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Abstract

Introduction: When aesthetics is compromised, dental ceramics are excellent materials for
dental restorations; owing to their optical properties and biocompatibility, zirconia ceramics
are particularly interesting. Self-adhesive resin cements are the most suitable for bonding to
zirconia ceramics, but traditional adhesive chemistry is ineffective and surface treatments are
required to improve the adhesive bonding between resin and zirconia. The aim of this study
was to evaluate the effect of femtosecond laser treatment on the shear bond strength (SBS) of
self-adhesive resin cement on zirconia surfaces and to contrast it with other different surface
conditioning methods.

Methods: Sixty square-shaped zirconia samples were divided randomly into four groups
(n=15) according to their surface conditioning method: the NT group - no surface
treatment; the APA25 group-airborne abrasion with 25 pm alumina particles; the TSC
group-tribochemical silica coating, and the FS group -femtosecond laser irradiation (800 nm,
4 mJ, 40 fs/pulse, 1 kHz). Self-adhesive resin cements were bonded at the centre of samples,
and after 72 hours, they were tested for SBS with a universal testing machine at a crosshead
speed of 0.5 mm/min, until fracture. Five zirconia surfaces for each group were subjected to a
surface morphology analysis by scanning electron microscopy (SEM). The failure modes were
noted and a third of the specimens were prepared to morphological analysis.

Results: The NT group showed lower SBS values than the other groups. Femtosecond laser
treatment demonstrated higher values than the control and APA25 groups and similar values
to those of the TSC group. In the APA25 group, the surface conditioning method had values
close to those of the TSC group, but lower than those obtained with femtosecond laser
treatment.

Conclusion: The treatment of zirconia with femtosecond laser irradiation created a consistent
and profound surface roughness, improving the adhesive effectiveness of the zirconia-resin
interface.
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Introduction

Currently, aesthetic dentistry has become one of the main
areas of interest in dentistry. When aesthetics is compro-
mised, dental ceramics are excellent materials for dental
restorations; specifically, zirconia ceramics offer an excel-
lent option."? They have several important characteristics,
such as good optical properties and biocompatibility, and
achieve good adhesion values that, clinically, minimize
debonded surfaces.* Zirconia ceramics are currently the
focus of clinical and industrial activity and extensive
research.*®

Zirconia ceramics display the fundamental characteristics

and properties of biomedical appliances, especially when
the zirconia is partially stabilized with yttrium oxide
(Y,0,).% Yttria tetragonal zirconia polycrystal (Y-TZP)
ceramics exhibit increased hardness, high strength, frac-
ture toughness, wear resistance, low thermal conductivity,
good frictional and non-magnetic behavior, and corrosion
resistance to acids and alkalis, among others properties.®’
Regarding the bonding to Y-TZP, among the resin cement
luting systems that we use for bonding, self-adhesive resin
cements are the most adequate due to their properties and
the simplicity of the cementation technique.'***

Traditional adhesive chemistry is not useful on zirconia
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surfaces" and surface treatments are required to increase
the adhesive bonding with the resin cements.'*' The
most popular clinical surface conditioning techniques
to improve the resin-zirconia interface are sandblast-
ing,"" silica coating,”*?** carbon dioxide (CO,) laser irra-
diation, and Erbium-Doped Yttrium Aluminum Garnet
(Er:YAG).?>?** Nevertheless, there is still no ideal zirco-
nia surface conditioning method able to provide suffi-
cient effectiveness of adhesion on zirconia surfaces. It is
therefore necessary to find an adhesion protocol with a
view to obtaining a resin-zirconia bond with stability and
persistence.>*

One of the new surface treatments currently being ex-
plored is irradiation with femtosecond laser, which pro-
duces optical pulses lasting femtoseconds (1 fs = 107" s).
Within the group of femtosecond lasers, is the Titanium:
Sapphire laser, which is based on a femtosecond Ti: Sap-
phire centenary oscillator producing wavelengths near the
infrared (795 nm) and energies in the range of 10 nanoJ,
with a repeat rate of 80 MHz. This system has an output
amplifier, creating a pulse of 120 fs.

It would be of great clinical use if femtosecond lasers
could be employed to perform the conditioning of bio-
logical and non-biological surfaces on which elements
are cemented in Dentistry. Some studies have already
addressed the enamel-bracket interface,”* obtaining
encouraging results in the sense of improvements in ad-
hesive effectiveness and the possibility of replacing tradi-
tional conditioning agents that cause biological damage
to tooth enamel. Regarding adhesion to porcelain, in a
recent study, the authors analyzed zirconia surface con-
ditioning with a femtosecond laser to improve the porce-
lain-bracket interface.” It was reported that femtosecond
lasers could represent a new alternative to conventional
surface treatments, and they have therefore become a new
study object in the search for improvements in the inter-
face adhesion of this non-biological surface; in this sense
they could become a valid option for improving resin-zir-
conia interface adhesion, as proposed here.

The aim of this study was to evaluate the effect of femto-
second laser treatment on the shear bond strength (SBS)
of self-adhesive resin cements to zirconia surfaces and to
compare such treatment with more conventional surface
conditioning methods.

Methods

The study used 60 square-like samples, which measured
6 x 6 x 1 mm, of sinterized Y-TZP (Cercon®, DeguDent,
Hanau, Germany). All the specimens were wet-polished
with 600-grit silicon carbide paper and assigned blindly
into four experimental groups commensurate with the
surface conditioning method to be performed (n=15):
Group 1: Control- No treatment (NT): No surface treat-
ment was applied.

Group 2: Airborne particle abrasion with 25 ym alumina
particles (APA25): The zirconia surface was sandblasted
with 25 pm alumina particles (AL O,) that were applied at
a perpendicular distance of 10 mm with a pressure of 0.25

MPa and duration of 20 seconds.

Group 3: Tribochemical silica coating (TSC): The zirconia
surface was treated with the Rocatec system (Rocatec™
Soft, 3M Espe, Seefeld, Germany) using 30 pm alumina
with silica particles. Silica coating was applied with the
same parameters as the previous group. After that, speci-
mens were silanized with a Rely X™ ceramic primer (3M
Espe, Seefeld, Germany).

Group 4: Femtosecond laser (FS): The zirconia surface was
irradiated with a commercial Ti:sapphire oscillator-re-
generative amplifier system (Mantis-Legend, Coherent)
that generated 1 kHz trains of pulses centered at 800 nm,
during 40 fs, with an energy of 4.0 mJ which was precise-
ly controlled with a variable neutral-density filter and
quantified with a thermal detector (S302C, Thorlabs).
The samples were attached on a computer-controlled
XYZ-motorized stage (PT3-Z8, Thorlabs) and the laser
pulses were focused on the zirconia surface with a fused
silica lens (f=100 mm), producing a spot diameter of 20
pum. Thus, the pulse energy was 0.015 m], the scanning
velocity 0.25 mm/s and the scanning step 0.02 mm.

Once all surface conditioning methods were performed,
a self-adhesive resin cement was bonded on the zirconia
samples: Clearfil™ SA Cement (CLE) (Clearfil™ SA Ce-
ment, Kuraray, Osaka, Japan) using a cylindrical silicone
mould with 3 mm internal diameter, 1 mm thickness and
1 mm in height.

The mould was placed in the centre of zirconia surfaces
and the cement was applied over them, and then polym-
erized for 40 seconds (XL 3000, 3M/ESPE; light intensity
500 mW/cm? distance 0) parallel and perpendicular to
the contact area. Once the mould was removed, the resin
cement cylinder bonded to the zirconia surface, was light
cured for 40 seconds.

All zirconia samples, with the cement cylinder on their
surface, were kept in distilled water at 37°C for 72 hours
and tested for SBS with a universal testing machine
(AGS-X Autograph, Shimadzu Corporation, Kyoto, Ja-
pan), applying a shear load with a crosshead speed of 0.5
mm/min, until fracture. The bond strength values (in
MPa) were obtained by dividing the maximum load reg-
istered until failure (in Newtons) by the bonding area (in
millimetres).

All fractured samples were analyzed under an Axio M1
(Carl Zeiss, Germany) light microscope at x40 magnifi-
cation to register the failure modes. These were divided
in adhesive (no remnants of resin cement on the zirconia
surface, failure in adhesion) or mixed (zirconia samples
showing residual cement on their surface, with both ad-
hesive and cohesive failures).

Five samples from each surface method conditioning were
subjected to surface morphology analysis with a variable
pressure scanning electron microscopy (SEM) (Zeiss EVO
MAZ25; Carl Zeiss, Jena, Germany) at different magnifica-
tions (x70 and x1000), to determinate the effect of laser
irradiation and the other surface treatments.
Additionally, several fractured samples were dehydrated
for 48 hours in a desiccator (Sample Dry Keeper Simu-
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late Corp., Tokyo, Japan) and were sputter-coated with
a 10-nm platinum layer in a SEM coating unit (Polaron
Equipment Ltd., Hertfordshire, England, UK) to analyze,
with the scanning electron microscope at different mag-
nifications (from x30 to x1000), the morphology of the
debonded interfaces and to find differences among the
surface topography of the surface treatments.

Statistical Analysis

The bond strength values (in MPa) were analyzed with
SPSS version 21 (SPPS Inc., Chicago, IL), with P<0.05 as
the threshold for statistical significance. Analysis of vari-
ance (ANOVA) test was employed to evaluate the differ-
ences obtained in the SBS test between the zirconia sur-
face treatment groups. Bonferroni post hoc comparisons
were used to quantify these inter-groups differences.

In addition, the chi-square test was applied to find dif-
ferences in failures modes among the groups. The results
were recorded in a table of 2 x 2. The control group was
employed as reference to determinate the risk of adhesive
failure (odds ratio [OR] and relative risk).

Results

The values obtained in SBS test (the mean values and
standard deviations [SD]) for all the groups are shown in
Table 1.

The results recorded with ANOVA revealed that the
variance of SBS within the groups was significantly dif-
ferent (P<0.001). The Bonferroni post hoc inter-group
comparisons indicated that the control group (NT) had
lower SBS values than the other groups. Femtosecond la-
ser treatment offered higher values than the control and
APA25 groups and similar values to those seen for TSC.
The surface conditioning method in the APA25 group
had values close to those of the TSC group, but lower than
those obtained with femtosecond laser treatment.

Bond failure-modes analyses are shown in Table 2. In the

control group, the majority of failures were adhesive, while
in other treatment groups they were mostly mixed. The
2 x 2 failure rate comparison using the reference control
group revealed significant differences in the TSC and FS
groups (P=0.06); but not in the APA25 group (P=0.143).
The risk of adhesive failure was significantly higher in the
control group than in the TSC and FS (OR =5.5) groups.
Figure 1 shows the SEM images of zirconia surface mor-
phology after all the surface conditioning methods had
been employed. Figures 1A and 1B represent the NT
group at a magnification power of 70 and 1000 respec-
tively. They show marked scratches running in the same
direction as result of the polishing procedure. Figures
1C and 1D that correspond to the APA25 group, display
granule-shaped micro-retentions over the surface, due to
the impact of the high-speed 25 um alumina particles.
Figures 1E and 1F, which represent the TSC group, show
a rough appearance as a result of the coating and solidifi-
cation of the tribochemical silica particles. The FS group
(Figures 1G and 1H) show a well-defined pattern of deep
horizontal furrows.

Figure 2 represents several SEM images of debonded
zirconia surfaces, after SBS, at two different powers of
magnification. Figure 2A shows adhesive failure with no
visible remains of the resin cement. Figures 2C, 2E and
2G display mixed failures with residual cement on the zir-
conia surface with a large visible cohesive phase. Details
of the debonded areas can be observed in Figures 2B, 2D,
2F, 2H at a magnification power of 700.

Discussion

Y-TZP ceramics are now very popular dental restoration
materials owing to their exceptional properties, such as
fracture toughness and biocompatibility.** However, their
long-term success depend not only on these properties,
but also on others, such as the type of cement,” the ce-
menting procedure® and, especially, the surface rough-

Table 1. Means and SD of the SBS Values (MPa) Obtained in the Experimental Groups

Airborne Particle

Zirconia Treatment Surface No Treatment .
Abrasion

Femtosecond Laser
Irradiation

Tribochemical Silica
Coating

SBS Mean 4.44, SD 1.3

Mean 8.18, SD 3.6

Mean 9.55¢, SD 2.3 Mean 10.8¢, SD 1.9

Abbreviation: SBS, shear bond strength.

Different letters refer to significant inter-group comparisons after Bonferroni corrections.

F=19.4; P<0.001.

Table 2. Modes of Bond Failure and Risk of Adhesive Failures Taking the Control Group as Reference

NT Group (n = 15) APA25 Group (n =15) TSC Group (n =15) FS Group (n = 15)

No. (%) No. (%) No. (%) No. (%)
Adhesive 10 (66.7) 5(33.3) 4(26.7) 4(26.7)
Mixed 5(33.3) 10 (66.7) 11(73.3) 11(73.3)
Relative risk (95% CI) 2.3 (1.0-5.1) 0.5 (0.2-1.1) 0.4 (0.2-1.0) 0.4 (0.2-1.0)
OR (95% Cl) 4.0 (0.9-18.3) 5.5(1.2-26.4) 5.5(1.2-26.4)

Abbreviations: OR, odds ratio; TSC, tribochemical silica coating; FS, femtosecond; NT, no treatment, APA25, airborne abrasion with 25
pm alumina particles.
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Figure 1. Scanning Electron Microscopy (SEM) Micrographs of
Zirconia Ceramic Surfaces After Conditioning Treatments (x70 and
x1000 magnification). A, B: No treatment (NT); C, D: Airborne-
particle abrasion with 25-um alumina particles (APA25); E, F:
Tribochemical silica coating (TSC); G, H: Femtosecond laser (FS).

ness, because the surface conditioning procedure is an
important element in bonding to zirconia surfaces.'>*

The bond strength values evidenced that femtosecond la-
ser irradiation was more competent in improving bond
strength than airborne-particle abrasion with 25-um alu-
mina particles and no surface treatment (Table 1). The
SEM observations showed substantial quality changes in
the zirconia surface topography after femtosecond laser
irradiation (Figure 1G) as compared with the other sur-
face treatments, and this could be related to higher values
(10.8 MPa). Kara et al** have demonstrated that femtosec-
ond laser irradiation is an efficient surface conditioning
method for roughening the surfaces of zirconia ceramics.
It produces a pattern of deep horizontal furrows on the
zirconia surface (Figure 1H), allowing greater retention
of resin cements, which become intertwined within these
grooves to form a single bonded structure, thereby in-
creasing bond strength. In contrast, in the control group
(Figure 1B) there was no abrasion or irregularities on the
surface that could provide micromechanical retention, so
it only showed the effect of wet-polished with 600-grit
silicon carbide paper. Also, in the APA25 group, alumi-
na particle sandblasting created a rough surface (Figure
1D), but the surface irregularities had insufficient micro
depth and therefore both groups exerted less mechanical
retention than the FS group (Figure 1H) and TSC group

Figure 2. Representative Zirconia Surface Scanning Electron
Microscopy (SEM) Images (x30 and x700 magnification) of the
Most Common Failure Type for Each Group. A and B (NT group)
shows an adhesive failure where there are no visible resin cement
remains on the ceramic surface due to complete detachment; C
and D (APA25 group); E and F (TSC group); G and H (FS group)
show mixed failure, with a cohesive phase and visible pores in
the remaining residual cement.

(Figure 1F).

In recent studies?”? an abrasion pattern similar to that ob-
tained in our study when applying femtosecond laser on
the enamel surface, also showing increased adhesive effi-
ciency, has been reported. The use of a femtosecond laser
may be valid for conditioning enamel and zirconia sur-
faces, as we showed here. Thus, the irradiation with fem-
tosecond lasers is increasingly supported as an alternative
in the field of adhesion in dentistry, replacing drills in
conservative dentistry®® and also serving as both a condi-
tioning agent and for the ablation of different types of sur-
faces -whether they are biological, such as the enamel**
or dentine,* or non-biological, such as porcelain® or zir-
conia, as in the present case- with a minimum amount of
thermal and mechanical damage to the surfaces.>*

The TSC group had SBS values close to those of the FS
group. This high value (9.5 MPa) can be directly related to
the architecture of the zirconia surface after application of
the tribochemical silica coating (Figure 1E), which main-
ly affects the bond strength results because the surface
roughness seems to be a more relevant factor in bonding
to zirconia surfaces.”

In view of the SBS values obtained, although the pattern
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of engraving is different than that achieved with the fem-
tosecond laser, because the FS group (Figure 1H) has a
horizontal stripe pattern and the TSC group (Figure 1F)
creates irregularities that do not obey any specific pattern,
both are equally retentive. It may therefore be concluded
that the retention depends more on the engraving depths
obtained than on the type. Accordingly, besides the in-
fluence of the roughness of the surface created, resin ce-
ment adhesion could be effectively improved by silica
coating on zirconia surfaces.” In addition, silane enables
the chemical adhesion.”? After the silica particles have
impacted the surface, the zirconia surface irregularities
are infiltrated by ceramic primer Rely X™. Silane cou-
pling agents produce superior contact and infiltration of
the resin into the zirconia surface irregularities and pro-
tect against moisture through chemical bonding. In their
study May et al demonstrated that the application of the
MDP-primer increments bond strength.
Airborne-particle abrasion with 25-um Al O, particles
was less efficient in improving bond strength than fem-
tosecond laser irradiation. Although alumina particle
sandblasting created a rough surface (Figure 1C) simi-
lar to that seen in the TSC group (Figure 1E) it does not
enhance bond strength because the surface irregularities
have insufficient micro depth (Figure 1D), unlike the ir-
regularities created in the FS (Figure 1H) and TSC (Fig-
ure 1F) groups, and therefore fails to generate sufficient
micromechanical retention. In a recent study, Akpinar et
al tested the zirconia-bracket interface with the use of a
cementing agent. Although our study focused directly on
the zirconia-resin interface, disregarding differences the
data can be said to be comparable.”

The Control group showed lower SBS values than the
other groups. This can be seen from the SEM images
(Figure 1A), where it may be observed that in these zir-
conia samples, which were only subjected to wet-pol-
ishing with 600-grit silicon carbide paper, there were no
surface irregularities (Figure 1B) such as shallow pits or
micro-cracks to provide micromechanical retention. The
Y-TZP zirconia surface roughness is influenced by the
surface treatment applied and is directly related to the
bonding properties.*® Aboushei et al demonstrated that a
strong and durable resin-zirconia bonding is vital for the
longevity of dental restorations and this is only possible
with a surface treatment that will allow the zirconia sur-
face to be roughened.”

Specific zirconia surface areas were analyzed by SEM to
compare the topography and morphology of the debonded
interfaces of each group. The bond failure modes assessed
are shown in Table 2. They support the bond strength re-
sults and the differences among the experimental groups.
The Control group showed a tendency towards adhesive
failure at the resin-zirconia interface, without residual
resin cement on the zirconia surface (Figure 2A), in ac-
cordance with the literature addressing resin cements.*
In the APA25, TSC and FS groups mainly mixed failures
were observed (Figure 2B, 2C, 2D) with significant differ-
ences in the TSC (P=0.06) and FS groups, but not in the

APA25 group (P=0.143).

The predominance of mixed failures and the fact that the
adhesive failure occurred primarily in the Control group
showed that the different bond strength values among the
experimental groups were related with the differences in
surface roughness between the zirconia samples treated
with the surface conditioning methods (Figure 1).

Conclusion

Zirconia treatment with femtosecond laser irradiation
and tribochemical silica coating creates consistent rough-
ness on its surface, improving the adhesive effectiveness
of the zirconia-resin cement interface, with higher early
bond strength values in the FS group.
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