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Abstract

Objectives: This study sought to assess the effect of energy density of neodymiumdoped yttrium
aluminium garnet (Nd:YAG) laser on morphological characteristics and phase transformation of
zirconia ceramic and its microshear bond strength to resin cement.
Materials and methods: Sixty zirconia discs (7 × 2 × 10 mm) were divided into four groups (n=15).
Group C received no surface treatment (control). Group S samples underwent sandblasting with 50 μ
aluminum oxide particles. Group L9 was subjected to laser irradiation with an energy density of 9 J/cm2

and group L5 was subjected to laser irradiation with an energy density of 5 J/cm2. One disc of each
group underwent atomic-force microscopy (AFM) and scanning electron microscopy (SEM) analyses for
evaluation of surface morphology. Phase transformations were evaluated by X-ray diffraction (XRD).
Small cylinders of Panavia F2.0 resin cement were fabricated and placed on treated surfaces; samples
were incubated at 37°C for 24 hours and were then subjected to microtensile tester for measurement of
microshear bond strength. The Welch test and Games-Howell test were used for data analysis (P<0.05).
Results: Surface-treated groups were not significantly different in terms of bond strength but had
significant differences with the control group (P<0.05). The highest surface roughness and the highest
frequency of cohesive failure were noted in groups S and L9. In all samples, tetragonal phase decreased
after surface treatment and no tetragonal to monoclinic phase transformation occurred in any group.
Conclusion: Nd:YAG laser irradiation changes the morphological properties of zirconia ceramic and
increases its surface roughness. It can also increase the microshear bond strength of zirconia to resin
cement. Increase in Nd:YAG laser energy results in higher surface roughness but cannot cause a
significant change in microshear bond strength of zirconia to resin cement. Laser irradiation with the
parameters employed in our study does not cause any phase transformation.
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Introduction
Chemical stability, biocompatibility, adequate compressive
strength, coefficient of thermal expansion similar to that of
dental hard tissue, favorable esthetics and the ability to restore
natural tooth-like appearance are among the favorable
properties of zirconia responsible for its increasing popularity
among all-ceramic restorations [1-3]. Use of zirconia has
increased in modern prosthodontics because it is a suitable
material for fabrication of posterior all-ceramic single crowns,
multi-unit and long-span fixed partial dentures and implant
abutments [4,5]. On the other hand, zirconia is the only
ceramic that can eliminate cracks or prevent their propagation
within its structure [4,6] due to its poly-crystalline nature.
Zirconia has three crystalline phases at different temperatures

namely the monoclinic, tetragonal and cubic phase. Pure
zirconia is in the monoclinic phase at room temperature. It has
tetragonal phase at temperatures over 1170°C and cubic phase
at temperatures over 2370°C; it is only stable at very high
temperatures [1,7].

Despite unique properties of zirconia, the conventional
cementation techniques cannot provide adequately high bond
strength due to issues such as absence of silica phase and glass
in zirconia ceramic; therefore, challenges with regard to bond
to zirconia have been the topic of many investigations
[3,5,8-10]. Proper surface treatment techniques are critical to
obtain a reliable mechanical or chemical bond and ensure
clinical success of restorations. Several techniques have been
proposed for zirconia surface treatments such as acid
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application, abrasion, use of adhesive agents and silane
coupling agent [2,3,11]. Sandblasting or abrasion by aluminum
oxide (Al2O3) particles has been widely accepted to increase
the shear bond strength of zirconia to resin cements
[3,10,12-15].

Another commonly used surface treatment technique is laser
irradiation, which can be performed chair-side. Solid state
lasers such as Nd:YAG are applied to treat tooth
hypersensitivity [16] and for caries removal [17], sealing of pit
and fissures [18], dental bleaching [19] and disinfection of
tissues [20]. It has been confirmed that application of Nd:YAG
laser to feldspathic ceramic prior to cementation increases its
bond strength compared to etching with hydrofluoric (HF) acid
[21]. Some studies have shown that laser-treated surfaces of
alumina-based ceramics show a micromechanical retention
pattern [22,23]. Some other studies compared the effect of
Nd:YAG laser irradiation on surface roughness of zirconia and
bond strength to resin cement with that of common methods
like sandblasting and showed the roughest surface and highest
bond strength following the application of short pulse Nd:YAG
laser [8,24]. Nd:YAG laser irradiation along with air abrasion
with particles has also been shown to increase the bond
strength to resin cement [12,25,26]. It has been reported that
surface treatment with Nd:YAG laser with or without air
abrasion creates a uniform roughness on the zirconia surface
and increases the microshear bond strength [25,26].
Nonetheless, some studies have shown inefficacy of Nd:YAG
laser for improving the surface properties of zirconia or
increasing its bond strength [27]. Considering the significance
of this topic and variability of techniques as well as the fact
that the superiority of none of the available techniques over the
others has been confirmed, this study sought to assess the
effect of two different energy densities of Nd:YAG laser on
bond strength, surface roughness and phase transformation of
Y-yttria stabilized zirconia (Y-TZP) ceramics.

Materials and Methods

Ceramic samples
Sixty zirconia discs measuring 7 × 2 × 10 mm were fabricated
of Y-TZP zirconia blocks (Zirkonzahn Steger, Ahrntal, Italy)
by sectioning. The bonding surface was polished with 300, 400
and 600 grit silicon carbide abrasive papers and the samples
were sintered according to the manufacturer’s instructions
(sintering at temperature 1500°C for 2 hours). All discs were
placed in an ultrasonic bath containing 96% ethanol for 10
minutes for cleaning prior to surface treatment and were then
dried. Samples were then randomly divided into four groups
(n=15).

Group C: Fifteen control samples in this group received no
surface treatment or laser irradiation.

Group S: Fifteen samples in this group were sandblasted with
50 μ aluminum oxide particles (True Etch, Orthotechnology,
FL, USA) at 4 kg/cm2 pressure and 10 mm distance by a micro
etcher (Danville engineering, USA) and were then immersed in

an ultrasonic bath containing 96% ethanol for 10 minutes to
eliminate any loose particles on the zirconia surface.

Group L9: Fifteen samples in this group were irradiated with
Nd:YAG laser (1.064 nm, Q-switched, 10-12 nanoseconds
pulse duration, mean spot size of 400 μm, maximum energy of
100 mJ and energy density of 9 J/cm2).

Group L5: Fifteen samples in this group were irradiated with
Nd:YAG laser with 5 J/cm2 energy density.

Morphological study and phase analysis
One disc of each group was subjected to AFM (Nanowizard II,
JPK, Germany) and SEM (Seron, AIS2100, Korea) at x1000
and x5000 magnifications for assessment of surface
morphology. Phase analysis was done using XRD (X’Pert Pro
MPD, PANalytical 2009, Germany).

Shear bond strength test
After surface preparations, Tygon tubes (Tygon, Norton
Performance Plastic, Cleveland, OH, USA) with an internal
diameter of 0.7 mm and height of 1 mm were used to apply
resin cement on the zirconia blocks. Panavia F2.0 resin cement
(Kuraray, Tokyo, Japan) was mixed according to the
manufacturer’s instrcutions (Mix equal amounts of Past A and
B for 20 second) and applied to the Tygon tubs. The cement
was light cured (Demetron LC, SDS/Kerr, Orange, CA, USA)
for 40 seconds. Samples were then incubated at 37°C for 24
hours (PECO, Pooya Electronics Co., model PL-455G, Iran).
Tygon tubes were then gently separated from the resin
cylinders and samples were subjected to microshear bond
strength testing in a microtensile tester (Bisco Inc., USA)
(Figure 1). Cast cylinders were soldered to the upper
compartment of the device to convert tensile force to shear
load. The load was applied at a crosshead speed of 0.5 mm/min
and load at fracture was recorded. The microshear bond
strength value was calculated using the formula below:

S=F(N)/A(mm)

Where F is the load applied in Newton and A is the surface
area in millimeters.

Figure 1. Prepared sample for shear bound strength measurement.

Fracture mode
Debonded surfaces were then evaluated under a light
stereomicroscope (Carl Zeiss, Germany) to determine the mode
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of failure. Mode of failure was determined as adhesive (failure
at the cement-zirconia interface), cohesive (fracture within the
cementor zirconia) or mixed (combined adhesive and
cohesive).

Statistical analysis
The mean shear bond strength in the groups was reported as
mean, standard deviation (SD), minimum and maximum
values. Due to inequality of variances, Welch test was applied
for data analysis. The Games-Howell test was used to compare
different groups due to inequality of variances and being less
conservative than the Tamhane’s test as well as small sample
size yet more than 5 (n=15).

Figure 2. AFM micrographs (a) control; (b) sandblasted group; (c) 9
J/cm2 laser; (d) 5 J/cm2 laser.

Figure 3. SEM micrographs of the surface of samples at ×1000
magnification: (a) control; (b) sandblasted group; (c) 9 J/cm2 laser;
(d) 5 J/cm2 laser.

Results

Morphological study and phase analysis
The resulting surface topographies for the control and 5 J/cm2

laser groups were similar, and both of these showed smoother
surface profiles than the other groups (Figures 2 and 3). The in
9 J/cm2 laser and sandblasted groups showed changes in the

surface texture with the formation of microretentive grooves.
Surface roughness was higher in 9 J/cm2 Nd:YAG laser and
sandblasted groups compared to other groups. Based on
Figures 2-4, the highest surface roughness was seen in the
sandblasted group. In 5 J/cm2 laser group, small inter-
connected cracks were noted. Cracks were so small that they
were detected only at x5000 magnification. Cracks were larger
and deeper in 9 J/cm2 laser group. In all samples, tetragonal
phase decreased after surface treatment. The slightest reduction
in this phase was noted in 5 J/cm2 laser group. The phase
reduction in 9 J/cm2 laser group was smaller than that in the
sandblasted group. Tetragonal to monoclinic phase
transformation was not seen in any sample (Figure 5).

Figure 4. SEM micrographs of the surface of samples at x5000
magnification: (a) control; (b) sandblasted group; (c) 9 J/cm2 laser;
(d) 5 J/cm2 laser.

Figure 5. XRD diagram: (a) control; (b) sandblasted group; (c) 9
J/cm2 laser; (d) 5 J/cm2 laser.

Shear bond strength test
All surface treatment groups showed significant differences
with the control group (P<0.05) while no significant difference
was no noted among the sandblasted, 9 J/cm2 Nd:YAG laser
and 5 J/cm2 Nd:YAG laser groups (Figure 6 and Tables 1-3).

Table 1. The mean surface roughness values in different groups.

Group Ra
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Control 40.06 ± 7.07 nm

Sandblasting 163.10 ± 30.01 nm

9 J/cm2 Nd:YAG laser 167.43 ± 33.18 nm

5 J/cm2 Nd:YAG laser 45.92 ± 8.10 nm

Table 2. Bond strength values in the four groups.

Group Mean Standard deviation

Control 7.33 2.1

Sandblasting 48.26 8.27

9 J/cm2 Nd:YAG laser 46.52 11.77

5 J/cm2 Nd:YAG laser 37.86 14.41

Fracture mode
All three modes of failure were seen in almost all groups. The
highest frequency of adhesive failure was noted in the control
group and the highest frequency of cohesive failure was seen in
9 J/cm2 laser group. The control and 5 J/cm2 laser groups did
not show any cohesive failure (Figure 7).

Figure 6. Shear bond strength diagram.

Figure 7. Fracture mode of samples:(a) Cohesive; (b) Adhesive.

Discussion
Sandblasted samples comprised the positive controls in our
study for the purpose of comparison with other surface
treatment methods. Many researchers believe that sandblasting
with aluminum oxide particles is the most effective surface
treatment to improve the bond to zirconia since it increases the
surface roughness and results in micromechanical interlocking
of luting cement [28-31]. Tsuo et al. [32] recommended

sintered zirconia sandblasting with 50 μ particles. We also used
50 μ alumina particles for sandblasting and obtained a high
surface roughness and bond strength compared to the control
group. Roughening the internal surface of ceramic restorations
can increase the available surface area for cement penetration
and subsequently improves the mechanical bond [33]. Surface
treatment with Nd:YAG laser creates uniform roughness on the
zirconia surface and increases the microshear bond strength
[28,27,34]. However, some studies are available reporting the
inefficacy of Nd:YAG laser for improving the surface
properties of zirconia [27]. Our results showed that Nd:YAG
laser increased surface roughness. Ersu et al. [35] demonstrated
that sandblasting created a rougher surface than laser and acid
etching but in our study, sandblasting and 9 J/cm2 laser yielded
similar surface roughness. It has been confirmed that
macroscopic and microscopic irregularities caused by laser
irradiation can effectively enhance the bonding mechanism and
bond strength to enamel and dentin [36,37], which was in
accordance with our findings.

Table 3. The frequency of modes of failure.

Group
Percentage

Adhesive Mixed Cohesive

Control 0.7647 0.2352 0

Sandblasting 0.619 0.2857 0.0952

9 J/cm2 laser 0.625 0.25 0.125

5 J/cm2 laser 0.7142 0.2857 0

Some studies have indicated that sandblasting may affect the
long-term clinical service of zirconia due to induction of
tetragonal to monoclinic phase transformation [38-40]. This
phase transformation can create a layer with high compressive
strength that resists strength reduction due to surface defects
[40,41]. Also, phase transformation during the process of
surface treatment can decrease strength and increase the risk of
fracture of zirconia because it decreases the phase
transformation capacity of zirconia (3-4% increase in volume
when stress is applied to confront crack propagation) in future
critical circumstances. Thus, attempts must be made to
minimize tetragonal to monoclinic phase transformation during
surface treatment to guarantee long-term success of these
restorations [8,42]. In our study, the XRD pattern showed no
tetragonal to monoclinic phase transformation in sandblasted
samples, which may be due to differences in methods and
types of zirconia used.

The SEM micrographs clearly showed that Nd:YAG laser
modified the external surface of zirconia ceramic and yielded a
smooth surface with irregular small cracks due to laser
irradiation. This finding is in line with the results of previous
studies reporting cracks on zirconia surfaces after laser
treatment [34,43]. When higher laser energy was used, larger
and deeper cracks were formed. Li et al. confirmed this finding
as well [27]. A study showed that cracks inevitably form due to
thermal changes because volumetric changes occur during the
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process of freezing of melted material [44]. Moreover, during
laser treatment, local thermal changes can cause internal
tension and stress that extend over the surface and penetrate
deep into the material [23]. Usumez et al. [24] performed XRD
and showed that Nd:YAG laser irradiation caused tetragonal to
monoclinic phase transformation, which adversely affected the
mechanical properties and compromised the long-term success
of zirconia-based restorations [45]. However, our study showed
that Nd:YAG laser with the parameters used in our study
caused no phase transformation and thus, zirconia-based
restorations irradiated with this type of laser will probably have
higher success rate. No phase transformation due to irradiation
of Nd:YAG laser is an important finding since this laser
increased the bond strength of zirconia to resin cement. Our
study indicated that application of Nd:YAG laser significantly
increased the bond strength in short-term comparable to that of
sandblasting. In contrast, some studies have reported
significantly lower shear bond strength of ceramics irradiated
with laser compared to sandblasted samples [27,46]. These
controversies may be due to different irradiation parameters
and different methodologies of studies.

Two energy densities of laser were used in our study and the
results showed that by an increase in energy density, bond
strength did not increase significantly. Earlier, Li et al. showed
that increasing laser energy did not increase the bond strength
[27]. The major effect of laser energy is to convert light energy
to heat. The most important interaction between laser and
substrate is the absorption of laser energy by the substrate [47].
Surface discoloration and water content as well as some other
surface properties determine the amount of laser energy
absorbed by the irradiated surfaces [48]. On dental surfaces,
energy is absorbed by the water molecules, crystalline structure
of dentin and organic compounds. During hard tissue ablation,
laser causes micro-explosions and results in macroscopic and
microscopic porosities on the surface enhancing adhesion [37].
Zirconia ceramic does not contain water and has an opaque
color that can affect absorption of laser energy; for this reason,
some researchers believe that laser irradiation may not
significantly increase the micromechanical bond between
cement and ceramic [27]. However, some others have stated
otherwise. Spohr et al. [49] concluded that Nd:YAG laser
irradiation is an effective surface treatment to create a bond
between In-Ceram zirconia and Panavia cement. Also, Usumez
et al. [24] showed that Nd:YAG laser irradiation increased both
surface roughness and shear bond strength. Our results also
revealed increased surface roughness and microshear bond
strength due to Nd:YAG laser irradiation; however, these two
parameters did not increase by an increase in laser energy
density. It should be noted that increased laser energy may
result in defects in ceramic and decrease the mechanical
properties of zirconia [44].

Panavia F2.0 is a resin cement modified with MDP phosphate
monomer. MDP monomer is resistant to hydrolysis due to the
presence of a long carbonyl chain in its formulation [50]. It has
been confirmed that resin cements containing MDP monomer,

irrespective of the type of surface treatment, can provide a
durable bond [27,51]. A previous study revealed that in case of
using MDP-containing primer, other surface treatments would
not be required [52]. But, a few other studies reported
controversial results. A study in 2012 reported that acid etching
of zirconia surface after applying a glaze layer and silane
enhanced the shear bond strength of zirconia to resin cement
but in cases where MDP containing primer was used instead of
silane, the etched glaze layer was not effective for increasing
the bond strength [53]. In our study, Panavia resin cement
containing MDP monomer was applied and yielded a bond
strength value comparable to that in the sandblasted group.

Due to the use of MDP-containing resin cement in our study, a
long-term bond can be somehow ensured; however,
thermocycling is often performed to simulate oral clinical
setting to show the changes that occur in cement bond to
ceramic over time [54]. Thus, further similar studies are
required to assess the effects of aging protocols on the results.
Shear loads are mainly responsible for the failure of restorative
materials. Thus, shear bond strength test was performed to
assess the quality of resin bond to zirconia [27]. In our study,
shear bond strength test was used to assess the zirconia ceramic
bond strength to resin cement. Quality of bond should not be
assessed solely by bond strength testing; analysis of the mode
of failure can provide important information about the quality
of bond as well. Cohesive and mixed failure modes are
clinically superior to adhesive mode of failure because
adhesive failure is related to low bond strength [55].

In the current study, all three modes of failure were seen in
sandblasted and 9 J/cm2 Nd:YAG laser groups. Control and 5
J/cm2 groups did not show any cohesive failure, indicating that
the cement-ceramic bond strength was lower than the cohesion
of cement. This finding also justifies the minimum bond
strength value obtained in the control group and somehow
explains the lower bond strength in 5 J/cm2 laser group
compared to other surface treatment groups. Clinical studies
are required to confirm our findings. Moreover, the results for
one zirconia ceramic system may not be generalizable to other
commercially available systems. Future studies on the effects
of each surface treatment on surface properties and bond
strength of other types of zirconia ceramics are required.

Conclusion
Nd:YAG laser irradiation can change the morphological
properties of zirconia ceramic and fracture mode; as well laser
increases surface roughness of zirconia. It can also increase the
shear bond strength of zirconia to resin cement. Increasing
Nd:YAG laser energy can result in higher surface roughness bit
cannot cause a significant difference in microshear bond
strength of zirconia. The fracture mode is changed from
adhesive in control and 5J/cm2 groups to cohesive in 9J/cm2

groups. Nd:YAG laser with the parameters used in this study
does not cause any phase transformation.
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