan). Subsequently, the cement excess was
carefully removed with a blade and the cylinders
were light-cured (Radii Plus; SDI Limited,
Victoria, Australia) for 40 s (20 s from top and
20 s for bottom) with the irradiance of 500 mW/
cm?, verified by the radiometer coupled to the
light curing unit. Tygon tubes were carefully
removed after 1 h of water storage with a scalpel
blade. This is the first study which used O, as the
main component for plasma treatment with the
new luting cement Panavia V5. Consequently,
a short-term assayed is essential to analyze the
performance of the new treatment. As a result,
all the specimens were stored in distilled water
at 37°C for 24 h before testing, which is classified
as a standard for short-term storage in ISO/TR
11405. Samples were mounted in the jig a shear
load was applied at the base of the resin cement
cylinder by a thin wire (0.20 mm diameter) at
a 1.0 mm/min crosshead speed until failure
in a Universal Testing Machine (Instron 5942
- Canton, Massachusetts, USA). Shear bond
strengths in MPa were calculated by dividing
the maximum force that induced failure by the
bonded area.

Non-thermal plasma increase bond strength
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Analyses of Failure Mode

The specimens were observed with a digital
microscope (Dino-Lite Digital Microscope®,
AnMo Electronics Corp., New Taipei City, San-
Chung District, Taiwan) at 40x magnification for
fracture pattern evaluation. The mode of failure
was classified as follows: (a) cohesive: rupture
in the cement; (b) mixed: when simultaneously
exhibiting the zirconia surface and remnants
of resin cement. Afterwards, the percentage of
failed samples was calculated for each group.

Statistical Analysis

The statistical analyses were performed
with Minitab 17 (Minitab 17, Minitab Inc,
Pennsylvania, USA). A one-way ANOVA
followed by Tukey’s test (p = 0.05) was used in
three distinct analyses to evaluated the surface
roughness (Ra), surface energy and bond
strength.

RESULTS

Statistical significant differences among
experimental groups for bond strength (p = 0.00)
and surface energy (p = 0.00) were detected
(Table 3), while for surface roughness, no statistical
significant difference was observed among groups
(p = 0.897) (Table 3 and Figure 1).

Table 3 - Results of one-way ANOVA for surface roughness (p
=0.897), bond strength (p = 0.00) and surface energy (p = 0.00)
tests in columns.

Experimental  Roughness  Bondstrength  Surface energy
Groups (Rainum) (inMPa) (inmN/m)
YTZP control 099 +019a 1785+371b  34.63+3.61h
YTZP plasma 101+031a 2470+410a 6234+553a
YTZP primer 096+026a 1560+366b 3573114 b

* Different letters indicate statistical difference.
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Figure 1 - Zirconia surface roughness obtained from non-
contact optical profilometry (Proscan 2100) after surface
treatments. a control group — untreated, b NTP treatment
group, ¢ primer application group.

Non-thermal plasma increase bond strength
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Plasma treated surface exhibited the higher
values (24.7+4.10 MPa) and (62.34+5.53mN/m),
for respectively bond strength and surface energy.
As shown in Figure 2, after NTP treatment, the
polar component of Y-TZP increased. On the other
hand, no statistically significant difference was
detected when the control and the primer group
were compared for both bond strength and surface
energy tests. Figure 3 represents images of the
contact angle readings using water and ethylene
glycol for SE calculations before and after NTP and
primer treatment.

The failure pattern was recorded in
percentage (Table 4).

80

70

60
50 T

40 Polar

M Dispersive
30 =

20 —

YTZP_control YTZP_primer

Surface Energy mN/m
—

YTZP_plasma

Figure 2 - Main polar and dispersive components of the
experimental groups. The different lower case letters represent
significant differences.

L N——— -

N —— -

Figure 3 - Images illustrating the contact angle of drops of
water (a, b, c) and etyhylene glycol (d, e, f) dispensed on the
untreated (YTZP_control - a, d), on the plasma treated surfaces
(YTZP_plasma - b, ), and on the primer treated surface (YTZP
primer - ¢, f). Note the significant reduction of the contact angle
after 16 min of NTP exposure.
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Table 4 - Distribution of failure modes among experimental
groups (%).

Cohesive Mixed
S0 Failure Failure
YTZP_control 10 90
YTZP_plasma 38 62
YTZP_primer 27 73
DISCUSSION

The null hypotheses that NTP treatment
do not increase the surface energy (1) and the
microshear bond strength (3) of zirconia were
rejected, while the second null hypothesis that
stated that plasma treatment does not increase
roughness was accepted.

This is the first study to suggest NTP
surface treatment as a non-destructive method
to effectively enhance the bond strength of a
new formulation of a resin cement (Panavia V5)
to Y-TZP surfaces. Modification of the zirconia
surface has shown that effective bonding is only
achieved with a synergic effect of physical and
chemical treatments [23,34,35]. Moreover, it is
important to consider that some of the physical
treatments available, such as airbone-particle
abrasion with alumina and tribochemical silica
coating, can induce micro-cracks on the Y-TZP
surface which might reduce its clinical durability
[11,12].

Surface energy of a material can be
measured by evaluating the contact angle of
liquids and their ability to spread on a certain
surface [21]. This method measures the values of
dispersive and polar components of SE, clarifying
the molecular interactions such as dipole-dipole,
hydrogen bond and dispersive forces of London
[24,26]. Furthermore, enhancing the surface
energy results in better wettability, which is key
for bonding [21,36].

Recent studies have been reported
increase bond strength values between resin
cement and zirconia after NTP treatment,
although when Ar gas was used [20,24,26,27].
Conversely, the gas used in this study is O,. The
presence of the oxygen in the operating gas of

Non-thermal plasma increase bond strength
of zirconia to a resin cement

the plasma device promotes the formation of
active peroxide radicals (R-O-O-), which initiate
chemical surface changes even in inert materials
such as dense crystalline sintered ceramics
[15]. Moreover chemical surface treatment
with oxygen plasma removes organic impurities
attached to the zirconia surface by breaking
C-H and C-C bonds. As a result, it allows the
formation of active peroxide radicals which
promote further incorporation of functional
groups (C-O- and C-OH) at the material surface
[17,26]. These functional groups probably were
responsible for the increase in surface energy
as well as higher values of bond strength [17].
These results were in accordance with previous
studies which reported an increase in polar
components and in bond strength after plasma
surface treatment [20,25,26]. Likely, the increase
of polar components on the zirconia surface after
surface treatment with plasma should be related
to enhancing the amount of O, molecules, which
lead to higher SE [17,20,21,26]. The surface
modification favours the appearance of secondary
forces between molecules, such as Van der Waals
bonds, which occur between the hydroxyl groups
existing in the resin cement and the hydroxyl
groups formed on the plasma treated surface [25-
27]

Regarding the microshear test, NTP surface
treatment (YTZP plasma) increased the bond
strength when compared to the others groups.
This result is probably related to the higher
wettability of the zirconia surface after plasma
treatment, as well as chemical linking between
hydroxyl groups and the resin cement. On the
other hand, there was no significant difference in
bond strength values between the control group
(YTZP control) and the ceramic primer group
(YTZP primer). These results are in agreement
with former studies [13,37].

The ceramic primer coupling agent used
in this study (Clearfil Ceramic Primer, Kuraray
Noritake) contains 10-MDP, which bonds to
zirconia by physicochemical interaction between
zirconium oxide and the polymeric component
of the resin cement through formation of the
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Phosphorus-Oxygen-Zirconia (P-O-Zr) chemical
bond [38]. The literature showed that the
composition of the ceramic primer is essential
for suitable performance as a bonding agent, in
particular when used without surface treatment
[13,14]. Authors claiming that the best performing
primers are those that mix two distinct molecules
such as 6-(4-vinylbenzyl-n-propyl) amino-1,3,5-
triazine-2,4 dithiol (VBATDT) and 10-MDP [13].

The resin cement used in the present
investigation (PV5) is a type of conventional
adhesive resin cement without 10-MDP and
requires the pretreatment of the tooth substrate
with a primer containing this monomer [39]. The
present study is the first reporting the bonding
effectiveness between PV5 and Y-TZP ceramic
after NTP treatment. Although luting resins
containing 10-MDP have demonstrated good
bonding performance in vitro studies [34,40,41],
studies demonstrated that this monomer
appeared hydrolytically unstable in water [42],
and an acidic monomer causes a low degree
of conversion and weak bonding compared to
Panavia V5, which does not contain 10-MDP in
the cement [28]. Analysis of fractured interfacial
zone shows a predominance of mixed failures
for all experimental groups, which might be
related to efficient bond strength. One of the
limitations of this study was that the effects of
thermocycling and long-term storage on uSBS
were not evaluated. Therefore, further studies
are necessary to evaluate the long-term stability
of luting protocols with chemistry of PV5.

Roughness parameters are useful for
quantifying the microstructure of ceramic surfaces
to develop structure property relationships.
Among those parameters, Ra (roughnessaverage),
which represents the mathematical average
height of roughness irregularities measured from
a mean line within the sampling length, is the
most commonly reported roughness parameter
in the dental literature [15]. It was expected
that a rougher surface would have provided an
additional micromechanical retentive pattern
due to the increase in the surface area [15,16].
However, the results of this study showed a

Non-thermal plasma increase bond strength
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weak correlation between roughness and bond
strength since the roughness values obtained in
(YTZP_plasma) were statistically similar to that
measured for the control group (YTZP_control)
and ceramic primer group (YTZP_ primer). Such
results agree with previous studies which not
detect significant correlation between roughness
and bond strength [43,44]. Thus, the chemical
forces/alterations that result from plasma
surface treatment should be responsible for the
increasing bonding values between resin cement
and zirconia.

CONCLUSION

Within the limitations of this study, we
concluded that non-thermal plasma might be an
alternative surface treatment of zirconia samples
prior cementation hence it improved bond
strength and provided higher surface energy
without affecting surface roughness.
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