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Abstract

In this study, zirconia specimens were subjected to Al,O3 airborne-particle abrasion and
Er laser irradiation to investigate their effects on surface characteristics. The treated and
untreated zirconia surfaces were characterized using scanning electron microscopy (SEM),
atomic force microscopy (AFM), qualitative elemental analysis by laser-induced breakdown
spectroscopy (LIBS), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy,
XRD analysis, and power spectral density (PSD) analysis. The Er laser-treated group
showed the highest mean surface roughness (Sa: 7.763 + 2.449 um), compared with the
Al,Os-treated group (3.640 £ 2.164 um); however, the differences in Sa among the experi-
mental groups were not statistically significant (Kruskal-Wallis, p = 0.095). Likewise, no
statistically significant differences were observed for Sz (one-way ANOVA, p = 0.567). SEM,
AFM, and PSD analyses provided complementary information on the morphological and
spatial characteristics of the surfaces produced by the different treatments. Under the ex-
perimental conditions evaluated, Er laser irradiation produced distinct surface topographic
features and a descriptive trend toward higher mean Sa values, but statistical superiority
over Al,Os airborne-particle abrasion or the untreated control was not demonstrated. Fur-
ther studies are required to determine whether these surface modifications translate into
functional or clinical benefits.

Keywords: zirconia; sandblasting and laser methods; semi-quantitative elemental analysis;
roughness

1. Introduction

The morphological evaluation of zirconia using laser and sandblasting methods has
increased interest in studying several characteristics, including physical, optical, and me-
chanical properties [1,2]. Research into novel surface characterization approaches for
zirconia has focused on evaluating surface roughness and morphological changes using
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techniques such as laser treatment, grinding/abrasion, sandblasting, and alumina sand-
blasting [3-6]. The use of metal oxides such as zirconia represents a favorable alternative
for these activities due to their mechanical resistance and durability. It has been applied
in various areas, such as dentistry for the fabrication of prostheses, drug delivery, nano-
catalysts, etc. Zirconia’s physicochemical properties and biological characteristics can
enhance chemical reactions on the zirconia surface and molecular interactions in aqueous
solution demonstrating its versatility in these fields. Recent reviews have emphasized
that the continuous evolution of zirconia microstructure, processing technologies, and
adhesive strategies has significantly improved its clinical performance while maintain-
ing excellent mechanical properties and long-term reliability. These developments have
also highlighted the importance of selecting appropriate surface conditioning protocols
according to the zirconia composition and intended clinical application [7,8]. In various
systems, including semiconductor materials, neuroscience, energy storage, dental implants,
fuel cells, etc., this fact reduces fluid resistance by immobilizing ionic density during
electrostatic interactions [9]. Among other things, zirconia has good tissue compatibility
and low thermal conductivity, making it suitable for use in prostheses, coatings, thermal
insulators, and more. Similarly, the significance of employing two distinct methods, namely
the sandblasting and laser methods, is underscored by the various strategies for surface
modification [10-12]. Therefore, it has been proposed to complement sandblasting with
chemical agents such as 10-MDP (10-methacryloyloxydecyl dihydrogen phosphate), a func-
tional monomer that chemically interacts with zirconia oxide. In addition, the quantitative
characterization of zirconia surface morphology requires the use of standardized areal
roughness parameters, such as Sa, Sz, Sq, Ssk, and Sku, which provide complementary in-
formation regarding surface topography and functional behavior. On the other hand, when
analyzing the impact of alternative contemporary treatments on the surface of 3Y-TZP, laser
irradiation has been shown to produce significant morphological alterations, generating
complex topographies that markedly contrast with the morphological effectiveness and
continuity achieved through conventional sandblasting [13-16]. Other techniques used to
study the surface roughness of zirconia include glazing, finishing, and polishing, which
exhibit distinct characteristics [17,18]. Laser treatment has been proposed as an innovative
alternative for modifying the surface of zirconia oxide without compromising its mechani-
cal properties. Recent experimental evidence demonstrated that Er:YAG laser irradiation
can modify zirconia surface morphology without causing clinically relevant deterioration
of its mechanical properties when appropriate irradiation parameters are used [15,19,20].
Unlike sandblasting, which acts mechanically and can induce microcracks, laser treatment
enables more precise, controlled modification of surface microtopography. Various types of
lasers have been studied in dentistry for the treatment of zirconia, including CO,, Er:YAG,
Nd:YAG, and, more recently, femtosecond lasers. Each interacts differently with the ceramic
surface, depending on its wavelength, power, pulse duration, and application mode. The
femtosecond laser, for its part, enables extremely precise ablation with minimal thermal
damage, producing a complex, highly rough topography without affecting the material’s
internal structure [21-23]. Recent evidence strongly supports the effectiveness of this tech-
nology for topographic alteration. In vitro studies have demonstrated that Er:YAG laser
application significantly affects the surface properties of translucent zirconias, revealing
a decrease in the contact angle (improving wettability) and a notable increase in average
surface roughness and aging resistance. The increased formation of roughness through
sandblasting and laser processes plays an important role in the development of various
zirconia-based compounds for use in dentistry, biomaterials for tissue reconstruction, and
the ceramic industry, among others [15,24,25]. Furthermore, a particularly interesting
area in the development of high-roughness surfaces achieved through sandblasting and
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laser techniques is the design of implants using materials such as zirconia, titanium, and
Ni-Cr [26-28]. The purpose of this research is the comparison of the sandblasting and laser
techniques in the modification of the zirconia surface by increasing the roughness.

2. Materials and Methods
2.1. Preparation of Zirconia Samples Using CAD/CAM

A total of 33 zirconia specimens were randomly allocated into three experimental
groups (n = 11 per group): untreated control, Al,O3 airborne-particle abrasion, and Er
laser treatment. Of the 11 specimens in each group, six were used for AFM-based surface
roughness analysis, with six different surface areas evaluated per specimen. The specimen
was considered the experimental unit for statistical analysis. One additional representative
specimen from each group was used for complementary characterization by SEM, EDS,
LIBS, Raman spectroscopy, XRD, and PSD analysis. Data obtained from these comple-
mentary techniques were interpreted descriptively and were not used as independent
replicates for inferential statistical analysis. The remaining four specimens in each group
were retained as reserve specimens to account for potential specimen loss, damage, or
defects during preparation and experimental procedures. As no replacement was required,
these reserve specimens were not subjected to further analysis.

For sample preparation, 3D models of the 15 x 4 x 1.5 mm zirconia samples were
designed in Meshmixer (Autodesk Inc., San Francisco, CA, USA) and exported as STL files.
The digital files (STL) were imported into the Chitubox software (Autodesk Meshmixer
version 3.5 and CHITUBOX Dental version v1.2.0, Shenzhen, China), which was used to
configure machining parameters and prepare milling paths for an Ivoclar Mill Dry machine.
The subtractive manufacturing (milling) of the specimens was then performed using
3 mol% yttria-stabilized tetragonal zirconia polycrystal discs from Amann Girrbach (Méder,
Austria). Finally, to consolidate the material structure and achieve its final mechanical
properties, the milled samples were sintered in an Ivoclar HS2 furnace at 1450 °C, then
sandblasted and laser processed.

2.2. Preparation of the Sample of Zirconia Through the Sandblasting Method

The zirconia samples measuring 15 x 4 x 1.5 mm were treated with aluminum oxide
powder (AquaCare, Velopex International, London, UK) containing 53 um particles at a
pressure of 2.5 bar, a distance of 10 mm, for 10 s, and an angle of incidence of 90° in the
AquaCare sandblasting equipment.

2.3. Preparation of the Sample of Zirconia Through Laser Method

The 15 x 4 x 1.5 mm zirconia samples were treated with a Lite Touch Er:YAG laser
(Light Instruments Ltd., Yokneam, Israel) using a wavelength of 2.94 um in short pulse (SP)
50-100 pus with an energy of 150 m] per pulse, a frequency of 15 Hz, and an average power
of 2.25 W. Each sample’s entire treated surface is uniformly swept by the 0.8-mm sapphire
conical laser tip, which is kept at a focal distance of 1-2 mm from the surface. This ensures
a uniform distribution of energy across the surface. Laser application was performed using
a manual technique, consisting of a single irradiation pass per sample. Additionally, the
integrated air/water cooling system of the Lite Touch laser was used during irradiation.
This allows modification of the surface roughness and topography of the zirconia without
generating microcracks or structural damage, thereby ensuring sample integrity during
the procedure.
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2.4. Characterization of Zirconia Specimens by Roughness and LIBS Analysis

The characterization of the compounds was carried out using a VHX-X1 Series digital
microscope (KEYENCE Corporation, Osaka, Japan) equipped with an EA-300 Series laser-
based elemental analyzer for laser-induced breakdown spectroscopy (LIBS) (KEYENCE
Corporation, Osaka, Japan), which was used to perform semi-quantitative elemental analy-
sis. Laser-induced breakdown spectroscopy (LIBS) was employed to qualitatively compare
the emission spectra of zirconia surfaces after the different surface treatments. The tech-
nique was used to identify the characteristic spectral features of the constituent elements
and to evaluate possible qualitative changes in the surface composition. The preparation
of the samples for LIBS was performed as follows: a 5 x 5 dot matrix was used for each
one of the six zones, with a total of 150 points of analysis per group, with a dot spacing
of 180 um; the laser was then focused and pulsed, creating plasma around each dot. In
this way, the bonded electrons are separated from the atoms that make up the material; as
the plasma cools, the atoms recombine with the electrons and, in the process, emit light in
the UV, visible and infrared regimes. All roughness parameters (Sa, Sz, Sq, Ssk, Sku) and
elemental concentrations (wt%) are reported as arithmetic means and standard deviations.
Prior to statistical processing, the LIBS data recorded in decimal format in the source files
(points 16 to 25) were converted to a percentage format to ensure data integrity. Statistical
analyses were performed using Python 3.11 (Python Software Foundation, Wilmington,
DE, USA) with the SciPy statistical package version 1.11.4. Data normality was evaluated
using the Shapiro-Wilk test, and homogeneity of variances was assessed using Levene’s
test. Variables meeting the assumptions of normality and homogeneity of variances were
analyzed using one-way analysis of variance (ANOVA). For variables that did not satisfy
the normality assumption, the non-parametric Kruskal-Wallis test was applied. Statistical
significance was established at p < 0.05.

2.5. Characterization of Zirconia Specimens by AFM

Afterward, the fragments were extracted and analyzed using an easyScan 2 atomic
force microscope (Nanosurf AG, Liestal, Switzerland), equipped with PPP-NCHR-20 sili-
con tips (NANOSENSORS®, NanoWorld AG, Neuchatel, Switzerland), operating in non-
contact mode. The resonance frequency was set to 204—497 kHz, and the constant force
was maintained at 10-130 N/m. The AFM topographic images were acquired over scan
areas of approximately 65 x 65 um and 25 x 25 pm. The estimated lateral resolutions were
approximately 127 nm/pixel and 49 nm/pixel, respectively.

3. Results and Discussion
3.1. Characterization of Zirconia in the Presence of Sandblasting and the Laser Method by SEM

Figure 1 shows the SEM image of the zirconia sample without sandblasting or laser
treatment; the surface exhibits a continuous, uniform morphology. EDS was employed to
qualitatively evaluate the elemental composition and detect possible changes in surface
chemistry after the different surface treatments. The elemental composition of the untreated
zirconia specimen, determined by EDS, is shown in Figure 2. Due to the overlap between
the Zr L, Y L, and Hf M emission lines, quantitative values obtained by EDS should
be interpreted with caution. Therefore, the results are discussed as qualitative evidence
of elemental composition rather than absolute concentrations. All spectra confirmed
the presence of zirconium, oxygen, yttrium, and hafnium, with no evidence of major
compositional changes after the different surface treatments.

https://doi.org/10.3390/ cryst16080483


https://doi.org/10.3390/cryst16080483

Crystals 2026, 16, 483 5o0f 21

5

L ¥

CIMAV 5.00kV 5.4mm X100 SE

. Spectrum 13

Wt% o
yAg 674 0.5
0) 26.7 0.3
X 4.2 0.3
Hf 1.6 0.6
Na 0.2 0.1

Figure 2. Energy-dispersive X-ray analysis of zirconia.
Figure 3 shows the roughness analysis of the untreated zirconia specimen. The

surface exhibits a relatively homogeneous morphology with fine, uniformly distributed
linear features.
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Figure 3. Roughness analysis of zirconia in the absence of sandblasting and the laser method.

In Figure 4 the sample surface after sandblasting is examined under the SEM.

CIMAYV 5.00kV 5.5mm x100 SE

Figure 4. SEM image of zirconia after sandblasting.

Figure 5 presents the energy-dispersive X-ray (EDS) spectrum of the zirconia specimen
after the sandblasting treatment.
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Figure 5. Energy-dispersive X-ray analysis of zirconia in the presence of the sandblasting method.

Figure 6 shows a more pronounced directional texture with visible grooves extending
across the scanned area. The surface exhibits greater heterogeneity than the first specimen,
indicating that the treatment process produced localized modifications and increased mi-
crostructural complexity. The grooves appear deeper and more continuous, suggesting
enhanced material removal or restructuring. These topographical features can influence
the LIBS laser—material interaction by promoting localized variations in laser absorption.
Surface asperities and valleys may act as preferential sites for plasma initiation, poten-
tially increasing the efficiency of material ablation while maintaining relatively uniform
elemental detection.

Figure 6. Roughness analysis of the zirconia using the sandblasting method.

The SEM image in Figure 7 shows the specimen prepared using the laser method.
Figure 8 illustrates the energy-dispersive X-ray analysis using the laser method. The EDS
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spectra confirmed the presence of the main elements expected for yttria-stabilized zirconia
(Zr, O, Y, and Hf) in all experimental groups, without evidence of additional elements
associated with chemical contamination after surface treatment. Because of the known
overlap between the Zr L, Y L, and Hf M emission lines in conventional EDS, the elemental
percentages should be regarded as qualitative rather than absolute quantitative values.
Consequently, the EDS analysis was used only to verify the elemental composition of the
specimens and not to establish quantitative compositional differences among the groups.
Likewise, Figure 9 presents the roughness analysis by LIBS. Sandblasting and direct laser
writing have been used to study the stability of zirconia 3Y-TZP [15,16,29,30]. The LIBS
spectra exhibited the characteristic emission features expected for yttria-stabilized zirconia
in all groups. The spectra were used for qualitative comparison of the different surface
treatments rather than for quantitative elemental analysis. The image displays various
morphological features, and the use of a laser likely increases roughness. In this sense,
energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental
composition of the zirconia surfaces after the different surface treatments. The analysis
was performed using an EDS detector coupled to a scanning electron microscope (SEM),
allowing simultaneous observation of surface morphology and chemical characterization.
Representative spectra were collected from selected regions of each specimen under iden-
tical acquisition conditions to ensure comparability among groups. The comparison of
elemental distributions among groups provided information regarding possible chemical
changes induced by laser irradiation, sandblasting, or other surface modification techniques
while maintaining the fundamental zirconia composition. Overall, the EDS methodology
enabled the verification of the chemical stability of the zirconia substrate and the detection
of minor compositional variations associated with the different surface treatments, con-
tributing to the understanding of the relationship between surface chemistry, morphology,
and subsequent material performance. In another context, the three LIBS-derived surface
maps reveal distinct topographical characteristics associated with different surface condi-
tions of zirconia. Although all specimens exhibit directional surface features, important
differences can be observed in the morphology, texture uniformity, and distribution of
surface irregularities. The surface appears smooth with shallow grooves and limited topo-
graphical contrast across the analyzed region. The profile traces indicate gradual height
variations without abrupt changes, suggesting a relatively uniform energy interaction with
the surface. The predominance of subtle directional marks is consistent with a polished
or minimally modified surface where material removal has been limited and the original
microstructure remains largely preserved. Figure 9 presents the most developed surface
texture among the analyzed specimens. Numerous parallel grooves and micro-retentive
features are evident throughout the scanned area, producing a markedly roughened mor-
phology. The surface displays greater contrast between elevated and depressed regions,
indicating substantial modification of the original topography. The presence of well-defined
microgrooves suggests a more intense interaction between the treatment process and the
zirconia substrate. Such features increase the effective surface area and create multiple sites
for laser energy concentration. In LIBS analysis, this morphology may enhance plasma
generation through increased local absorption and multiple scattering effects, resulting in
stronger emission signals and improved sensitivity for elemental characterization. From a
surface engineering standpoint, the increased density of micro-retentive features observed
in Figure 9 indicates a greater capacity for mechanical interlocking and enhanced surface
activity. The more developed texture observed in Figure 9 is therefore expected to promote
more efficient laser—material interaction while preserving the characteristic directional
morphology of the zirconia surface. Furthermore, EDS and LIBS were used primarily for
qualitative elemental characterization. Although elemental weight percentages may be gen-
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erated by the analytical software, these values should be interpreted with caution because
spectral overlap, matrix effects, differences in sampling depth, and other technique-specific
limitations may affect quantitative accuracy. In particular, spectral interferences involving
Z1,Y, and Hf limit the interpretation of small numerical differences among the experimental
groups. Therefore, the present study does not interpret variations in elemental weight
percentages or spectral intensities as evidence of treatment-induced compositional changes.
Instead, the EDS and LIBS results are used to identify the principal elemental signals
present in the analyzed specimens. Minor elemental signals may originate from trace
constituents, manufacturing or processing procedures, treatment residues, handling, or en-
vironmental contamination. Accordingly, these findings should be considered descriptive
and qualitative rather than evidence of quantitative differences in zirconia composition.

k
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Figure 8. Energy-dispersive X-ray analysis of zirconia using the laser method.
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Figure 9. Roughness analysis of the zirconia using the laser method.

3.2. Semi-Quantitative Elemental Analysis (LIBS)

Table 1 summarizes the average elemental composition of the control, Al,Os-treated,
and laser-treated zirconia groups, expressed as the mean and standard deviation.

Table 1. Average Elemental Composition.

Element Control Group Al, O3 Group Laser Group

(Mean £ SD) (Mean =+ SD) (Mean =+ SD)

Zr 81.76 + 3.12 69.85 + 8.45 7742 £ 6.15
(@] 11.65 + 1.48 15.42 +3.22 12.38 +1.95
C 1.85 +£0.75 6.12 +4.35 2.84 +1.12
Si 0.84 £0.92 1.15 +1.25 1.76 + 0.88
Na 0.05 £0.12 0.85 £ 1.10 0.45 £ 0.65
S 4.22 +3.15 0.08 £ 0.05 1.25 + 2.30
K 0.00 £+ 0.00 0.15+0.45 0.01 +£0.02
Al 0.00 & 0.00 0.25 +0.85 0.00 £ 0.00
Ca 0.00 4 0.00 0.02 £0.01 0.01 £ 0.01
Cl Trace/N.D. Trace/N.D. Trace/N.D.

Table 2 consolidates the roughness parameters for the three experimental groups. The
mean and standard deviation values are derived from the 6 zones analyzed per group and
are expressed in micrometers (um) to three decimal places. The table summarizes five areal
surface texture parameters (Sa, Sz, Sq, Ssk, and Sku) for the control, Al,O3-treated, and laser-
treated zirconia groups. These parameters provide complementary information regarding
surface roughness magnitude, height distribution, and topographical complexity. The laser
group exhibited the highest Sa value (7.763 um), corresponding to 60.6% higher roughness
than the control group and 113.3% higher roughness than the Al,O3 group [15,16,31]. The
Al,O3 group showed the lowest Sa value, suggesting that sandblasting produced a less
pronounced average roughness than laser irradiation. The sample’s coefficient of variation
(CV) was as follows: control 90.3%, Al,O3 59.5%, and laser 31.5%. The laser group exhibits
substantially lower relative variability, indicating a more reproducible surface modification
process. The relative increases between the samples were +14.7% for laser vs. control and
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+35.8% for laser vs. Al,O3. These findings indicate that laser irradiation creates deeper
valleys and higher peaks than alumina abrasion. The variability of the sample was: control
66.8%, Al,O3 38.6% and laser 24.8%. Again, the laser group demonstrates the highest
consistency. Based on the root mean square roughness (Sq) analysis, the laser-treated
surface demonstrates a 47.7% increase in Sq compared to the control and a 99.6% increase
in Sq compared to Al,O3. The nearly twofold increase compared with Al,O3 suggests that
laser treatment generates a more pronounced three-dimensional topography [18,23,30].
Furthermore, all groups exhibit Ssk < 0, which indicates surfaces dominated by valleys
rather than peaks. This is an important observation because the negative skewness is
generally associated with enhanced fluid retention. Valley-dominated surfaces may im-
prove resin penetration and micromechanical interlocking [24,26,32-34]. The values are
relatively close to zero, suggesting that none of the surfaces exhibit strong asymmetry. The
statistical trends reveal a clear distinction among treatments. Of this manner, Er:YAG laser
treatment showed the highest mean Sa values and a descriptive trend toward increased
surface roughness; however, these differences were not statistically significant [16,20,31].
The present findings differ from those of previous studies reporting statistically significant
increases in zirconia surface roughness following laser irradiation [16,20,31,34]. Such dis-
crepancies may be explained by methodological differences, including laser wavelength,
energy per pulse, pulse duration, repetition rate, irradiation distance, scanning protocol,
cooling conditions, zirconia composition, initial surface characteristics, and the technique
used for surface roughness assessment [15,23,35]. These factors influence laser-material
interactions and may result in different degrees of surface modification. In the present
study, Er laser treatment produced the highest mean Sa values, indicating a descriptive
trend toward increased surface roughness; however, the differences among groups did not
reach statistical significance. The relatively large within-group variability may have con-
tributed to this statistical outcome by increasing the overlap among the distributions of the
experimental groups and reducing the ability to detect between-group differences. Notably,
the laser-treated group showed lower relative variability than the control and Al,O3-treated
groups, suggesting a more consistent surface response under the experimental conditions
evaluated. Nevertheless, this greater consistency should not be interpreted as evidence
of superior treatment efficacy in the absence of statistically significant between-group
differences [16]. Additionally, Table 3 presents several statistical tests. The Shapiro-Wilk
test showed that the Sa values for the Al,O3 group significantly deviated from a normal
distribution (W = 0.777, p = 0.036), whereas the Control (W = 0.816, p = 0.082) and Laser
(W =0.889, p = 0.312) groups did not. In contrast, all Sz datasets satisfied the normality
assumption (Control: W = 0.855, p = 0.174; Al,O3: W = 0.885, p = 0.291; Laser: W = 0.862,
p = 0.196). Levene’s test confirmed homogeneity of variances for both Sa (F = 0.470,
p =0.634) and Sz (F = 1.375, p = 0.283). Accordingly, the non-parametric Kruskal-Wallis
test was applied to Sa and revealed no significant differences among groups (H = 4.713,
p = 0.095). One-way ANOVA was used for Sz and likewise showed no statistically signifi-
cant differences among groups (F(2,15) = 0.589, p = 0.567).

Table 2. Roughness parameters for the samples.

Parameter  Control Group (x = 6) Al,O3 Group (X + 0) Laser Group (X & o)

Sa (um) 4.834 + 4.363 3.640 + 2.164 7.763 + 2.449

Sz (um) 39.429 + 26.331 33.298 + 12.837 45.225 £ 11.235

5q (um) 6.261 £ 5.561 4.633 + 2.680 9.247 £+ 2.859
Ssk —0.248 £+ 0.686 —0.136 = 0.301 —0.152 £ 0.536
Sku 3.504 + 0.865 3.363 + 0.627 2.425 + 0.314
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Table 3. Statistical analysis of Sa and Sz parameters.

1.1. Normality assessment (Shapiro-Wilk test).

Parameter Control Al,O3 Laser Interpretation
Sa W =0.816, W =0.777, W =0.889, The Al;O3 group did not satisfy the normality assumption
p =0.0822 p =0.0361 p =0.3120 (p < 0.05).
W =0.855, W =0.885, W =0.862, - . .
Sz p=0.1739 p=0.2912 p =0.1957 All groups satisfied the normality assumption.
2.2. Homogeneity of variances (Levene’s test).
Parameter F statistic p-value Interpretation
Sa 0.470 0.6342 Homogeneity of variances was confirmed.
Sz 1.375 0.2830 Homogeneity of variances was confirmed.
3.3. Comparison among experimental groups.
Parameter Statistical test Test statistic p-value Interpretation
Sa Kruskal-Wallis H=4.713 0.0947 No statistically significant differences among groups (« = 0.05).
Sz One-way ANOVA  F(2,15) = 0.589 0.5671 No statistically significant differences among groups (x = 0.05).

Figures 10-12 display micrographs of the quantum analysis performed by LIBS on the
specimens. These findings indicate that laser irradiation increases the amount of energy ab-
sorbed by the zirconia surface, promoting electronic excitation and, under sufficiently high
energy densities, partial ionization of the surface layer. The absorbed laser energy is rapidly
converted into heat, generating highly localized temperature increases and steep thermal
gradients within the irradiated region. Because zirconia exhibits relatively low thermal
conductivity, heat dissipation is limited, leading to the accumulation of thermal stresses
during the rapid heating and cooling cycles. When these thermally induced stresses exceed
the mechanical strength of the superficial layer, localized surface fractures and microcrack
formation may occur. At the same time, the combined thermal and photomechanical effects
of the laser promote microabrasion through the removal of superficial material. In areas
where the surface temperature approaches or exceeds the local melting temperature, partial
melting is followed by rapid resolidification, producing irregular topographical features
such as microprotrusions, shallow depressions, and resolidified granular structures. The
combined effects of laser energy absorption, electronic excitation, localized heating, thermal
stress, microabrasion, surface fracture, and rapid resolidification are responsible for the
observed surface restructuring and the significant increase in surface roughness [15,20,23].
An additional factor that should be considered when interpreting the present findings is
the manual application of the Er laser using a single irradiation pass [35,36]. Although
the main irradiation parameters, focal distance, and cooling conditions were standardized,
manual scanning may introduce local variations in scanning speed, pulse overlap, energy
distribution, and effective fluence across the treated surface. These factors may contribute
to spatial heterogeneity in laser-induced surface modification and could partly explain
the variability observed in the roughness measurements. Such within-group variability
may have increased the overlap among the experimental groups and reduced the ability to
detect statistically significant differences. Therefore, the higher mean Sa observed in the
laser-treated group should be interpreted as a descriptive trend rather than evidence of
treatment superiority. Future studies using automated or computer-controlled scanning
systems are recommended to improve irradiation reproducibility and to more precisely
determine the effects of Er laser treatment on zirconia surface characteristics [36,37]. It is
important to distinguish the laser—-material interaction responsible for the experimental
surface modification from that involved in LIBS analysis [23,37]. Er irradiation was used as
a surface-treatment procedure to modify zirconia topography through the interaction of
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2.94-um laser energy with the material surface under controlled irradiation and cooling
conditions. In contrast, LIBS was employed exclusively as an analytical technique, in which
a separate pulsed laser produces localized ablation and plasma formation, and the resulting
optical emission is analyzed for qualitative elemental identification. Thus, the plasma-
generating process inherent to LIBS was not part of the surface-treatment mechanism
investigated in this study. The minor elemental signals detected in the LIBS spectra may
have several possible origins, including trace constituents or impurities in the commercial
zirconia material, residues introduced during CAD/CAM manufacturing and sintering,
surface-treatment procedures, specimen handling, or environmental contamination. In
particular, aluminum detected after Al,Os airborne-particle abrasion may be associated
with residual abrasive particles retained on the treated surface. However, because LIBS
was used for qualitative elemental characterization and minor spectral signals may be
influenced by matrix effects and spectral overlap, the origin and relative abundance of
these elements cannot be definitively established from the present data alone.
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Figure 10. Element analysis of zirconia in the absence of sandblasting and the laser method.
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Figure 11. Element analysis of zirconia in the presence of the sandblasting method.
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Figure 12. Element analysis of zirconia by laser method.

3.3. Characterization of the Surface of Zirconia by Power Spectral Density (PSD) Analysis

The power spectral density (PSD) acts as a tool for normalizing the spectrum, as it dis-
tributes the signal’s energy according to spatial frequency. This facilitates the comparison
between surfaces and allows the identification of dominant frequency ranges associated
with manufacturing processes or surface treatments. Figure 13 shows the analysis of the
PSD of the zirconia surface. This analysis describes how the energy of the surface texture
is distributed across spatial scales. A dominant peak is observed around 26.15 mm, with
an amplitude of 6.366 GL (Grain Level 2), indicating the presence of a predominant char-
acteristic wavelength on the surface. Subsequently, the curve descends to approximately
40 mm, followed by decreasing secondary peaks, suggesting a hierarchical distribution of
roughness and a progressive reduction in the energetic contribution of longer wavelengths.
Opverall, these results enable quantitative interpretation of the surface topography relating
the spectral distribution of roughness to possible implications for the material’s functional
performance, such as interactions with light or tribological behavior. The amplitude profile
complements the frequency spectrum analysis by quantifying the contribution of different
spatial frequencies to the overall surface texture. The high-amplitude peaks observed
between iterations 10 and 35 indicate dominant surface wavelengths that contribute sig-
nificantly to roughness formation. The maximum amplitude, reaching approximately
650 arbitrary units, corresponds to the most prominent topographical features detected
on the surface. In contrast, the region between iterations 45 and 70 exhibits very low
amplitudes, indicating a reduced contribution of intermediate spatial frequencies and
suggesting a relatively smooth transition zone. The pronounced central intensity observed
in the frequency spectrum corresponds to the dominant background component, indi-
cating that the surface texture is mainly controlled by low spatial frequencies associated
with large-scale topographical features. The dominant peak at 25.15 in the GL2 spectrum
corresponds to the principal spatial frequency of the surface texture. Its high amplitude
indicates that the treated surface is primarily characterized by topographical features of
this characteristic wavelength, demonstrating the presence of a well-developed rough-
ness pattern that contributes significantly to the overall surface morphology and potential
bonding performance.
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Figure 13. Power spectral density analysis of the laser-treated zirconia surface. The symbols included in
the figure indicate the characteristic peak position and the reference marker used in the PSD analysis.

PSD analysis provided complementary information to the conventional areal rough-
ness parameters used in this study. Whereas Sa and Sz describe the amplitude of surface
irregularities, PSD characterizes how topographic variations are distributed across different
spatial frequencies or wavelengths. Consequently, surfaces with comparable overall rough-
ness values may still differ in the characteristic size, spacing, and spatial organization of
their topographic features. In the present study, PSD was therefore used to complement the
comparison among the control, Al,O3-treated, and Er laser-treated groups by identifying
differences in the spatial organization of their surface features. However, because the PSD
analysis was primarily descriptive and was not subjected to inferential statistical testing,
these findings should be interpreted as complementary evidence of distinct surface patterns
rather than as proof of statistically significant differences or treatment superiority.

3.4. Characterization of the Surface of Zirconia by AFM

Figure 14 illustrates an AFM topography-mode image of a surface with a het-
erogeneous morphology and, to a lesser extent, the following characteristics: granu-
lar/aggregated structure, consisting of domains or “islands” of micrometric size that
are distributed non-uniformly. These regions have a finer internal texture, with substruc-
tures suggesting particle aggregation. Irregular height distribution: the color map indicates
height variations ranging approximately from 0 to 25 nm. The lighter areas correspond
to peaks or elevated regions, while the darker ones indicate valleys or depressions. Local
repetitive pattern: in several areas, a kind of reticulated or “lattice” pattern on a smaller
scale can be observed. The presence of multiple peaks and valleys distributed across the
entire surface suggests a roughness without completely smooth regions. Figure 15 shows
the morphology of the zirconia, which has a clearly defined surface marked by horizontal
bands or stripes throughout the analyzed area. The granular texture suggests localized sur-
face modification and an increase in effective surface area, which may enhance mechanical
interlocking and surface reactivity, as shown in Figure 15. Figure 15 displays a markedly
anisotropic morphology characterized by parallel ridges and grooves extending across the
scanned area [15,27]. The surface features exhibit a preferential orientation, forming a peri-
odic pattern with height variations of up to approximately 10 pm. These aligned structures
indicate directional surface modification, likely associated with machining, polishing, or
laser-scanning processes. A comparison of the AFM images demonstrates distinct surface
morphologies. The upper image presents a randomly roughened surface with a homo-
geneous distribution of nanoscale peaks and valleys, whereas the lower image exhibits a
directional topography composed of organized grooves and ridges. The anisotropic pattern
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observed in the lower image suggests a stronger influence of the surface treatment process,
producing well-defined microstructural features and a greater degree of topographical
organization than the irregular morphology observed in the upper image [15,20]. Surface
alterations in zirconia were characterized using STM and SEM in a separate study [38].
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Figure 14. AFM image of zirconia after sandblasting.
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Figure 15. AFM image of zirconia under the laser method.

The XRD patterns of the control, Al,O3-sandblasted, and laser-treated zirconia sam-
ples show similar diffraction profiles, with the main reflections located at approximately
30°,35°,50°, 60°, 63°, 74°, and 82° 20. These reflections are consistent with yttria-stabilized
zirconia, mainly associated with the tetragonal/cubic crystalline structure. No intense
additional peaks attributable to monoclinic zirconia were clearly observed, suggesting
that the surface treatments did not induce a significant bulk tetragonal-to-monoclinic
transformation. However, the Raman spectra revealed noticeable variations in band in-
tensity and definition after Al,O3 sandblasting and laser treatment, particularly in the
400-650 cm~! region. These changes may be attributed to surface roughness, residual
stresses, defect generation, and local lattice rearrangements induced by the surface modifi-
cation processes. Therefore, Raman spectroscopy indicates surface-level structural mod-
ifications (Figure 16b), whereas XRD confirms the preservation of the main crystalline
structure of the zirconia substrate (Figure 16a).
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Figure 16. (a) X-ray diffraction (XRD) patterns and (b) Raman spectra of the control, Al;Os-treated,
and laser-treated zirconia specimens.

The present study evaluated the effects of airborne-particle abrasion and Er laser
irradiation on the surface characteristics of CAD/CAM zirconia using complementary
morphological, topographical, chemical, and structural characterization techniques. The
combined results demonstrate that although both surface treatments modified the zirconia
surface, the extent and nature of these modifications differed according to the charac-
terization method employed. SEM observations revealed that airborne-particle abrasion
generated a more irregular surface characterized by sharp-edged depressions and grooves
produced by the mechanical impact of Al,O3 particles. In contrast, Er laser irradiation
produced localized melting, shallow craters, and surface resolidification features, indicating
that the interaction mechanism was predominantly thermal rather than mechanical. These
observations are consistent with previous studies reporting that Er laser energy induces
localized heating capable of modifying zirconia microtopography without causing exten-
sive structural damage when appropriate irradiation parameters are used [15,20,31,33].
AFM analysis further confirmed that both treatments altered the surface morphology at
the micrometer scale [27,28]. Current evidence indicates that successful bonding to zir-
conia requires an adequate combination of surface conditioning, functional phosphate
monomers, and appropriate cementation protocols rather than relying exclusively on sur-
face roughness [20,28,33,34,39]. Although the laser-treated specimens exhibited higher
mean Sa values than the untreated and airborne-particle-abraded groups, the statistical
analysis demonstrated that these differences were not significant (p > 0.05) [16,20,31]. Like-
wise, no significant differences were observed for Sz. These findings suggest that, under
the irradiation conditions employed (150 mJ, 15 Hz, 2.25 W), Er laser treatment produced
measurable topographical modifications; however, these changes were not sufficiently large
relative to the variability among specimens to produce statistically significant differences.
This highlights the importance of combining qualitative surface characterization with quan-
titative roughness analysis when evaluating zirconia surface treatments. Power spectral
density (PSD) analysis provided additional insight into the spatial distribution of surface
features. The dominant spectral peak observed in the laser-treated specimens indicates that
laser irradiation generated repetitive surface structures with characteristic wavelengths.
Rather than simply increasing roughness, the laser modified the spatial organization of the
surface texture, suggesting that PSD analysis can reveal morphological changes that may
not be fully reflected by conventional roughness parameters such as Sa and Sz. A limitation
of this study is that both EDS and LIBS were employed as complementary qualitative
characterization techniques. Conventional EDS is affected by the overlap of the Zr L, YL,
and Hf M emission lines, while LIBS presents partial overlap of the characteristic emission
lines of Zr, Y, and Hf within the ultraviolet spectral region. These spectral interferences
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reduce the accuracy of quantitative elemental analysis. Therefore, both techniques were
interpreted qualitatively to confirm the expected elemental composition of yttria-stabilized
zirconia and to verify the absence of significant surface contamination after the different
treatments. Importantly, the principal conclusions of this investigation are independent
of the quantitative elemental values obtained by EDS or LIBS. The effects of the different
surface treatments were established primarily from the surface topography observed by
SEM, the quantitative roughness parameters obtained by AFM (Sa, Sq, Sz, Ssk, and Sku),
the power spectral density (PSD) analysis, and the corresponding statistical comparisons.
Consequently, the EDS and LIBS analyses serve only as complementary qualitative evidence
supporting the surface characterization and do not constitute the basis for the conclusions
regarding the effects of the treatments. The present findings are generally consistent with
previous investigations reporting that Er laser irradiation can increase zirconia surface
irregularity. However, discrepancies among published studies regarding the magnitude of
roughness changes may be explained by differences in laser parameters, pulse duration,
energy density, scanning speed, cooling conditions, and roughness evaluation methods.
Such methodological variability makes direct comparisons difficult and highlights the need
for standardized experimental protocols [15,16,20,31]. Recent comprehensive reviews have
further emphasized that no single surface treatment is universally superior for all zirconia
systems and that treatment selection should be based on zirconia composition, adhesive
system, and clinical application [8,32,33,36]. An important strength of this study is the inte-
gration of multiple complementary characterization techniques, allowing the correlation
of morphological, topographical, chemical, and structural findings. Nevertheless, some
limitations should be acknowledged.

Recent evidence indicates that the surface response of zirconia to laser irradiation is
highly dependent on the laser source and irradiation protocol, including wavelength, pulse
energy, pulse duration, repetition rate, focal distance, cooling conditions, and scanning
strategy [37-40]. Consequently, laser irradiation does not necessarily produce a statistically
significant increase in surface roughness under all experimental conditions. Indeed, visible
surface alterations after Er irradiation have been reported without significant changes in av-
erage surface roughness [41,42], supporting the distinction between morphological surface
modification and statistically significant changes in conventional roughness parameters. In
the present study, the higher mean Sa observed in the laser-treated group should therefore
be interpreted as a descriptive trend. Furthermore, the manual single-pass irradiation
protocol may have introduced local variations in scanning speed, pulse overlap, energy
distribution, and effective fluence. Recent controlled laser-texturing approaches emphasize
the importance of scanning parameters and irradiation-path control in determining surface
morphology and treatment reproducibility [41-43]. The AFM analysis was performed
on a limited number of specimens and represents localized surface measurements. Fur-
thermore, the present investigation focused exclusively on surface characterization and
did not evaluate the effect of these surface modifications on bond strength or long-term
clinical performance [28,32,39,43]. Future studies should correlate these surface changes
with adhesive behavior, fatigue resistance, and aging stability to determine their clinical
relevance. Future investigations should also evaluate the long-term stability of these surface
modifications after thermocycling and artificial aging, since bonding durability remains one
of the principal determinants of clinical success for zirconia restorations [28,33,39]. Overall,
the results indicate that Er laser irradiation represents a conservative surface treatment
capable of modifying zirconia surface topography. Although significant differences in
conventional roughness parameters were not detected, the combined evidence obtained
from SEM, AFM, PSD, Raman spectroscopy, EDS, and XRD demonstrates that laser irradia-
tion produces distinct surface modifications may be relevant for future investigations on
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adhesive procedures. Although surface topography and roughness are relevant character-
istics when investigating zirconia surface treatments, overall, the results indicate that Er
laser irradiation represents a conservative surface treatment capable of modifying zirconia
surface topography. Although significant differences in conventional roughness param-
eters were not detected, the combined evidence obtained from SEM, AFM, PSD, Raman
spectroscopy, EDS, and XRD demonstrates that laser irradiation produces distinct surface
modifications that may be advantageous for subsequent adhesive procedures. The present
study did not directly evaluate bonding performance, mechanical interlocking, tribological
behavior, or clinical outcomes. Therefore, the observed surface modifications should not be
interpreted as evidence of improved adhesion, micromechanical retention, wear resistance,
or clinical performance. Rather, these findings provide a basis for future studies designed
to determine whether the surface characteristics produced by Er laser irradiation or Al,O3
sandblasting translate into functional benefits. Further investigations should incorporate
direct bond-strength testing, artificial aging, thermocycling, fatigue testing, and tribological
analyses to establish the potential clinical relevance of these surface modifications.

4. Conclusions

Within the limitations of this study, Er laser treatment produced distinct surface
topographic characteristics and the highest mean Sa values among the evaluated groups.
However, the differences in Sa and Sz did not reach statistical significance, and therefore the
present findings do not demonstrate that Er laser treatment is superior to Al,O3 airborne-
particle abrasion or the untreated control in increasing zirconia surface roughness. The
observed differences should be interpreted as descriptive trends in surface modification.
Further studies with larger sample sizes and direct evaluation of functional outcomes are
needed to determine the potential relevance of these surface characteristics.
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