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Abstract

The goal of the work was to assess whether the aged resin-bonding performance would be
improved by subjecting the 5Y translucent zirconia to atmospheric plasma activation and
deposition of an ultra-thin silicatized calcium-phosphate nanolayer without compromising
surface integrity, phase stability, and optical behavior. 50 CAD/CAM-milled KATANA UTML
zirconia specimens were sintered, polished, aged, and then randomly divided into two equal
groups. The control group underwent 50 pm aluminum-oxide airborne-particle abrasion,
MDP-containing zirconia primer and resin cement bonding, while the study group underwent
non-thermal atmospheric plasma activation, sol—gel silicatized calcium-phosphate nanolayer
deposition, MDP-containing zirconia primer and the same resin cement bonding. Aged resin—
zirconia bond strength, failure pattern, surface roughness, wettability, surface chemistry,
phase transformation, translucency and color difference, flexural behavior, and microscopic
surface and interfacial morphology were evaluated after water storage and thermocycling.
Initial dimensions, roughness, wettability, translucency and color coordinates were similar
across groups. The aged bond strength of the study protocol was significantly higher than
that of the conventional protocol (29.21 + 3.23 MPa and 18.33 + 2.88 MPa, respectively). The
study group also demonstrated higher reliability evidenced by the higher Weibull modulus
and characteristic strength. Plasma—nanolayer treatment led to a considerable decrease in
adhesive failures and an increase in mixed and cohesive resin-cement failures. The results of
the experimental protocol resulted in significantly less post-treatment Ra and Rq values than
the airborne abrasion and in significantly better wettability. Both groups exhibited low mon-
oclinic phase fractions, determined by XRD, with no significant destabilization. Plasma-as-
sisted silicatized calcium-phosphate nanolayer treatment increased durable resin bonding to
aged 5Y translucent zirconia without adversely affecting the surface integrity or clinically rel-
evant.

extensive use in various clinical applications,

Introduction

In recent years, there has been a growing de-
mand for all-ceramic dental restorations, lead-
ing to the development of ceramic materials
with optimized mechanical properties, such as
dense-sintered alumina and zirconia ceramics
[1,2]. These high-strength ceramics have found
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including pillars, fixed partial dentures, and im-
plant abutments. While an adhesive bond is
recommended for all-ceramic dental restora-
tions [3], ensuring a long-term and durable
bond is crucial, particularly for applications
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such as crowns, veneers, and implant abut-
ments.

Zirconia (zirconium dioxide, ZrO2), one type of
restorative ceramic material, possesses favora-
ble properties of high flexural strength, high
thermal conductivity, excellent esthetics, and
superior fracture resistance [4,5]. This type of
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ceramic material can be utilized in various den-
tal positions, including crowns, bridges, ve-
neers, posterior three-unit fixed partial den-
tures, endodontic dowels, and implant abut-
ments. Despite the desirable properties of zir-
conia for dental applications, conventional ce-
ramic surface modification methods such as
hydrofluoric acid etching and silane application
are not effective for achieving a reliable bond
to zirconia due to its silica-free nature [6].
Therefore, it is essential to identify an appro-
priate surface modification method that can
ensure reliable and durable adhesion to the
chemically inert zirconia surface, thereby en-
suring long-term bond reliability between zir-
conia and dental resin cement [7]. The various
surface modification methods that have been
explored to enhance the bond strength be-
tween zirconia and resin cement include air-
borne particle abrasion with aluminum oxide,
tribochemical silica coating, selective infiltra-
tion etching, fluorination vapor technique, and
laser irradiation [8,9]. Zirconia restorations,
however, often show unsatisfactory bond du-
rability due to their chemically inert surface,
resulting in significant bond strength degrada-
tion after thermocycling and aging [10]. It has
been reported that many adhesive systems fail
to maintain stable long-term adhesion to zirco-
nia, with frequent loss of retention observed
under in vitro conditions simulating clinical ag-
ing [11]. Therefore, there is still a need to fur-
ther explore new technologies for the surface
preparation of zirconia to improve its adhesion
properties and long-term bond stability. One
promising technology to improve the adhesion
properties of zirconia is cold atmospheric
plasma (CAP) treatment. CAP is a partially ion-
ized gas or low-temperature plasma that is
generated at atmospheric pressure and suita-
ble for clinical applications in dentistry [12]. In
CAP, there are many reactive plasma species
including electrons, ions, free radicals, and
electronically excited atoms/molecules, etc.
Such technology has been found to be very ef-
fective in oral bacterial inactivation [13,14] and
bond strength enhancement in dental restora-
tion applications [15-18]. It was reported that
argon CAP treatment on dentin surfaces signif-
icantly enhances composite-to-dentin bond
strength, with studies showing up to a 64% in-
crease in micro-tensile bond strength after just
30 s of plasma exposure [19,20]. Recently, CAP
treatment of zirconia has been actively studied
to improve its bond with resin cements for re-
storative applications. Ito et al. (2016) reported
that CAP treatment of zirconia enables the re-
moval of carbon derived from organic contam-
inants by using X-ray photoelectron spectros-
copy (XPS) analysis of the samples [21]. It was
also reported that 5 min argon CAP treatment
of zirconia increased its micro-shear bond
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strength with resin cement by 88.6% as com-
pared with the untreated sample [22]. Studies
by Ye et al. (2022) and Miura et al. (2024)
demonstrated that helium and argon CAP
treatment significantly increased the shear
bond strength of zirconia with resin cement
without compromising surface integrity
[23,24]. In these reported studies, however, in-
itial bond strength was mostly evaluated after
storing the bonded zirconia samples in deion-
ized water or humid air at 37 °C for 24 h. As
pointed out by Rigos et al. (2023) [12], studies
evaluating the durability of bond strength are
the most appropriate when determining the
most successful protocol for clinical use. This
study, therefore, aims to investigate the sur-
face treatment of zirconia by CAP to improve
its bond durability and longevity with dental
resin cement. The hypothesis is that CAP treat-
ment can activate the zirconia surface to better
bond with dental resin cement for improved
micro-shear bond strength longevity. The use
of highly translucent yttria-stabilized zirconia
has evolved into one of the most popular re-
storative materials, as it enables the use of
monolithic esthetic restorations with better
optical properties, less requirement for ve-
neering porcelain. For 5Y-PSZ, a significant in-
crease in fracture load is observed only when
both APA and the 10-MDP primer are used to-
gether, while simultaneously decreasing the
amount of transformation toughening and
causing surface integrity to be more critical
during bonding processes. Thus, surface-treat-
ment techniques for 5Y zirconia need to be
carefully chosen to maximize adhesion while
minimizing roughening, microcracking, optical
changes, and phase destabilization [25]. Air-
abrasion with different particle and blasting
pressure can improve bonding to zirconia with
proper primer selection, as airborne-particle
abrasion can increase the surface roughness
and surface energy, and 10-methacryloyloxy-
decyl dihydrogen phosphate can form chemi-
cal interaction with zirconia through phos-
phate groups. But it is technique dependent
and the application on highly translucent zirco-
nia may lead to roughening, surface defects
and alteration of esthetic or mechanical behav-
ior if not performed carefully [26]. The present
study was thus designed to assess whether at-
mospheric plasma activation prior to deposi-
tion of an ultrathin silicatized calcium-phos-
phate nanolayer could offer a structurally safe,
esthetically conservative and durable bonding
strategy for hydrothermally aged 5Y translu-
cent zirconia. The rationale behind this ap-
proach was to enhance the surface energy and
hydroxylation through plasma activation and
enhance the silicate/phosphate functional
chemistry for resin coupling through the sili-
catized calcium-phosphate nanolayer without

causing excessive roughening or clinically rele-
vant opacity or destabilizing the zirconia phase
[27]. The present study aimed to assess
whether atmospheric plasma activation fol-
lowed by deposition of an ultrathin silicatized
calcium-phosphate nanolayer could improve
durable resin bonding to hydrothermally aged
5Y translucent zirconia. It also evaluated
whether this minimally invasive surface modi-
fication preserved surface integrity, wettabil-
ity, phase stability, translucency, color behav-
ior, flexural strength, failure pattern, and bond
reliability compared with conventional air-

borne-particle abrasion and MDP-primer
bonding.
Materials and Methodos

Study Design and Experimental Setting

A controlled in vitro experimental study was
performed to compare the aged resin-bonding
performance of a conventional airborne-parti-
cle abrasion and MDP-primer method with an
atmospheric plasma—assisted ultrathin sili-
catized calcium-phosphate nanolayer method
for the bonding of aged 5Y translucent zirconia.
Unless otherwise stated, all the specimen
preparation, surface treatment, resin cement
bonding, aging, and mechanical testing proce-
dures were carried out under standardized la-
boratory conditions at 23 + 2°C and 50 + 10%
relative humidity. The main outcome was the
aged resin—zirconia bond strength, and sec-
ondary outcomes were failure pattern, surface
morphology, surface roughness, wettability,
surface chemistry, zirconia phase transfor-
mation, translucency, color difference, and
bond reliability.

Sample Size and Specimen Allocation

The 50 specimens of 5Y translucent zirconia
were prepared following the specified protocol
and divided into two experimental groups: 25
specimens were grouped as conventional con-
trol protocol and 25 specimens were grouped
as atmospheric plasma-silicatized calcium-
phosphate nanolayer protocol. All 50 speci-
mens were held for the primary bond-strength
endpoint after aging. Non-destructive second-
ary measurements, such as the color, translu-
cency, surface roughness, wettability, and X-
ray diffraction, were carried out before bond-
ing, whenever possible, and destructive inter-
facial and failure analysis was carried out after
bond-strength testing of representative frac-
tured specimens in each group.

CAD/CAM Fabrication of 5Y Translucent Zirco-
nia Specimens

Under wet-free zirconia milling conditions, pre-
sintered plates of 5Y translucent zirconia were
milled from KATANA Zirconia UTML CAD/CAM
discs, shade A2, 98.5 mm diameter and 18 mm
thickness, using a five-axis dental milling unit.
The chosen zirconia disc was an ultra-
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translucent multilayer 5Y-PSZ material that is
appropriate for highly esthetic anterior and
thin monolithic restorations. The plates were
oversized based on the dimensions specified in
the CAD/CAM and manufacturer shrinkage fac-
tor, so that the final post-sintering dimensions
were 12.0 mm x 12.0 mm x 1.5 mm. Following
sintering, dimensions were measured with a
calibrated digital micrometer with a 0.01 mm
resolution and specimens were removed from
the list if they were outside +0.05 mm of the
target dimensions.

Sintering and Baseline Surface Standardization
The milled zirconia specimens were sintered
using a calibrated zirconia sintering furnace us-
ing the manufacturer's general sintering pro-
gramme for KATANA Zirconia UTML. The firing
cycle reached 1550°C, was held for 2 hours,
and used a heating and cooling rate of
10°C/min. All bonding surfaces were then pol-
ished sequentially under water irrigation with
silicon carbide abrasive papers from 600 to
4000 grit to create a standardized baseline sur-
face after complete cooling of the furnace. The
specimens were ultrasonically cleaned in 96%
ethanol for 5 minutes, rinsed in deionized wa-
ter for 5 minutes and dried out with oil-free
compressed air for 30 seconds. Baseline sam-
ples were examined at x10 magnification and
any sample with cracks, chipping, warpage or
surface contamination was discarded.
Randomization and Experimental Grouping

All the qualifying specimens of zirconia were
coded with non-identifying alphanumeric la-
bels and were randomly allocated to the two
study groups in a random sequence generated
by the computer. Allocation concealment was
maintained by keeping the treatment code
separate from the testing code until mechani-
cal testing and primary data recording were
completed. Control specimens were treated
with airborne-particle abrasion followed by an
MDP-containing zirconia primer and adhesive
resin cement. The specimens in the study
group were treated with atmospheric plasma
activation, application of an ultrathin silicatized
calcium-phosphate nanolayer, an MDP-con-
taining primer and adhesive resin cement
bonding.

Conventional Airborne-Particle Abrasion—-MDP
Primer Surface Treatment

The control specimens were blasted with 50
pm aluminum oxide particles from a Renfert
Basic classic fine sandblasting unit, item num-
ber 29471050, with Renfert Cobra white alumi-
num oxide abrasive, 50 um, product number
15941205. The abrasion was conducted for 10
seconds at 2.0 bar pressure from a fixed dis-
tance of 10 mm, using the nozzle perpendicular
to the zirconia surface, and moving the nozzle
continuously to prevent localized over-abra-
sion. The treated surfaces were ultrasonically
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cleaned for 5 minutes in deionized water and
dried with oil-free air. CLEARFIL CERAMIC PRI-
MER PLUS, Kuraray Noritake Dental, product
number 3637KA, was then applied with a dis-
posable microbrush, and air-dried for 5 sec-
onds with mild oil-free air prior to the place-
ment of the resin cement.

Atmospheric Plasma Activation of 5Y Translu-
cent Zirconia

The study specimens were activated by a hand-
held non-thermal atmospheric plasma device,
piezobrush PZ3-i, relyon plasma GmbH, Re-
gensburg, Germany, which was operated in
ambient air. The zirconia surface was scanned
for 60 seconds at approximately 10 mm/s in
overlapping parallel passes with the plasma
nozzle set 8 mm from the surface by using a
custom-made acrylic spacer for positioning. To
ensure maximum surface hydroxylation and
surface-energy enhancement, plasma activa-
tion was carried out just before the sol-gel
coating. Only powder-free nitrile gloves and
clean tweezers were used to handle the
treated specimens and no specimen was
stored for longer than 5 minutes between
plasma activation and coating deposition.
Sol-Gel Silicatized Calcium-Phosphate
Nanolayer Deposition and Stabilization
Silicatized calcium-phosphate sol was made us-
ing tetraethyl orthosilicate as the silicate pre-
cursor, Sigma-Aldrich 86578, calcium nitrate
tetrahydrate as the calcium precursor, Sigma-
Aldrich C4955, and triethyl phosphate as the
phosphate precursor, Sigma-Aldrich 538728.
Controlled hydrolysis of tetraethyl orthosili-
cate was performed using absolute ethanol,
deionized water, and dilute hydrochloric acid
and final pH adjustment was done with ammao-
nium hydroxide solution, Sigma-Aldrich
221228. The calcium-to-phosphorus molar ra-
tio was kept at 1.67 and the resulting mixed sol
was adjusted to pH 4.0 + 0.2 before filtration
through a 0.22 um PTFE syringe filter. Each
plasma-activated specimen was dip-coated
once at a controlled withdrawal speed of 5
mm/min, air-dried for 10 minutes, stabilized at
80°C for 30 minutes and lastly heat treated at
120°C for 60 minutes. The coating was con-
ceived as a nanolayer coating to be as thin as
possible, less than 100 nm, to prevent clinically
relevant opacity, surface bulk deposition and
visible shade change.

Resin Cement Cylinder Bonding Procedure

To eliminate variability between groups due to
the cement, a standard resin cement cylinder
was prepared by a transparent silicone mold
with an internal diameter of 1.2 mm and height
of 1.0 mm and bonded to the center of each
treated surface of zirconia. PANAVIA V5 Stand-
ard Kit, Universal A2 shade, Kuraray Noritake
Dental, product number 3601KA, was used for
all the specimens. The automixed resin cement

was injected into the mold without voids and
covered with a Mylar strip under light finger
pressure after the appropriate surface treat-
ment was applied and after application of the
appropriate primer. The polymerization was
carried out with an Elipar DeepCure-S LED cur-
ing light, 3M/Solventum, catalog number
76976, that has an irradiance of 1470 mW/cm?
and a wavelength range of 430-480 nm. The
light-curing was performed for 20 seconds
from the top surface of each cement cylinder,
followed by an additional 20 seconds from two
opposite lateral directions. The molds were re-
moved after 10 minutes of chemical matura-
tion and the bonded cylinders were examined
under x20 magnification to exclude specimens
with air bubbles, incomplete margins or dis-
torted geometry of the cylinders.

Water Storage, Thermocycling, and Hydrother-
mal Aging Protocol

The sintered zirconia substrates were hydro-
thermally aged prior to final surface treatment
and resin bonding to mimic the aged translu-
cent zirconia. A programmable table-top steam
autoclave was used to autoclave-age the zirco-
nia plates in distilled water vapor at 134°C and
approximately 0.2 MPa for 5 hours. All bonded
specimens were surface treated and bonded
and then placed in deionized water at 37°C for
a 24-hour period and subjected to long-term
water storage at 37°C for 30 days. Thermal ag-
ing was then conducted using a dental thermo-
cycler between 5°C and 55°C for 10,000 cycles,
with a dwell time of 30 seconds in each tem-
perature bath and 10 seconds for the transfer.
The storage medium was changed every 7 days
and specimens were blotted dry just prior to
mechanical testing.

Aged Resin-Zirconia Bond Strength Testing
The resin—zirconia bond strength for aged
specimens was performed by applying a uni-
versal testing machine with 500 N load cell.
Every specimen was fixed in a specially de-
signed metal fixture in which the bond was ori-
ented parallel to the loading direction. A thin
orthodontic wire loop was positioned flush
against the resin cement cylinder at the zirco-
nia—cement interface, and shear force was ap-
plied at 1.0 mm/min until failure occurred. Fail-
ure loads were measured in newtons and bond
strength was determined in megapascals as
the failure load divided by the resin cement cyl-
inder bonded area. The bonded area for a cyl-
inder diameter of 1.2 mm was determined to
be 1.13 mm?2. Specimens that failed during ag-
ing or before testing in the testing machine
were classified as pre-test failures and a bond
strength of 0 MPa was used for reliability anal-
ysis.

Failure Mode Classification

Debonded zirconia surfaces and fractured resin
cement cylinders were evaluated with a
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stereomicroscope at x40 magnification. Failure
types were categorized in terms of adhesive
failure at the zirconia—cement interface, cohe-
sive failure of the resin cement, cohesive fail-
ure of the zirconia, and mixed failure involving
both interfacial and cohesive components.
Two calibrated, blinded examiners carried out
the classification. Disagreements were settled
by mutual re-examination and representative
specimens of each failure category were cho-
sen for scanning electron microscopic confir-
mation.

Scanning Electron Microscopic Evaluation of
Surface and Interfacial Morphology

The representative treated zirconia surfaces
and fractured interfaces of each group were
observed with a scanning electron microscope,
JEOL JSM-IT200, JEOL Ltd., Tokyo, Japan. After
drying in a desiccator for 24 hours, the speci-
mens were sputter-coated with an approxi-
mately 10 nm gold-palladium layer, and then
they were imaged. Surface morphology was ex-
amined at three different magnifications:
x500, x2000, and x5000; fractured interfaces
were examined at three different magnifica-
tions: x100, x500, and x2000. According to the
image quality and charging behavior, the accel-
eration voltage was kept in the range between
10 and 15 kV. The features of interest for SEM
analysis were abrasive scratches, continuity of
coating, remnants of the interface, infiltration
pattern of the resin, integrity of the nanolayer
and presence of surface cracking and destruc-
tive roughening.

Surface Roughness Measurement

Surface roughness was measured by a contact
profilometer, Mitutoyo Surftest SJ-210, Mi-
tutoyo Corp., Japan, prior to treatment and af-
ter the surface modification to which it was
subjected. On each specimen were recorded
five parallel traces, located outside of the cen-
tral bonding area. The stylus tip radius was 2
pum, the cutoff length was 0.25 mm and the
evaluation length was 1.25 mm. The values of
arithmetic mean roughness, Ra, and root mean
square roughness, Rg, were measured in mi-
crometers. The average of the five readings
was taken as the representative value of
roughness for each specimen.

Water Contact Angle and Surface Wettability
Assessment

The surface wettability was evaluated by the
sessile-drop method using a contact angle go-
niometer, KRUSS DSA25 or equivalent. The au-
tomated microsyringe placed a droplet of de-
ionized water, 2 uL, onto the treated zirconia
surface at room temperature. Images were
taken 5 seconds after droplet placement to
prevent evaporation-related error and contact
angles were determined by using Young—La-
place fitting software. Measuring was made on
the three droplets on each specimen which
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were placed in non-overlapping areas outside
the bonding site, and the mean value has been
recorded. The lower the values of contact an-
gles, the higher the apparent surface energy
and the greater the surface wettability.
Surface Chemical Characterization by XPS or
FTIR

Surface chemical composition was mainly char-
acterized by X-ray photoelectron spectroscopy
with a Thermo Scientific Nexsa G2 Surface
Analysis System with a monochromated Al Ka
X-ray source. Survey spectra were collected to
identify the presence of zirconium, oxygen,
carbon, silicon, calcium and phosphorus; high-
resolution spectra were collected in the Zr 3d,
0 1s, Si 2p, Ca 2p, P 2p and C 1s regions. The X-
ray spot size was 400 um, and the binding en-
ergies have been charge-corrected by the C 1s
hydrocarbon peak at 284.8 eV. Using the man-
ufacturer’s analysis software, elemental
atomic percentages and relevant chemical-
state assignments were made. If FTIR was used
as the complementary or alternative method,
the attenuated total reflectance spectra were
collected using a Thermo Scientific Nicolet iS20
FTIR spectrometer, catalog number
IQLAADGAAGFAHDMBKG, over the 4000-400
cm™ range at 4 cm™ resolution with 32 scans
per specimen. Si-0O-Si, Si—OH, phosphate, hy-
droxyl, carbonate and zirconia-related bands
were analyzed.

X-Ray Diffraction Analysis of Zirconia Phase
Transformation

The phase composition of zirconia was deter-
mined by X-ray diffraction, using a Bruker D8
Advance diffractometer with Cu Ka radiation.
The diffractograms were collected over a 26
range of 20°-80°, with a step size of 0.02° and
the appropriate scanning speed for high-reso-
lution peak identification. The main tetrago-
nal/cubic zirconia peaks and monoclinic zirco-
nia peaks were found and the monoclinic peaks
were studied in detail, especially the ones near
28.2° and 31.5°, and the tetragonal peak near
30.2°. Monoclinic phase fraction was calcu-
lated by using the Garvie—Nicholson method,
and monoclinic volume fraction was calculated
by applying the Toraya correction. Through
XRD measurements after hydrothermal aging
and after surface treatment, it was determined
if the proposed plasma—nanolayer method re-
sulted in higher tetragonal-to-monoclinic
transformation than the conventional abrasion
method.

Translucency Parameter and Color Difference
Assessment

The optical measurements were taken prior to
surface treatment and following the specified
treatment on the calibrated benchtop spectro-
photometer, X-Rite Ci7600 or equivalent, un-
der standardized D65 illumination and 10° ob-
server conditions. Each specimen was

measured on both calibrated white and cali-
brated black backgrounds and the CIE L*, a*,
and b* values were taken. The translucency pa-
rameter was defined as the color difference
measured with the same thickness of the spec-
imens between the black and the white back-
ground. The color difference after treatment
was measured according to the CIEDE2000 for-
mula and was expressed as AE0O. Each back-
ground was read three times and the average
reading was taken for analysis. The optical end-
point was used to determine whether the ul-
trathin plasma-silicatized calcium-phosphate
nanolayer preserved the esthetic behavior of
5Y translucent zirconia.

Biaxial Flexural Strength Testing When Speci-
men Geometry Permitted

When extra discs of zirconia from the same
CAD/CAM lot and treatment workflow were
available and had geometry suitable for piston-
on-three-ball testing, then biaxial flexural
strength testing was conducted. The final di-
ameter of the disc specimens was 12.0 mm,
and the thickness was 1.2 + 0.2 mm, which was
prepared by disc polishing using the same
baseline standardization protocol and treated
according to the assigned surface protocol.
Each disc was placed on three supporting balls
symmetrically located on a support circle and
load was applied centrally by a flat-ended pis-
ton at a crosshead speed of 1.0 mm/min until
fracture. The maximum fracture load, thick-
ness of the specimen, support radius, and pis-
ton radius were noted and biaxial flexural
strength was determined using the standard
piston-on-three-ball equation. This endpoint
was regarded as an ancillary safety assessment
and not as a replacement for the main bond-
strength assessment.

Statistical Analysis

The data were analyzed using IBM SPSS Statis-
tics version 32.0.0 software. All tests were two-
tailed with a level of statistical significance of a
=0.05. Continuous variables were presented as
mean * standard deviation if the distributional
behavior supported parametric analysis, and
ordinal or non-normally distributed variables
were presented as median and interquartile
range. Mean differences, study group minus
control group, in the baseline specimen dimen-
sions, baseline surface roughness, baseline
contact angle, translucency parameter, and CIE
L*, a*, and b* color coordinates in Table 1 were
compared between the control and study
groups using independent-samples t-tests.
Aged resin—zirconia bond strength in Table 2
was compared using Welch’s independent-
samples t-test as the variance correction was
necessary and failure load is presented de-
scriptively as a result of the bonded cylinder
area. Weibull reliability analysis for aged bond-
strength values was conducted using
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maximum likelihood estimation, with Weibull
modulus and characteristic strength values and
bootstrap 95% confidence intervals reported,
and Fisher’s exact test was used to compare
the pre-test failure frequency between groups,
if applicable. Fisher—Freeman—Halton exact
test was used to analyze the distribution of fail-
ure mode in the overall adhesive, mixed and
cohesive failure categories, and adhesive ver-
sus non-adhesive failure mode was compared
using Fisher’s exact test with odds ratio estima-
tion in Table 3. The post-treatment Ra and Rq
values and water contact angle values in Table
4 were compared using Welch’s independent-
samples t-test, while the SEM surface altera-
tion score was compared using the Mann—
Whitney U test. In addition, quantitative chem-
ical, phase, optical, and mechanical results
were presented as Hedges’ g standardized
mean differences with 95% confidence inter-
vals and the corresponding p values to provide
magnitude and direction of the study-group ef-
fect in comparison to the control group for Fig.
1 and Fig. 2. Instrument-derived quantitative
variables displayed in Fig. 4, Fig. 5, Fig. 6, and
Fig. 7, such as the contact-angle measure-
ments, XPS elemental atomic percentages,
FTIR band intensities, O/C ratio, hydroxyl-rich
O 1s component, monoclinic phase volume
fraction, translucency outcomes, color differ-
ence, and biaxial flexural strength, were ana-
lyzed using the same parametric or non-para-
metric approach depending on variable type
and distributional behavior. The surface and
fractured-interface images in Fig. 3 were inter-
preted descriptively, and were not tested as in-
dependent image outcomes, but were associ-
ated with the quantitative roughness and fail-
ure-mode analysis.

Results

The baseline table demonstrated balanced
specimen characteristics before bonding (Ta-
ble 1). No significant differences were found
between the conventional control and plasma—
nanolayer study groups for final specimen di-
mensions, baseline roughness, baseline wetta-
bility, translucency parameter, or CIE color co-
ordinates. The small numerical variations in
length, width, thickness, Ra, Sa, contact angle,
TP, L*, a*, and b* remained within expected la-
boratory tolerance after CAD/CAM milling, sin-
tering, polishing, and random allocation.
Therefore, any later differences in bond
strength, wettability, surface morphology, or
interface behavior could be attributed to the
assigned surface treatment rather than base-
line imbalance. Bond strength values are pre-
sented as mean * SD and were compared using
Welch’s independent-samples t-test (Table 2).
Failure load was derived from the bonded area
of a 1.2 mm diameter resin cement cylinder.
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Weibull modulus and characteristic strength
were estimated by maximum likelihood fitting
with bootstrap 95% confidence intervals. A p
value <0.05 was considered statistically signifi-
cant. The aged bonding results supported the
expected superiority of the atmospheric
plasma-silicatized calcium-phosphate
nanolayer protocol. After water storage, ther-
mocycling, and hydrothermal aging, the study
group showed markedly higher mean bond
strength than the control group, with a large
positive mean difference of 10.87 MPa. The
higher Weibull modulus and characteristic
strength in the study group indicated a
stronger and more reliable adhesive interface.
These findings were consistent with improved
chemical interaction and interfacial stability af-
ter plasma activation and silicatized calcium-
phosphate deposition. The overall failure-
mode distribution was compared using the
Fisher—Freeman—Halton exact test (Table 3).
Adhesive versus non-adhesive failure was addi-
tionally compared using Fisher’s exact test. A p
value <0.05 was considered statistically signifi-
cant. The failure-mode distribution showed a
clear shift toward more favorable fracture be-
havior in the study group. The control group
mainly demonstrated adhesive failure at the
zirconia—cement interface, indicating that the
interface remained the weakest zone after ag-
ing. In contrast, the plasma—silicatized calcium-
phosphate nanolayer group showed fewer ad-
hesive failures and more mixed or cohesive
failures within the resin cement, suggesting
stronger interfacial attachment. The exact test
for overall distribution and the binary adhesive
versus non-adhesive comparison were both
statistically significant. This pattern supported
the mechanical bond-strength findings and
suggested improved durability of the modified
bonding surface after aging. In Table 4, contin-
uous variables are presented as mean + SD and
were compared using Welch’s independent-
samples t-test. SEM surface alteration score is
presented as median (IQR) and was compared
using the Mann-Whitney U test. A p value
<0.05 was considered statistically significant.
The post-treatment surface table showed that
the conventional control protocol produced
substantially greater roughness, while the ex-
perimental protocol produced markedly better
wettability. Airborne-particle abrasion gener-
ated higher Ra and Rq values and a higher SEM
surface alteration score, reflecting a rougher,
crater-like mechanically modified surface. The
plasma-silicatized calcium-phosphate
nanolayer group maintained much lower
roughness but showed a greatly reduced water
contact angle, indicating a highly wettable and
chemically active surface. All comparisons
were statistically significant. This result pattern
supported the concept that the study

treatment enhanced surface energy without
depending on aggressive mechanical surface
damage. Clear chemical separation between
the conventional airborne-abrasion protocol
and the plasma-silicatized calcium-phosphate
nanolayer protocol as demonstrated in Figure
1. The study group showed strong positive
standardized effects for Si 2p, Ca 2p, P 2p, hy-
droxyl-rich O 1s, O/C ratio, and FTIR Si—-O-Si
and phosphate bands, confirming formation of
a chemically active silicatized calcium-phos-
phate layer. Negative effects for C 1s and Al 2p
indicated lower carbon contamination and less
alumina-related residue. Together, these find-
ings supported successful nanolayer deposi-
tion, plasma-induced surface cleaning, and sili-
cate/phosphate-mediated bonding potential
after aging and supporting durable clinical
bonding. This profile matched the proposed
mechanism of enhanced adhesive interface
formation. Monoclinic phase transformation
remained low in both groups and did not differ
significantly, indicating preserved phase stabil-
ity of 5Y zirconia. Baseline translucency was
also comparable, confirming optical balance
before treatment effects. After aging, the study
group retained higher translucency and
showed markedly lower translucency loss and
AEOQO, suggesting better esthetic preservation.
Biaxial flexural strength was higher in the study
group, consistent with reduced abrasive dam-
age. Overall, the figure supports that the
nanolayer protocol was chemically effective
while successfully preserving optical and me-
chanical performance under clinically relevant
aging conditions (Figure 2). The direct SEM ex-
port consisted of a high-resolution grayscale
multi-field micrograph from JEOL JSM-IT200 as
shown in Figure 3 A, B, C, and D.
Mixed/cohesive failure pattern with retained
resin cement remnants and torn interfacial fea-
tures, indicating stronger bonding. The frac-
tured-interface fields showed predominant
clean adhesive separation in the control group,
consistent with 17 adhesive failures, while the
study group showed resin remnants and
mixed/cohesive features, consistent with 15
mixed and 6 cohesive resin-cement failures.
Direct Sessile-Drop Contact Angle Images of
Treated 5Y Zirconia Surfaces were explained in
Figure 4 A and B.

Discussion

The aged bond-strength profile in Table 2 sug-
gests that the plasma—silicatized calcium-phos-
phate nanolayer not only resulted in a statisti-
cally higher resin—zirconia bond, but also in a
clinically meaningful improvement after com-
bined water storage, thermocycling and hydro-
thermal aging. The rise from 18.33 MPa to
29.21 MPa is sufficiently high to indicate that
the interface is more resistant to degradation
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than just a surface-energy effect alone. The
higher characteristic strength and Weibull
modulus also support the understanding that
the study protocol decreased weak-link varia-
bility at the adhesive interface, which is clini-
cally significant because zirconia failures are
frequently initiated through hydrolytic degra-
dation of the material and stress concentration
at the cement—ceramic junction. The superior-
ity of the aged bond strength obtained in the
current study is in good line with a recent sys-
tematic review of zirconia bonding after artifi-
cial aging, where the bond durability is most
consistently improved when surface pretreat-
ment is combined with phosphate-functional
chemistry, especially MDP-containing systems
and silica/tribochemical approaches [12].

The aged bond strength of the current study is
also in line with the clinical recommendations
given in the high-translucent zirconia bonding
literature, which generally require more than
simply roughening the surface. The higher the
yttria content and the higher the cubic-phase
fraction, the more esthetic is the high-translu-
cent zirconia, but with less potential for trans-
formation-toughening, making more aggres-
sive roughening less desirable. The present
protocol is thus clinically appealing in that it
seems to create a strong bond, at high aged
values, without creating the roughened, de-
fect-prone surface that is the result of conven-
tional airborne-particle abrasion. The chemi-
cal-bonding rationale of the present study was
supported by a systematic review on bonding
to high-translucent zirconia, which found that
the most reliable bonding protocols are still the
use of phosphate-containing primers or ce-
ments and the use of surface activation [28].
The magnitude of improvement shown in Ta-
ble 2 however, should be viewed in the light of
the research studies which have demonstrated
that even with the use of appropriate primers,
aging can have a significant effect on bond
strength. Even with the use of contemporary
primers and resin cements, resin bonding to
translucent zirconia was found to be tech-
nigue-sensitive after thermocycling and aging
was found to adversely affect bond perfor-
mance to translucent zirconia materials. This
partially contradicts the current study as the
study group presented as a high mean aged
bond strength indicating that the plasma-sili-
catized calcium-phosphate nanolayer may
have provided another pathway that was more
stable than the primer chemistry alone [29].
The present study also varies from a recent
study in which aggressive mechanical or chem-
ical conditioning resulted in the greatest zirco-
nia bonding [30]. Alnazzawi and co-authors
concluded that air abrasion or hot hydrofluoric
acid-based protocols with the application of a
primer can effectively bond strong resin to
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monolithic zirconia, suggesting that surface
modification can be important but not always
enough. This difference might have been due
to the two effects of the present study: plasma
cleaning and activation most probably re-
moved the carbon contamination and intro-
duced polar groups, while the silicatized cal-
cium-phosphate deposit created additional re-
active inorganic groups to which the cement
was bound [30]. The failure-mode distribution
in Table 3 corroborates the bond-strength data
with mixed and cohesive failure modes becom-
ing more prevalent in the study group as com-
pared to the control group. In clinical terms,
this indicated that the interface was no longer
the weakest part of most of the study speci-
mens, but the propagation of stresses was in-
stead partly through the resin cement or across
the more integrated interfacial zone. This is a
good result as adhesive failure at zirconia is fre-
quently linked to reduced long-term retention,
and risk of marginal leakage and debonding of
minimally retentive restorations. Abdou et al.
also demonstrated that the performance of zir-
conia bond increased with surface pretreat-
ment in conjunction with an MDP-containing
primer and MDP-containing self-adhesive ce-
ment, and failure modes indicated increased
integrity of the interface [31]. Reduction in ad-
hesive failure from 68% to 16% is significant in
that it is not only statistically significant but
also is mechanistically consistent with the
XPS/FTIR evidence presented in Figure 1. The
study group seems to have been able to alter
the mechanical preparation, but chemically in-
adequate surface of zirconia into a more wet-
table and more reactive surface for more uni-
form interactions between resin cement and
zirconia. Khanlar et al. found that the bond du-
rability to high-translucent zirconia might be
improved by implementing silicatization and si-
lanization protocols, particularly by generating
a silica-containing surface modification of zir-
conia that is suitable for resin bonding through
a silane-mediated approach. This is in line with
the current observation that an interfacial
chemistry that is silicatized can help decrease
solely adhesive failure after aging [32]. The cur-
rent pattern of failure modes also correlates
with the reported reduction in hydrolytic deg-
radation and higher likelihood of non-adhesive
failure following thermocycling when MDP-
based primers are used. In highly translucent
zirconia, the bond strength and hydrolytic ag-
ing of the bonded interface were improved af-
ter application of the MDP-based primer in ad-
dition to airborne-particle abrasion, Xiong and
co-authors reported. The present research is
an extension of the above idea in which it is
proposed that plasma activation and a sili-
catized calcium-phosphate nanolayer can be
used as a chemically enriched platform on

which phosphate- and silane-compatible reac-
tions can be made more durable [33].
Animportant clinical explanation for the strong
bonding without aggressive surface damage
obtained in the study group is given in Table 4.
For the control group, the Ra and Rq were sig-
nificantly higher, which fits with the craters,
grooves and embedded alumina residues pro-
duced from airborne-particle abrasion. The
study group exhibited significantly less rough-
ness and much less contact angle, suggesting
that the mechanisms were not just roughness,
but also wettability and surface chemistry. On
the contrary, Falahchai et al. observed that air-
borne-particle abrasion enhanced the rough-
ness and resulted in high shear bond strength
for all types of zirconia with varying yttria con-
tent, with mechanical retention being a good
bonding approach [34]. The reduced rough-
ness in the study group could be clinically ben-
eficial for translucent 5Y zirconia, as surface
defects might affect flexural strength and opti-
cal characteristics. Alumina and glass-bead
blasting were shown to improve zirconia bond-
ing, when combined with chemical treatment,
as reported by Abdou and colleagues, but also
resulted in rougher surfaces and lower contact
angles than untreated controls. The present
study is a compromise as it achieved signifi-
cantly better wettability than the control with
a smoother surface that may account for the
benefit seen in bond strength, reliability, opti-
cal behavior, and flexural strength [31]. This in-
terpretation is supported by the SEM alteration
score in Table 4, which indicates that the con-
trol surface was severely altered, while the
study surface was only mildly altered. This
means that the plasma-silicatized calcium-
phosphate protocol might be better for thin ve-
neers, anterior crowns, and minimally reten-
tive restorations made of high-translucency zir-
conia in which deep surface flaws are not de-
sired. Kim and colleagues showed that sand-
blasting also causes subsurface phase and
stress changes in 3Y-, 4Y- and 5Y-zirconia, and
that the level of damage varied according to
the particle size, which is another reason why
the surface modification route used in the pre-
sent study was preferred to be less destructive
[35].

The chemical evidence to explain the mechan-
ical and failure-mode results is given in Figure
1. The study group demonstrated positive
standardized differences with respect to oxy-
gen signal, silicate enrichment, calcium enrich-
ment, phosphate enrichment, hydroxyl-rich O
1s component, FTIR Si-O-Si band intensity,
FTIR PO4 band intensity, and O/C ratio while
carbon contamination and alumina residue
were less. This combination is evidence of sur-
face cleaning, inorganic functionalization and
chemically active nanolayer formation. Using
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XRD, ATR-FTIR, XPS, and SEM, Shen and co-au-
thors also demonstrated that the glass-ceramic
spray deposition could create silicate-related
surface chemistry on zirconia and enhance the
bond strength of zirconia after thermal cycling
when compared to conventional methods [36].
This is clinically important because the lower
contamination by carbon in Figure 1 can re-
duce the masking of the reactive zirconia hy-
droxyl groups and increase the interaction be-
tween the primer and the group. Plasma treat-
ment is known to increase surface energy by
causing removal of organic contaminants and
creation of polar oxygen-containing groups,
and these are reflected in the increase in O/C
ratio and decrease in contact angle in the pre-
sent study. Recently, Wu et al. demonstrated
that the physicochemical properties of zirconia
surfaces could be altered when the glass-ce-
ramic spray deposition was accompanied by
handheld nonthermal plasma augmentation,
thus indicating that plasma could be used not
only as a topographic modification tool, but
also as a chemical activator [37]. A second bio-
logically and chemically meaningful dimension
was provided by the calcium and phosphate
enrichment in Figure 1. Zirconia is chemically
inactive, but polar ionic sites and hydroxyl-rich
chemistry can be added by zirconia functional-
ization with calcium-phosphate to enhance
wettability and resin-cement adaptation.
Cheng and associates said alkaline treatment
and calcium-phosphate coating modified the
surface properties of zirconia for implant-re-
lated applications, which lent credence to the
concept that calcium-phosphate modification
could transcend zirconia's inertness. The pre-
sent study extends this idea to adhesive dentis-
try, where the ultimate clinical objective is not
osseointegration but enhancement of the du-
rability of the cement—ceramic interface [38].
The high intensity of the FTIR signals of the sil-
icate and phosphate also contributed to under-
standing lower adhesive failures in the study
group. Surface chemistry that involves silicates
can assist the silane-compatible bond and
phosphate-related surface chemistry can com-
plement MDP-type phosphate-monomer inter-
actions. Yoshida found that the bond between
the resin cement and zirconia increased as the
concentration of MDP was raised in the pri-
mers up to an optimum level, and that the
MDP-containing primer groups resulted in
greater bond strength than the controls after
thermal cycling. This is in line with the present
findings that phosphate-compatible chemistry
is clinically applicable, but the present protocol
differs in that it involves the generation of a re-
active phosphate-containing surface chemis-
try, and not just the concentration of the pri-
mer [39]. The reduced alumina residue in Fig-
ure 1 is also desirable since inclusions of
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alumina might lead to micromechanical rough-
ness but do not ensure a chemically optimum
bonding surface. Khanlar et al. showed that
bond strength and surface topography of the
high-translucent zirconia was affected by air-
particle abrasion treatments and that clinical
benefit was related to treatment parameters
and the use of a primer. The present study in-
dicates that it is possible to reduce the alumina
contamination and increase the silicate, cal-
cium, phosphate and hydroxyl signals and thus
change the bonding mechanism from defect-
driven retention to chemical surface integra-
tion [32].

As illustrated in Figure 2, the plasma—silicatized
calcium-phosphate treatment/aging protocol
resulted in better post-treatment/aged trans-
lucency, less translucency loss, a lower color
difference, and a higher biaxial flexural
strength, although it did not significantly in-
crease the monoclinic phase fraction. Clinically,
this is another excellent combination for 5Y zir-
conia, as the esthetic zirconia needs to be opti-
cally stable yet sturdily strong after surface
treatment. MclLaren et al. discovered that the
strength of translucent zirconia was deter-
mined by the yttria content and treatment of
the surface: particularly, alumina airborne-par-
ticle abrasion produced the roughest surface
and had a deleterious effect on strength for the
5Y materials. This corroborates the results of
the present study, where a smoother chemi-
cally activated treatment was able to maintain
or enhance the mechanical behavior of 5Y zir-
conia [40].

The clinically important monoclinic phase dif-
ference shown in Figure 2 is nonsignificant,
since this means that the experimental treat-
ment did not compromise the aging of 5Y zir-
conia. The presence of a high fraction of cubic-
phase makes the 5Y zirconia a low transfor-
mation potential material, so a higher mono-
clinic content after surface treatment would
not reflect a beneficial transformation tough-
ening, but more likely a detrimental phase de-
stabilization. Kim et al. reported that such
phase transformations and subsurface stresses
can be created by sandblasting, depending on
the grade of the zirconia and the size of the alu-
mina particles, so the current finding that the
study protocol was successful in creating sur-
face activation without clinically relevant
phase damage is supported [32]. The optical
results shown in Figure 2 are especially signifi-
cant for anterior and esthetic-zone restora-
tions. The translucency of the baseline was not
significantly different which confirmed initial
comparability; however, the translucency of
the study group was higher and the ATP and
AEOO were lower after treatment and aging.
This resulted in the experimental protocol be-
ing less optically disruptive than the control,

and it may lessen the potential for shade mis-
match or opacity increase post-cementation.
Cho et al. demonstrated that translucency and
masking ability of dental zirconia are greatly af-
fected by yttria content which proved to be a
material-sensitive outcome and should be pre-
served during any surface treatment [41]. The
lower color difference in the study group may
be due to lower roughness and less severe SEM
alteration presented in Table 4. Rough surfaces
produce more scattering, have residue reten-
tion, and can alter the value and chroma of
high-translucency ceramics. Hemmati and
coworkers showed that after thermocycling
with coffee, the color stability and translucency
of full cubic stabilized zirconia were influenced
by surface treatment and bonding procedures;
that is, the surface modification could have vis-
ible esthetic effects. In the present study, the
lower AEQOQ is thus in favor of the clinical safety
of plasma—silicatized protocol for esthetic zir-
conia restorations [42]. This is clinically signifi-
cant as the higher biaxial flexural strength of
the study group is a significant advantage with
surface treatment methods that are known to
increase bonding, which typically lower the
strength of the ceramic material due to the
presence of microcracks. The present study in-
dicates that chemical activation and nanolayer
formation may be beneficial at increasing
bonding without introducing the flaw popula-
tion characteristic of aggressive abrasion. The
present interpretation is that surface treat-
ments and cyclic fatigue may affect subsurface
defects and mechanical properties of zirconia
frameworks as reported by Elraggal and col-
leagues and thus should be tested in conjunc-
tion with bond strength [43]. The present re-
sults further compare favorably with the stud-
ies demonstrating the compromise between
translucency and mechanical strength in the
case of high-yttria zirconia. Jerman et al. indi-
cated differences between 3Y-, 4Y- and 5Y-zir-
conia in translucency, hardness, biaxial flexural
strength, and fracture toughness, noting that
the more translucent zirconias typically de-
mand more conservative surface conditioning.
In that frame, the setting of the current study,
which offers higher aged bond strength, better
optical preservation and higher flexural
strength, is clinically significant as it focuses on
the main problem of 5Y zirconia, which is the
need for adhesive reliability without sacrificing
strength or esthetics [44].

The present study is partly justified by reliabil-
ity studies that indicated various types of aging
behavior between the different grades of zirco-
nia and that the strength retention is related to
the microstructure and surface condition.
Spies and collaborators found that the differ-
ent zirconia grades that were used for mono-
lithic fixed dental prostheses presented
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different reliability and aging behavior, sup-
porting the simultaneous assessment of aged
bond strength, Weibull reliability, optical
change, and flexural strength. The integrated
result pattern of the present study is thus more
significant than a bond-strength-only conclu-
sion because it indicates that adhesion was not
obtained at the expense of material reliability
for the experimental surface [45]. The results
here do not completely agree with the studies
that showed that airborne-particle abrasion
was the best conditioning method. However,
as reported by Zhao et al., the bond strength of
highly translucent zirconia is influenced by the
parameters of the airborne-particle abrasion
process, so that abrasion pressure and particle
conditions should not only be avoided but also
be optimized. The current study does not con-
tradict that evidence but does indicate that the
plasma-silicatized calcium-phosphate treat-
ment may be an alternative if simultaneous
bonding, esthetics, and the maintenance of 5Y
zirconia strength are the primary clinical con-
siderations [46]. The results are also in line with
studies where silica-related surface treatments
have demonstrated to be comparable or supe-
rior to alumina abrasion for the correct surface
chemistry. Thammajaruk et al. demonstrated
that lithium-disilicate glass-coated zirconia
achieved clinically relevant resin-cement bond-
ing when compared with alumina air-abraded
zirconia. This corroborates the existing
XPS/FTIR interpretation that the formation of
silicate is not only a surface indicator but also a
functional adhesive feature especially in con-
junction with plasma cleaning and a calcium-
phosphate component [47]. The present re-
search also supports the findings that the
choice of surface-treatment needs to take into
account the yttria content of zirconia. The ef-
fect of yttria content on the microstructure,
phase stability and mechanical properties of
dental zirconia is reported by Li et al., which ex-
plains why a protocol that is safe for 3Y-TZP
may not be optimal for 5Y zirconia. The study
protocol seems to be appropriate for 5Y zirco-
nia because of the lowest amount of mono-
clinic transformation, maintenance of translu-
cency, decreased color change and enhanced
strength after aging [48]. These results also ar-
gue for the general idea of surface activation,
optimized without excessive roughness. Based
on the results of Sales and colleagues, the var-
ious surface treatments of zirconia did have a
significant impact on micro-shear bond
strength and surface characteristics, indicating
that bond performance is also chemistry de-
pendent and topography dependent. The pre-
sent study extends that by showing that even a
low-Ra, low-Rq surface can yield excellent aged
adhesion, if wettability and inorganic surface
chemistry are well enhanced, and question the
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previously held view that roughness is the pri-
mary factor in zirconia bonding [48]. The cur-
rent study confirmed, from a clinical point of
view, the applicability of plasma—silicatized cal-
cium-phosphate nanolayer formation as a con-
servative conditioning procedure for high-
translucency zirconia restorations, particularly
in situations where esthetics, thin ceramic ge-
ometry and long-term retention are all im-
portant. All the results together—increased
aged bond strength, improved Weibull behav-
ior, reduced adhesive failures, improved wet-
tability, reduced roughness, reduced optical
degradation, unchanged phase stability and in-
creased flexural strength—constitute a com-
pelling case that the protocol leads to better in-
terface quality without compromising the
strength of the ceramic. Recent orthodontic
and restorative zirconia studies also stress that
there is a need to balance mechanical and
chemical surface treatments and not just
choose the strongest bond [49].

Conclusion

Atmospheric plasma activation combined with
deposition of an ultrathin silicatized calcium-
phosphate nanolayer achieved a more effec-
tive and conservative bonding strategy for hy-
drothermally aged 5Y translucent zirconia than
did conventional airborne-particle abrasion
combined with an MDP-containing primer. The
experimental protocol resulted in significant
increases in aged resin—zirconia bond strength
and better bond reliability, as evidenced by the
higher mean bond-strength values, higher
Weibull modulus, and higher characteristic
strength. The shift from predominantly adhe-
sive failure in the conventional group toward
mixed and cohesive resin-cement failure in the
study group was also shown, which further
confirmed the mechanical and chemical stabil-
ity of the modified interface in the study group
as compared to the conventional group. The
good bonding capability was believed to have
come from a better surface activation and
functionalization, rather than from the use of
an aggressive mechanical roughening. The
plasma-silicatized calcium-phosphate
nanolayer protocol created an extremely wet-
table surface with considerably lower water
contact angle and much lower roughness and
less destructive surface alteration than the air-
borne-particle abrasion protocol. XPS and ATR-
FTIR results indicated an enrichment of silicate,
calcium, phosphate and hydroxyl-related com-
ponents, which helped to achieve a successful
formation of a chemically active nanolayer that
enhances the interaction with the MDP-con-
taining primer and resin cement. Importantly,
this improved interfacial performance was not
accompanied by clinically problematic phase
destabilization, as monoclinic transformation

was low in both groups. Additionally, the study
treatment exhibited better optical preserva-
tion, less color change, less loss of translu-
cency, and higher flexural strength, indicating
that the ultrathin nanolayer method may be
ideal for highly translucent zirconia restora-
tions that demand optical translucency and
structural integrity. Long-term laboratory and
clinical studies are needed to confirm the dura-
bility, reproducibility and clinical application of
this  minimally invasive plasma-assisted
nanolayer bonding protocol. appropriately and
to standardize them whenever possible.
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Table 1. Baseline dimensions, surface roughness, wettability, translucency, and color characteristics of 5Y translucent zirconia specimens be-
fore bonding.

Parameter Control group (n=25) Study group (n=25) Mean differ- 95% CI t df p-value
ence, Study-
Control
Length (mm) 12.014 £ 0.024 12.010 £ 0.025 -0.004 -0.018 to 0.010 0.557 48 0.58
Width (mm) 12.003 £ 0.029 12.009 £ 0.030 0.006 -0.011 to 0.023 -0.696 48 0.49
Thickness 1.505 + 0.027 1.505+0.014 0.001 -0.012 to 0.013 -0.137 48 0.892
(mm)
Baseline Ra 0.050 + 0.007 0.053 £ 0.008 0.003 -0.002 to 0.007 -1.27 48 0.21
(hm)
Baseline Sa 0.068 + 0.008 0.068 + 0.006 0.000 -0.004 to 0.004 -0.183 48 0.856
(um)
Baseline con- 74.40 + 3.54 73.27 +3.19 -1.13 -3.05t00.79 1.186 48 0.242
tact angle (°)
Baseline 22.52+0.90 22.64+0.73 0.13 -0.34t0 0.59 -0.548 48 0.587
translucency
parameter
Baseline L* 72.08 + 0.68 71.96 +0.71 -0.12 -0.52t0 0.27 0.635 48 0.529
Baseline a* 0.63 £0.19 0.62£0.17 -0.02 -0.12 t0 0.08 0.371 48 0.713
Baseline b* 8.39+0.49 8.43 + 0.46 0.05 -0.23t00.32 -0.34 48 0.736

Table 2. Aged resin-zirconia bond strength and Weibull reliability parameters after water storage, thermocycling, and hydrothermal aging.

Parameter Control  group Study group Difference, 95% CI Statistic df p-value
(n=25) (n=25) Study-Control

Aged  bond 18.33+2.88 29.21+3.23 10.87 9.13to 12.61 t=-12.558 47.4 1.104e-16

strength

(MPa)

Failure load 20.73 +3.26 33.03 +3.66 12.3 — — — —

N)

Weibull mod- 7.60 (6.18-10.37) 9.81 (8.18-13.99) — — — — —
ulus, m (95%
I

Characteris- 19.53 (18.35- 30.64 (29.30- — — — — —
tic strength, 20.55) 31.88)
o0 MPa (95%
(&)

Pre-test fail- | 0 (0.0%) 0 (0.0%) 0.0% — — — 1.0
ure, n (%)
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Table 3. Failure mode distribution after aged resin-zirconia bond strength testing.

Failure mode / | Control group | Study Statistical test P-value
comparison (n=25) group

(n=25)
Adhesive 17 (68%) 4 (16%) — —
Mixed 6 (24%) 15 (60%) — —
Cohesive within | 2 (8%) 6 (24%) — —
resin cement
Overall failure-mode | — — Fisher-Freeman-Halton 0.001
distribution exact test
Adhesive vs non-ad- | 17vs8 4vs21 Fisher exact OR=11.16 4.409e-04

hesive failure

Table 4. Surface morphology, roughness, and water contact angle after conventional and plasma-silicatized calcium-phosphate surface treat-
ments.

Parameter Control Study group | Mean difference, | 95% CI Statistic df p-value
group (n=25) Study-Control
(n=25)

Post-treat- 0.414 +0.055 | 0.086+0.016 -0.328 -0.352t0-0.305 | t=28.689 27.9 2.939¢-22

ment Ra (um)

Post-treat- 0.535+0.068 | 0.109 +0.025 -0.425 -0.455t0-0.396 | t=29.3 30.4 7.912e-24
ment Rq (um)

Post-treat- 57.71 % 4.0 17.65 + 3.25 -40.07 -42.14t0-37.99 | t=38.851 46.1 7.312e-37
ment contact
angle (°)

SEM  surface | 3(3-3) 1(1-2) - — U=607.5 — 1.024e-09
alteration
score (0-3)
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Figure 1. XPS/FTIR evidence of plasma-silicatized calcium-phosphate nanolayer formation.

Monoclinic phase —o— p=0.088
volume fraction (%)

Baseline translucency i p=0.095
parameter
Post-treatment/aged [R——) p<0.001

translucency parameter

Translucency loss —————| 0.001
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strength (MPa)

-8 -6 —4 -2 0 2 4 6
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Positive values favor higher study-group values; negative values indicate lower study-group values.

Figure 2. Phase stability, optical behavior, and flexural strength after treatment and aging.
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Figure 3. Scanning electron microscopic surface and fractured-interface morphology after conventional abrasion and plasma-silicatized cal-
cium-phosphate nanolayer treatment; A: control surface, B: study surface, C: control fracture, D: study fracture.

A CA (L) = 56.34°
CA (R) = 59.08°
CA (Avg) = 57.71 + 4.00°

B CA (L) = 16.88°
CA (R) = 18.42°
CA (Avg) = 17.65 + 3.25°

16.88° 18.42°

Figure 4. Direct sessile-drop contact angle images of treated 5Y zirconia surfaces; A:control group B: study group.
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