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Abstract Yttrium-stabilized tetragonal zirconia polycrystal-
line (Y-TZP) ceramic is widely used as an all-ceramic core
material because of its enhanced mechanical and aesthetic
properties. The bond strength of Y-TZP restorations affects
long-term success; hence, surface treatment is required on
ceramic boundaries. This study evaluated the effect of differ-
ent laser beam angles on Y-TZP-resin cement shear bond
strength (SBS). Forty plates of Y-TZP ceramics were random-
ly assigned to four groups (n=10). A femtosecond amplifier
laser pulse was applied on Y-TZP surface with different inci-
dence angles (90°, 75°, 60°, 45°). The resin cement was ad-
hered onto the zirconia surfaces. The SBS of each sample was
measured using universal testing machine at crosshead speed
of 1 mm/min. The SBS was analyzed through one-way anal-
ysis of variance (ANOVA)/Tukey tests. The results showed
that the degree of laser beam angle affects the SBS of resin
cement to Y-TZP. The laser beam was applied to a surface
with a 45° angle which resulted in significantly higher SBS
(18.2+1.43 MPa) than other groups (at 90° angulation (10.79
+1.8 MPa), at 75° (13.48+1.2 MPa) and at 60° (15.85+
0.81 MPa); p<0.001). This study shows that decreasing of
the angle between the ceramic surface and the laser beam
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increased the SBS between the resin cement and the ceramic
material, as well as the orifice.
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Introduction

All-ceramic dental restorations, alternatives to metal-ceramic
restorations, offer better aesthetics, strength, and toughness
[1]. Yttrium-stabilized tetragonal zirconia polycrystalline (Y-
TZP) is used widely as an all-ceramic core material, due to
their enhanced mechanical and aesthetic properties [2].
Although zirconia ceramics is widely used in dentistry, none-
theless, no consensus has been reached regarding the optimum
bonding protocol for ceramic surfaces and tooth structures [3].
Conventional cements provide adequate adhesion for zirconi-
um restorations, however, resin cements have been shown to
have a higher bonding strength, due to their wettability and
composition [4]. However, the bond strength of restoration to
tooth and other materials affects long-term success of the Y-
TZP restoration and that may achieve potential surface treat-
ments of ceramic boundaries [5, 6]. Over the last decade,
numerous studies have aimed to develop new preparation
methods that increase the bond strength between resin cement
and the ceramic surface; these include airborne-particle abra-
sion (APA), tribochemical silica coatings, hydrofluoric (HF)-
acid etching, and neodymium-doped yttrium aluminum garnet
(Nd:YAGQG) laser irradiation [7-9].

Laser surface treatments are becoming increasingly popu-
lar [7-9]. Li et al. [10] demonstrated improved bond strength
of resin cement to ceramic surfaces, prepared via Nd:YAG
laser surface irradiation, in comparison with HF-acid etching.
Akm et al. [11] used Nd:YAG and erbium-doped yttrium
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aluminum garnet (Er:YAQG) lasers, resulting in increased bond
strength between the resin cement and Y-TZP surface. Yassaei
et al. [12] showed that the etching of porcelain surfaces with
Er:YAG irradiation increased the bond strength. A study car-
ried out by Paranhos et al. [13] examined the effect of
Nd:YAG and CO, laser irradiation on zirconia ceramics; the
CO, laser produced microcracks in the sample surface.
Stiibinger et al. [14] examined the effect of Er:YAG, CO,,
and diode laser irradiation on the surface of zirconia ceramics;
Er:YAG and CO, irradiation produced microcracks, pits, and
melted areas on the zirconia surface.

The use of ultrashort (femtosecond) laser pulses has
been shown to facilitate micromachining of many mate-
rials, including zirconia ceramics, with minimal damage
and improved precision [15]. Femtosecond (FS) laser
micromachining increases the surface roughness of zir-
conium with precision and a low thermal load, reducing
the presence of residual elements. Additionally, the
resulting surface retains its characteristics permanently
and does not exhibit phase transformation [16]. FS laser
systems produce circular shape laser beam. When the
laser beam contacts to surface of object, an ablation
occurs as a circular shape. The angle which occurred
between laser beam and surface of object changes by
laser beam angulation or surface angulation. In this
case, the shape of ablation which occurred on the sur-
face changes to elliptical shape instead of circular shape.
Haris and Stocker [17] stated that if the plane is titled with
respect to a circular cross section, the resulting top of the
cylindrical segment has an elliptical cap, and surface area of
this elliptical cap is given in Fig. 1.

When the theta (0) degree increased, surface area of ellip-
tical could be increased. Sano et al. [18] stated that there is a
positive relationship between bond strength and surface area.

However, few studies have examined the effect of the laser
irradiation angle on the bond strength between Y-TZP ce-
ramics and resin cement. The purpose of this study was to
evaluate the effect of the irradiating laser beam angle (LBA)
on Y-TZP-resin cement shear bond strength (SBS). The hy-
pothesis tested was that different LBAs would influence the
SBS between Y-TZP and resin cement.

Fig. 1 A cylindrical object. a

Cross section of the cylindrical a
segment. b Formulation of
surface area of elliptical cap

hy
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Materials and methods

Forty square-shaped (10x10x2 mm) Y-TZP (Zirconzahn,
Zirconzahn USA Inc., USA) samples were produced with a
copy-milling machine (Yenamak, Ezcam, Istanbul, Turkey)
and then sintered according to manufacturer’s instructions.
The samples were embedded in 20-mm height and 25-mm
diameter PVC ring using autopolymerizing acrylic resin
block.

Y-TZP surface was ground finished with 240—400-600—
800 grit silicon carbide abrasive papers for 1 min using a
600-rpm grinding machine (Minitech 233; Presi, Grenoble,
France) under cooling, running water. Surfaces were cleaned
by acetone and dried in air stream. All samples were divided
into four groups (n=10). The surface treatment procedure in
the study was as follows:

Group A: Laser beam was applied to surface with a 90°
angle that was defined as the control group

Group B: Laser beam was applied to surface with a 75°
angle

Group C: Laser beam was applied to surface with a 60°
angle

Group D: Laser beam was applied to surface with a 45°
angle

A FS amplifier laser pulse (Quantronix Integra-C-3.5, NY,
USA) was applied on Y-TZP surface with different degrees of
angle (Fig. 2). FS laser parameters were as follows: Laser was
delivering pulse with 750 mW per pulse at wavelength of
810 nm, and with 90 fs, and 2 kHz repetition rate. Laser beam
was delivered to surface by laser marker (Q-Mark,
Quantronix, NY, USA) system that have a 11-cm back focal
length (which is, distance between cover glass of the f-theta
lens of marking system to the paraxial focal point), and it can
scan work plane for 30 mm/s scanning speed. After the surface
treatments were finished, all samples were ultrasonically
cleaned in 96 % isopropyl alcohol for 380 s and dried. An
extra sample from each group was selected for examining
scanning electron microscope (SEM) (Zeiss Evo LS10, Carl
Zeiss Microscopy GmbH, Jena, Germany). Cylindrical Teflon
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Fig. 2 The apparatus used for FS
laser irradiation of the zirconia
surface at different angles

Motion Direction(

Laser Beam

Laser Beam Angle (LBA)

Zirconium Surface

molds with hole with an inner diameter of 4 mm and a
height of 3 mm were fabricated. PVC ring was seated
in the center of hole, and resin cement (RelyX™ U100
self-adhesive resin cement, 3M™ ESPE™, USA) was
applied in the hole and polymerized by LED curing
light (Elipar, 3M ESPE) for 20 s. Light intensity was
800 mW/cm?. Teflon molds were gently removed, and
all samples were kept in a desiccator at room tempera-
ture for 24 h prior to SBS testing.

The SBS test of Y-TZP—resin cement was performed with a
universal testing machine (Shimadzu AGS-X, Shimadzu
Corporations, Tokyo, Japan) at a crosshead speed of 1 mm/
min until bonding failure occurred. After the SBS test was
completed, one sample from each group was assessed with
SEM for cross-section image (Fig. 3).

Statistical analysis

The ultimate stress (MPa) of the Y-TZP—resin cement was
calculated as follows: [19]

failure load(N)
surface area(mm?)

Stress =

The SBS values were analyzed with statistical software
(SPSS PC, Vers. 11 5; SPSS, Chicago, IL). One-way analysis
of variance (ANOVA) was used to analyze the data for signif-
icant differences. Tukey honestly significant difference (HSD)
test was used to perform multiple comparisons among at a
significance level set at p<0.05.

Results

Shear bond strength evaluation

The average debonding forces, their standard deviations, and
the distributions of bond strength in all surface treatment

groups are detailed in Table 1. ANOVA and multiple compar-
ison tests indicated significant differences among the surface

Zirconium Material

treatment groups (p<0.001). Tukey’s HSD post hoc test indi-
cated that the bond strength of group A (10.79+1.8 MPa) was
significantly lower than those of the other groups (p<0.001),
followed by group B (13.48+1.2 MPa), group C (15.85+
0.81 MPa), and group D (18.2+£1.43 MPa).

In simulations using the SolidWorks software, when the
cutting angle was reduced, the contact surface area between
two objects increased (e.g., for a contact angle of 90°, the
surface area was 3848 umz; for 75°, 3982 umz; 60°,
4442 um?; and 45°, 5447 um?) (Fig. 4). Drawings obtained
using the SolidWorks software indicated a positive correlation
between SBS values and the size of the orifice (p<0.001).
With respect to the mode of failure, most of the specimens
failed due to a lack of adhesion between the Y-TZP body and
the resin cement.

Scanning electron microscope evaluation

SEM images (x500 magnification) of a Y-TZP surface treated
by FS laser pulses, as a function of the incident angle of irra-
diation (90°, 75°, 60°, and 45°), are shown in Fig. 3. The
group corresponding to an incident irradiation angle of 45°
exhibited the largest value for the orifice. Additionally, the
SEM image of the 90° laser-treated surfaces indicated a rela-
tively small orifice, compared with images for other irradia-
tion angles.

Discussion

This study evaluated the effect of FS laser irradiation angle on
the SBS of Y-TZP ceramics to resin cement. Significant dif-
ferences were observed among the irradiation angles used.
Thus, the hypothesis tested that use of different laser beam
angles would influence the Y-TZP-resin cement SBS was
accepted.

The roughness of the ceramic surface is an important factor
for adhesion. Various roughness-enhancing techniques, such
as APA, tribochemical silica coating, HF-acid etching, and
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Fig. 3 Cross-sectional SEM images for different irradiation angles: a 90°, b 75°, ¢ 60°, and d 45°

laser etching have been reported [9, 20-22]. Although the
APA method is commonly used to roughen the ceramic sur-
face, it often results in the formation of microcracks in the
ceramic material [23]. Usiimez et al. [8] reported that HF-
acid etching of the zirconia surface did not significantly en-
hance the SBS of resin cement to the ceramic, similar to the
results reported for APA. However, irradiation of the ceramic
surface using different types of laser (e.g., Nd:YAG and CO,
laser irradiation) improved the SBS of resin to zirconium ce-
ramic [13, 22]. Nevertheless, some studies have indicated that
Nd:YAG treatment of the ceramic surface induced microcrack
formation and phase transformation [8, 22]. In the literature,
although several surface roughness techniques have been

Table 1 The SBS values of the experimental groups

Groups Number Mean (MPa) SD Sign*
A (90°) 10 10.79 +1.8 a

B (75°) 10 13.48 +1.2 b

C (60°) 10 15.85 +0.81 c

D (45°) 10 18.2 +1.43 d

*Values with the same letter are not statistically different using Tukey test
at p<0.05
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Fig. 4 Images of the cutting cylinder as a function of cutting angle as
simulated by SolidWorks software and the resulting surface-area values: a

cutting angle 90°, surface area 3848 pmz; b 75°, 3982 pmz; ¢ 60°,
4442 pm?; and d 45°, 5447 pm?
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evaluated, researchers have yet to reach consensus on the op-
timal approach for ceramic surface roughening.

Ultrashort-pulsed lasers have become increasingly popular
in medicine and dentistry. Compared with long-pulsed lasers,
use of ultrashort-pulsed lasers for surface treatment is more
convenient, due to their precision and the absence of thermal
side effects. Fiedler et al. [24] reported that alumina-
toughened zirconia ceramics could be micromachined without
thermal side effects or microcracks. Delgado-Ruiz et al. [16]
observed that microstructuring of zirconia implant surfaces
using a FS laser provided the necessary surface roughness
and contaminant removal without phase transformation. Few
studies have investigated the effect of FS laser irradiation on
Y-TZP-resin cement bonding strength, and none evaluated
the effect of irradiation angle on SBS.

To substantiate this hypothesis, the study was divided into
two main parts which are theoretical and physical.
Theoretically, when the cylinder was cutting in different an-
gles, cutting surface has different surface area values depend-
ing on angle (Figs. 1 and 4). As degree of angle between
object surface and cutting plane is grown up, the contact sur-
face area in between two objects will be increased. There is a
positive correlation between adhesion and contact surface ar-
ea. O’Brien [19] stated surface area gained directly increases
bond strength. The laser beam configured as a parallel-shaped
light which simulated a cylinder. It can arrive to the surface
with different orientations: the first way, treated object is mov-
ing while laser beam is fixed. The second way is opposite of
the first way. In this situation, effects of the laser can be
changed in surface. In a study of nimonic materials, Kamalu
etal. [25] observed that a larger laser-drilling angle produced a
larger diameter aperture than did a normal laser angle. In the
present study, when the cross section of the ablated holes was
examined in SEM images (Fig. 3), the diameter of the hole
increased gradually as the LBA decreased from 90° to 45°.
Additionally, as the LBA value decreased from 90° to 45°, the
ablation depth decreased. Cehreli et al. [26] determined that
the dentin tubule orientation might affect the bond strength of
restorative material to primary dentin. In the current study, as
the LBA value decreased from 90° to 45°, the SBS value
increased. This study has claimed that there was correlation
between the theoretical and physical test data. These findings
were confirmed by calculating Pearson’s correlation coeffi-
cient. However, further study is required to determine the re-
lationship between the ablation depths, the size of the orifice,
and SBS.

Conclusions

An experimental study was conducted to evaluate the effects
of different laser beam angles produced by FS laser on SBS

between Y-TZP and resin cement. The following conclusions
were drawn:

*  When the angle between surface and laser beam increases,
the orifice of the hole in the surface decreases.

* As the angle between surface and laser beam decreases,
the ablation depth decreases.

* As the angle between surface and laser beam decreases,
the SBS value of the resin cement to zirconia material
increases.
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