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Abstract

In this study, we compared the effectiveness of airborne-particle abrasion (APA) and Er:YAG laser irradiation (2 W,
4 W) on the surface roughness (R ), topography, and repair bond strength (RBS) of hybrid ceramic (HBC) repaired via
composite bonding using a universal adhesive (UA) with or without a universal primer (UP). A total of 120 HBC discs
were embedded in acrylic resin before random allocation into four surface-conditioning groups. Group 1: Control;
Group2: APA (50 um Al,O3); Group 3: Er:YAG laser (2 W); and Group 4: Er:YAG laser (4 W). R, was measured
with a contact profilometer, and SEM was used to assess surface topography. For bond strength testing, specimens
were subdivided into Subgroup A (without UP) and Subgroup B (with UP) before UA and composite build-up.
Thermocycling was performed, followed by RBS testing using a universal testing machine. Failure modes were assessed
stereomicroscopically, and data were analyzed using one-way ANOVA and post hoc Tukey’s. Group 1 showed the
lowest mean R, value. The highest R, scores were recorded in Group 2 (APA). Group 2B (APA+UP+UA) displayed the
highest bond strength outcomes. Whereas Group 1A (No conditioning+UA) presented lower RBS. APA and Er:YAG
laser irradiation at 4 W, with universal primer application, appeared to demonstrate the most favorable outcomes in
terms of R, and RBS when bonding composite resin to HBC restorations.
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I. Introduction offering a hybrid restorative system with improved
machinability, reduced brittleness, and a favorable
elastic modulus compared to conventional feldspathic

ceramics 1L#. Nonetheless, despite these purported

Recent advancements in hardware, software, and
materials engineering have significantly contributed
to the rapid development and enhancement of CAD/

CAM technologies 1. These advancements have equipped
dental technicians and clinicians with a diverse array
of options for designing dental restorations?2. The
demand for restorative materials that integrate durability,
aesthetics, and biocompatibility has markedly increased
among restorative practitioners. In this context, hybrid
ceramics (HC), also known as resin-matrix ceramic
(RMC) materials, have attracted considerable attention
in contemporary dentistry 3. Manufacturers assert that
these restorative materials are designed to combine the
benefits of ceramics and resin composites, thereby
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advantages, HCs exhibit several limitations, including
potential wear of opposing dentition, complex fabrication
processes, limited reparability, and inherent brittleness,
which complicate their long-term clinical management>.
Defective restorations are frequently identified in clinical
settings, and repair strategies are often preferred over
replacement due to their cost-effectiveness and preser-
vation of remaining tooth structure .

The adhesive repair of RMC restorations, however,
is technically challenging owing to the composite-
ceramic interpenetrating network structure of these
materials, which renders their surface chemistry distinct
from that of either pure ceramics or conventional
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resin composites /. Unlike feldspathic porcelains, RMC
materials contain a polymer matrix that limits the effec-
tiveness of hydrofluoric acid etching, and unlike pure
composites, their ceramic filler content may reduce the
efficacy of silane coupling agents alone8. This dual-
phase nature necessitates careful selection of both surface
conditioning and adhesive strategies ?. Researchers have
proposed various surface conditioning methods to
enhance the adhesive repair bond strength (RBS) of HC.

Aluminum oxide (Al,O3) airborne-particle abrasion
(APA) is widely regarded as the gold-standard technique
for surface conditioning of RMC before intraoral repair, as
it mechanically roughens the surface and increases surface
free energy, thereby promoting micromechanical inter-
locking with repair composites 8 10. Nonetheless, there
is ongoing debate regarding the optimal particle size and
air pressure parameters necessary to achieve the best
clinical outcomes 1. Furthermore, APA is associated with
several limitations, including operator health concerns
from aerosolized particulates, potential surface degra-
dation due to subsurface crack propagation, and adverse
environmental impacts 12 13, Therefore, it is justified to
evaluate safer and more controlled surface pre-treatment
alternatives that minimize harm to both the restorative
substrate and the environment.

Lasers have been increasingly employed for the surface
pre-treatment of various CAD/CAM dental materials due
to their precision, reproducibility, and contactless mode
of action, which eliminates the risks of cross-contami-
nation and operator variability associated with particle
abrasion 8 14, Among available laser systems, the erbium-
doped yttrium aluminum garnet (Er:YAG) laser operating
at 2940 nm is particularly advantageous for ablation of
inorganic materials, as this wavelength coincides with
the peak absorption bands15-17. In RMC materials,
water molecules embedded within the polymer matrix
absorb Er:YAG irradiation, generating rapid micro-
explosive vaporization that produces a microretentive
surface topography without the excessive thermal damage
associated with CO, or Nd:YAG lasers 1. This microre-
tentive surface architecture may significantly enhance the
mechanical interlocking component of the repair bond.
However, laser irradiation can induce internal stresses
and potential material damage due to rapid temper-
ature fluctuations during successive heating and cooling
cycles, particularly at higher power outputs 18. Conse-
quently, careful titration of laser operating parameters —
particularly power output — is crucial to ensure effective
surface roughening without compromising the structural
integrity of the underlying restoration. Currently, there is
no consensus on the optimal Er:YAG laser parameters for
surface pre-treatment to achieve maximum RBS between
CAD/CAM hybrid ceramics and repair composites.

In addition to surface pre-treatment, the selection of an
appropriate adhesive system is a critical determinant of
repair bond durability. The adhesive acts as an interme-
diary between two chemically and mechanically dissimilar
substrates, and its ability to wet and chemically interact
with the conditioned RMC surface governs the quality
of the bonded interface 19. Universal adhesives (UA) are

simplified, single-bottle bonding systems that incorporate
silane, phosphate monomers (MDP), and conventional
adhesive components into a single formulation, offering
potential advantages of clinical convenience and reduced
technique sensitivity 20. However, the sequential appli-
cation of a dedicated universal primer (UP) containing
silane and MDP before UA may further enhance bonding
efficacy by providing more concentrated interfacial
chemical interactions with both the ceramic filler and
the polymer matrix of the RMC2!L. Studies indicate
that the initial bond strength achieved with UA alone
is generally comparable to that obtained with a UP-then-
UA protocol; however, evidence regarding the durability
of this bond following artificial aging — such as thermo-
cyclmg or prolonged water storage — remains limited and
inconsistent, warranting further controlled investigation.

The present study, therefore, aimed to evaluate the effects
of different surface conditioning regimens systemati-
cally-Er:YAG laserirradiationat2 Wand 4 W, and APA -
on surface roughness (R,) and repair bond strength (RBS)
of CAD/CAM hybrid ceramic bonded to composite resin
using UA, with or without UP pre-treatment. The null
hypotheses proposed were: (1) surface conditioning of
hybrid ceramic using Er:YAG laser at different power
outputs and APA would produce no statistically signif-
icant difference in R, relative to the unmodified control;
and (2) no significant difference in RBS would be observed
between UA applied with or without UP pre-treatment,
irrespective of surface conditioning method.

II. Materials and Methods

Sample preparation: HBC Vita Enamic (Vita
Zahnfabrik, H. Rauter GmbH & Co, Bad Sickingen,
Germany) blocks were meticulously sectioned using a
cutting machine (Mini CNC XYZ26187, GreatSolu-
tions) equipped with a 0.5-mm-thick diamond cutting
disc (Nemofanavaran Pars, Mashhad, Iran) to produce
120 discs, each with a thickness of 2 mm and a diameter
of 5 mm. The sample size was determined based on
previous published work using the World Health Organi-
zation sample size calculation for ANOVA and Post
Hoc Tukey. Based on data, a mean RBS of 18.18 MPa
and a standard deviation of 0.51 MPa were anticipated.
With an absolute effect size of 0.35, a significance level
of « = 0.05, and a desired statistical power of 0.80, a
minimum of 30 specimens per group was calculated,
yielding a total sample size of [30 x 4] specimens. All
specimens underwent sequential surface polishing with
silicon carbide abrasive papers of progressively finer
grit sizes (600, 1000, and 1200) for 20 seconds under
low pressure, with continuous cold-water irrigation.
The specimens were subsequently immersed in distilled
water and cleaned ultrasonically for 10 minutes using
a Sonorex ultrasonic cleaner (Bandelin, Germany). The
specimens were embedded in autopolymerizing acrylic
resin within standardized molds, ensuring that only the
designated treatment surfaces remained exposed. There-
after, specimens were randomly assigned to four groups
based on the surface conditioning method (n = 30) 22.
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Group 1: No conditioning No surface conditioners
were used in this group.

Group2: (APA) APA was performed using 50-um
alumina particles (Al,O3) delivered via a dental air
abrasion unit (Blastmate II™, Ney Dental International,
IL, USA) at a standardized air pressure of 80 PSI, using
a nozzle-to-surface distance of 5 mm, maintained using
a custom-fabricated acrylic positioning jig, and an appli-
cation duration of 10 seconds per specimen. The nozzle
was maintained perpendicular (90 °) to the ceramic surface
throughout to ensure uniform particle impingement.
Following treatment, specimens were ultrasonically
cleaned in distilled water for 5 minutes, rinsed with
deionized water, and air-dried with oil-free compressed
air for 10 seconds before bonding procedures 23.

Group 3: (Er:YAG laser-2W) An Er:YAG laser (2940
D Plus, DEKA, Italy; DEKA M.E.L.A. Srl, Florence,
Italy) was used for HBC surface pre-treatment. The
device was operated using an H14-tipped handpiece
in non-contact mode, with the tip exit positioned
10 mm from the HBC surface. At this working
distance, the irradiated spot diameter was 0.9 mm
(spotarea =T x (0.045 cm)?=0.00636 cm?), verified using
thermosensitive indicator paper before the experimental
procedure. The beam divergence half-angle was estimated
as approximately 2.58 °, calculated geometrically as
arctan(0.45 mm + 10 mm); this represents a geometric
approximation assuming point-source emission at the
tip exit, as the manufacturer-specified divergence angle
for the H14 tip was not available. The spatial beam
profile was multimodal (non-Gaussian), consistent
with hollow waveguide delivery in Er:YAG systems
operating at 2940 nm, where conventional silica fiber
transmission is not applicable due to high infrared
absorption at this wavelength. Laser parameters were as
follows: wavelength, 2 940 nm; energy per pulse, 200 mJ;
pulse duration, 250 ps (short-pulse mode); repetition
rate, 10 Hz; average power, 2 W (verified as internally
consistent: 0.200 J x 10 Hz = 2 W); irradiation time
per specimen, 20 seconds; total pulses delivered, 200.
The single-pulse fluence at the irradiation spot was
~31.45 J/cm2 The total energy delivered per specimen
was: E_total = 200 m] x 200 pulses =40 J. Irradiation was
performed using a continuous sweeping motion to ensure
uniform surface coverage. Because pulse overlap could
not be precisely controlled during freehand sweeping,
cumulative fluence per unit area could not be determined
with certainty and is therefore not reported; total energy
delivered (40 J per specimen) is reported as the repro-
ducible dosimetric parameter. Continuous water spray
cooling was applied throughout irradiation at a flow rate
of 20 mL/min as measured by timed volumetric collection
before the experimental procedure. Surface temperature
was monitored using a non-contact infrared thermometer
(Fluke 62 MAX; Fluke Corporation, Everett, WA, USA;
accuracy: £1.0 °C). The maximum recorded surface
temperature was 42.3 * 3.1 °C, measured immedi-
ately following irradiation 24. This remained well below
the thermal degradation threshold of the resin matrix
component of HBC, which has been reported to occur at

temperatures exceeding 250 °C, confirming the absence of
thermally induced bulk degradation of the substrate. Laser
parameters were selected based on previously published
protocols for Er:YAG surface pre-treatment of CAD/
CAM restorative materials.

Group4: (Er:YAG laser-4W) The procedure was
identical to that of Group 3, with the exception that the
power output was raised to 4 W.

R, assessment: R, was measured using a contact
profilometer (Surftest SJ-201, Mitutoyo, Kawasaki,
Japan) with n = 5 samples. Before measurement, the
profilometer was calibrated. The standardized settings
for the profilometer were as follows: cut-off length of
0.8 mm, tracing length of 4.0 mm, stylus speed of 0.5 mm/s,
stylus tip radius of 5 um, and an applied force of approxi-
mately 4 mN. The diamond stylus traversed the specimen
surface linearly under constant pressure. Three measure-
ments were taken at distinct locations on each specimen
in parallel directions to prevent overlap. The mean R,
value of the three readings was calculated and recorded in
micrometers (Lm) 2.

Analysis of surface topography For surface charac-
teristic estimation, five discs from each category were
coated with gold (Leica, EM ACE200 Sputter Coater;
Leica Microsystems, Wetzlar, Germany). Coating was
performed under vacuum at 40 mA for 60 s, yielding a
gold coating thickness of approximately 10 nm. They were
then analyzed employing a scanning electron microscope
(SEM) (Hitachi SU1510, Tokyo, Japan) at x 1 000 magni-
fication (n =5) 26,

Bonding and composite build-up The specimensin each
group (n = 20) were divided into two subgroups based on
UP application, yielding 10 samples per subgroup (n=10).

Subgroup A (without UP) In this group, UA was used
without UP, followed by a composite build-up.

Subgroup B (with UP) The surfaces in this set were
first conditioned with UP (Scotchbond Universal Plus
Adhesive; 3M, St. Paul, MN, USA) using a micro appli-
cator, allowed to sit for 60 seconds, and then air-dried.
UA (Scotchbond Universal, 3M Deutschland GmbH,
Neuss, Germany) was then applied using a microbrush for
20 seconds, followed by air drying until evaporation of
solvent, and subsequently light-cured with an LED curing
unit (VALO; Ultradent Products Inc., South Jordan, UT,
USA) for 10 seconds. A 2 mm increment of composite
(GrandioSO A2; VOCO GmbH, Cuxhaven, Germany)
was placed within a Tygon tube mold (inner diameter:
3 mm), followed by curing with light for 20 seconds
each?’.

Thermal cycling: Each specimen (Groups1 to 4) was
thermally aged using a thermocycler (Vafaei Industrial,
Iran) for 10000 cycles between 5 °C and 55 °C, with 30 s in
each bath and a 10-s transfer period. The control samples
were not subjected to thermocycling 28,29,

Evaluation of RBS: RBS testing was performed using
a universal testing machine (AGS-X; Shimadzu Corpo-
ration, Kyoto, Japan) equipped with a 500-N load cell.
Each specimen was individually mounted in a custom-
fabricated stainless-steel jig designed to ensure precise
axial alignment between the bonded interface and the
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Fig. 1: Methodological workflow.

direction of applied load, thereby minimizing eccentric
loading artifacts.

Shear force was applied at the HBC-composite repair
interface using a chisel-edge blade (blade angle: 45 °)
positioned as close as possible to the bonded interface
(£0.5 mm from the base of the composite cylinder) to
minimize bending moment contribution to the measured
force. Loading was applied at a crosshead speed of
1.0 mm/min under ambient conditions until interfacial
failure occurred. The maximum failure load (F) was
automatically recorded in newtons. Repair bond strength
(RBS, ) was calculated in megapascals (MPa) using the
formula:

oc=F/A
where F is the maximum failure load (N), and A is the
bonded surface area (mm?). The bonded surface area was
defined by the internal cross-sectional area of the cylin-
drical Teflon mold used to fabricate the repair composite
specimens, with an internal diameter of 3 mm, yielding a
bonded area of: 30
A=nxr2=mx (1.5)2=7.07 mm?

Fracture mode analysis. Following mechanical testing,
all debonded specimens were examined under a stere-
omicroscope (Leica Microsystems, Wetzlar, Germany)
at 20 x magnification to classify the mode of failure.
Fracture modes were categorized as: (1) adhesive failure —

complete debonding at the HBC-composite interface with
no residual composite on the HBC surface; (2) cohesive
failure within composite — cohesive failure within HBC;
(3) mixed failure — combination of adhesive and cohesive
components. Classification was performed by a single
trained examiner blinded to group identity. (Fig. 1)

Statistical analysis: Statistical analysis was conducted
using SPSS 29.0 (IBM Corp., Armonk, NY, USA). The
normality of the R, and RBS values was examined using
the Kolmogorov-Smirnov and Shapiro-Wilk tests. Statis-
tical evaluation of intergroup differences was conducted
using One- way ANOVA with Tukey’s post hoc analysis
(p <0.05).

III. Results

R, outcomes Table1 presents the R, values of HBC
following different surface conditioning protocols. R,
values differed significantly across the evaluated groups
(p < 0.05). Group 1 showed the lowest mean R, value
(0.36 £ 0.11 wm). Whereas the highest surface R, scores
were recorded in Group2 (APA) (1.03 £ 0.22 um).
Intergroup comparison analysis revealed that Group 4
(Er:-YAG laser-4W) and Group2 had comparable R,
scores (p > 0.05). However, the Group 3 (Er:YAG laser-
2W) (0.65 £ 0.14 um) R, score was significantly greater
than the control, yet significantly lower than Group 2 and
Group 4 (p <0.05) (Fig. 2A-2D).
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Fig.2: A SEM micrography of the unmodified control hybrid ceramic surface revealed a relatively uniform and smooth topography
characterized by parallel polishing striations running diagonally. B SEM examination of APA-treated hybrid ceramic surface revealed a
markedly altered and heterogeneous surface topography with mechanical disruption characterized by densely distributed irregular granular
fragments, angular particle debris, and roughened elevated projections distributed uniformly. Multiple discrete macropores of varying diameter
are clearly visible. C SEM micrograph of HBC treated with Er:YAG laser @2 W shows overall texture with mild ablation, evidence of
thermomechanical material removal manifesting as gently elevated plateau-like regions interspersed with shallow concavities and pit formations
of limited depth. D SEM image of HBC treated with Er:YAG laser @4 W demonstrates the most extensively ablated and topographically
complex surface morphology among all examined groups. The surface demonstrates a densely irregular, highly fragmented architecture
characterized by abundant angular crystalline fragments, deeply fractured plateaus, and extensively distributed interparticle voids of varying
dimensions. The ablated surface presents a three-dimensional, multi-layered topography with sharply defined elevated fragments of ceramic-
polymer matrix material interspersed with deep microporosities and undercut formations.

Table 1: R, of HBC after the use of different surface RBS analysis Table2 presents the RBS of HBC-
pretreatments. repaired composite following different surface condi-
tioning regimens, bonded using UA with or without

Tested groups Mean p-value! UP pre-treatment. Across all groups, applying UP

+ SD (um) before UA consistently produced higher RBS values

: than UA alone, irrespective of the surface conditioning

con dict;i‘;‘:l‘;ggl'(g)‘;tml) 036 £0.11% method used (p<0.05). Group2B (APA +UP+UA)
recorded the highest RBS (12.65 = 0.33 MPa). In

Group 2: APA 1.03+£0.22¢ contrast, Group 1A (no conditioning + UA) recorded
Group 3: 0.65+ 0.14 b <0.05 the lowest RBS (6.43£0.28 MPa), with both groups
Er:YAG laser-2W carrying unique superscripts confirming statistically
Group 4 1.01 020 ¢ significant differences from all other groups (p <
Er:-YAG laser-4W 0.05). Intergroup comparison revealed that Group 2B
and Group4B (Er:YAG laser-4W + UP + UA)

IANOVA (12.51+0.12MPa) demonstrated comparable bond

Airborne particle abrasion (APA), Erbium-doped
yttrium aluminum garnet (Er:YAG)

Different superscripts in a column show significant
differences, Post Hoc Tukey (p < 0.05)

strength performance, with no statistically signif-
icant difference observed between them (p > 0.05), as
indicated by the shared superscript a. Similarly, Group 2A
(APA +UA) (10.21 £ 0.42 MPa) and Group 4A (Er:YAG
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Fig. 3: Grouped bar chart illustrating the percentage distribution of adhesive (red), cohesive (blue), and admixed (amber) fracture modes for
each experimental group. Within each group, three adjacent bars represent the three failure categories. Groups 2B and 4B demonstrate dominant
cohesive failure (60 %), consistent with the highest recorded repair bond strength values. Groups 1A and 1B show predominantly adhesive

failure, corresponding to the lowest bond strength outcomes.

Table 2: RBS of HBC to composite after the use of
different surface pretreatment regimes and application of
universal adhesive with and without primer.

Bonding Mean £ SD  p-value!
and composite buildup (MPa)
Group 1A: No condi- 6.43 £0.28¢
tioning + UA
Group 1B: No condi- 7.87+0.14f
tioning + UP + UA
Group 2A: APA+UA 10.21 £ 0.42b
Group 2B: APA+UP+UA  12.65 +£0.332
Group 3A: Er:YAG laser- 8.12 £0.48¢
2W+UA <0.05

Group 3B: Er:YAG laser- 9.35+0.23d
2W+UP+UA

Group 4A: Er:YAG laser- 10.01 £0.51b
4W+UA

Group 4B: Er:YAG laser- 12.51 £0.122
4W+UP+UA

IANOVA

Airborne particle abrasion (APA), Erbium-doped
yttrium aluminum garnet (Er: YAG), Universal
Adhesive (UA), Universal primer (UP)

Different superscripts in a column show significant
differences, Post Hoc Tukey (p <0.05)

laser-4W + UA) (10.01 £ 0.51 MPa) exhibited statisti-
cally comparable RBS values (p > 0.05), both sharing
superscript b. Group 3B (Er:YAG laser-2W + UP + UA)
(9.35+0.23 MPa) and Group 3A (Er:YAG laser-2W + UA)

(8.12 + 0.48 MPa) demonstrated significantly different
RBS values from each other and from all other tested
groups (p <0.05). Group 1B (no conditioning + UP + UA)
(7.87 £0.14 MPa) similarly recorded RBS values that were
significantly different from all other groups (p < 0.05).
These findings indicate that both APA and Er:YAG laser
irradiation at 4 W produced superior surface conditioning
outcomes compared to 2 W irradiation and no condi-
tioning, with UP pretreatment providing an additional
and consistent enhancement of RBS across all surface
conditioning subgroups.

Fracture mode assessment: Fig.3 presents the distri-
bution of fracture patterns among the investigated groups.
In the control groups (Groups 1A and 1B), adhesive failure
was the predominant mode, accounting for 60 % and
50% of specimens, respectively, with admixed failure
comprising the remaining 40 % in both subgroups and a
minor cohesive component (10 %) observed in Group 1B.
No purely cohesive failures were recorded in Group 1A,
consistent with the lowest bond strength values across all
tested groups. Specimens conditioned with APA showed
a shift toward cohesive failure, which was the dominant
mode in both Group2A (50 %) and Group 2B (60 %),
with a higher proportion in Group2B reflecting the
additional contribution of UP pre-treatment. Similarly,
specimens conditioned with Er:YAG laser at 4 W
showed predominantly cohesive failure in both Group 4A
(50 %) and Group 4B (60 %), accompanied by a notable
admixed component (30 % in both subgroups). Specimens
irradiated with Er:YAG laser at 2 W exhibited predom-
inantly admixed failure patterns, recorded at 50 % in
Group 3A and 60 % in Group 3B, with Group3A also
demonstrating a substantial adhesive failure component
(40 %). Across all surface conditioning subgroups, the
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application of UP before UA consistently shifted the
fracture mode distribution away from adhesive failure
and toward cohesive or admixed failure, corroborating
the bond strength findings.

IV. Discussion

The present study tested two null hypotheses: first,
that surface conditioning of HBC using Er:YAG laser at
varying power outputs or APA would produce no statis-
tically significant difference in R, relative to the unmod-
ified control; and second, that no significant difference
in RBS would be observed between UA applied with
or without UP pre-treatment, irrespective of the surface
conditioning method. The findings of the present study
necessitate rejecting both null hypotheses. With respect to
the first hypothesis, both APA and Er:YAG laser irradi-
ation at 2 W and 4 W produced significantly higher R,
values than the unmodified control group (p < 0.05),
confirming that surface conditioning significantly affects
the surface roughness of VITA Enamic hybrid ceramic.
With respect to the second null hypothesis, the appli-
cation of UP before UA consistently produced signif-
icantly superior RBS across all surface conditioning
subgroups (p <0.05), regardless of the pre-treatment
method employed, confirming that the adhesive protocol
significantly influences composite repair bond strength to
HBC.

Studies show that the combination of elevated temper-
ature and pressure during the production of CAD/
CAM discs, along with a high monomer conversion,
results in a highly polymerized surface that is largely
free of carbon-carbon double bonds (C = C)31. As a
result, surface modification techniques might be required
to improve bonding strength. Regarding surface pre-
treatment, discs conditioned with APA showed the
highest R, and RBS values. APA enhances the R, of HBC
by mechanically removing material, which creates tiny
irregularities, pits, and grooves 32. This micro-roughened
texture increases the surface area available and improves
mechanical interlocking with adhesives 8. Additionally,
SEM images support these findings, as HBC discs treated
with APA showed roughened surfaces with numerous
micropores. On the other hand, Turker et al. assessed
the bonding of HBC to resin cement and found that
APA-treated samples did not differ significantly from
the control group33. The variation in results can be
attributed to APA, indicating that while mild APA use
may enhance wettability and micromechanical inter-
locking, excessive APA could lead to surface damage
and compromise material integrity 3234, This explains the
differing outcomes observed when APA was employed for
conditioning hybrid ceramics.

Group3 (Er:YAG laser-2W) and Group4 (Er:YAG
laser-4W) exhibited significantly higher R, and RBS
values compared with the control. However, Group 4
demonstrated significantly greater R, and bond strength
than Group 3. The primary mechanism of Er:YAG laser
interaction with HBC discs is thermomechanical ablation,
driven by the high absorption of its 2940 nm wavelength
by water and the inorganic (ceramic) components of

the material 35. However, Shiu and coworkers reported
that Er:YAG laser irradiation reduced the bond strength
between VITA Enamic and resin cement, attributed to its
higher microhardness compared with Lava Ultimate 6.
In the present study, the lower R, and bond strength
observed in Group3 may be explained by insufficient
energy output at 2 W, which was insufficient to achieve
the R, required for effective micromechanical retention,
ultimately leading to reduced bond strength. Also,
compromised bond integrity may have resulted from the
separation of a damaged superficial ceramic layer from
the underlying substrate during bond strength testing,
thereby contributing to lower RBS values 37,33, SEM
observations further supported these findings, revealing
inadequate microdepths of surface porosities at lower
power settings, which limited micromechanical retention
and consequently reduced bond strength. In contrast,
specimens treated at 4 W exhibited higher R, and bond-
strength values, which can be attributed to the more
irregular, rougher surface morphology observed in this
group. SEM images confirmed the presence of deeper
microporosities, increasing the surface area available
for resin tag formation and enhancing adhesion to the
repair material, thereby improving RBS. Although the
4 W setting effectively increased R, and bond strength,
previous studies suggested that power outputs exceeding
4 W may result in excessive material deterioration and
ablation, leading to less porous surfaces that are unsuitable
for durable bonding 3.

It was found that groups with UP before the UA appli-
cation achieved notably higher RBS results than the group
with only UA. This could be attributed to the presence of
asilane coupling agentin the universal primer. Silanization
is well known for improving the bond strength between
composite resin and HBC, as the exposed ceramic
network on the surface provides a substantial reactive
surface for chemical bonding with the silane. Supporting
these findings, Giinal et al reported that silanization
adversely affected the bond strength of resin-matrix
ceramics such as Lava Ultimate, whereas VITA Enamic
did not show this decrease 49. Furthermore, Bahadir et al.
concluded that silane did not enhance bonding in Lava
Ultimate but produced improved bond strength in VITA
Enamic discs #1. The authors assume that this inconsis-
tency may be explained by differences in silica content
and material microstructure between these hybrid ceramic
systems. Unlike UP, the silane-containing UA likely fails
to achieve adequate silanization of HBC, which may
explain the significantly lower bond strength #2. Multiple
studies have indicated thatin Scotchbond Universal, silane
performance may be negatively affected by the acidic
formulation and coexisting resin components, which
supports performing an independent silanization step
before adhesion to glass ceramics 43,44,

In this study, the failure modes of the experimental
groups were assessed using a stereomicroscope. Adhesive
failure predominated in the “A” subgroups (e.g. 60 % in
Group 1A, 40 % in Group 3A), whereas cohesive failure
was more frequent in the “B” subgroups (60 % in both
Groups2B and 4B). Admixed failure was distributed
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variably across groups, peaking at 60 % in Group 3B.
Overall, the pattern indicates that subgroup conditioning
shifted failure behavior from predominantly adhesive
toward cohesive and admixed modes. These findings
support the bond-strength results observed in each group
and align with the laboratory analysis conducted by
Alsunbul et al. 45.

This study is subject to several inherent limitations.
Firstly, it was conducted in a laboratory setting, which
was unable to mimic the intricate conditions of the
oral environment fully. The analysis included only a
single universal primer and one universal adhesive formu-
lation. Another limitation concerns specimen preparation:
samples were sectioned with a slow-speed diamond saw
and polished with silicon carbide paper discs, which
may not accurately reflect the surface characteristics
produced by CAD/CAM milling. Furthermore, atomic
force microscopy (AFM) was not utilized for surface
characterization; thus, future research incorporating this
method is recommended to achieve a more thorough
assessment of surface topography.

V. Conclusions

Within the limitations of this .2 vzrro study, and consid-
ering the constraints inherent to the experimental design,
both airborne-particle abrasion and Er:YAG laser irradi-
ation at 4 W combined with universal primer application
appeared to demonstrate the most favorable outcomes in
terms of surface roughness and repair bond strength for
bonding composite resin to Vita Enamic hybrid ceramic
restorations. These findings, however, should be inter-
preted with caution, and further long-term clinical investi-
gations are warranted before definitive recommendations
can be made.
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