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1.Introduction
Zirconia has become a widely used material in contemporary 

prosthodontics due to its excellent mechanical properties, 
biocompatibility, and improved optical performance. Recent 
developments have further expanded its clinical indications, 

used in dentistry is a yttria-stabilized tetragonal zirconia polycrystal 
(Y-TZP) which exhibits a dense chemically inert, non-porous surface 

Bonding to this surface is a challenging procedure [2].

To overcome these limitations, several surface treatment strategies 
have been proposed, including airborne-particle abrasion, silica coating, 
and the use of functional monomers such as 10-methacryloyloxydecyl 
dihydrogen phosphate (10-MDP). Among these approaches, the 
combination of air abrasion and MDP-based adhesives has shown 
promising results [3–7].

Nevertheless, the bonding performance of zirconia remains highly 
variable and strongly dependent on surface condition, treatment 

protocol, and material composition. In particular, surface contamination 

adhesion by modifying surface chemistry and blocking reactive 
bonding sites [8–11].

Wettability of the conditioned adherent surface is important for the 
bonding of ceramics regardless of the mechanism of bonding, either 
chemical, micromechanical interlocking, or both [12]. One of the ways 
to enhance wettability and thus free surface energy of zirconia inner 
surface is through sandblasting/air particle abrasion. Sandblasting is a 
surface treatment that projects abrasive particles onto a surface under 
pressure to increase surface roughness and modify surface topography. 

Abstract
Objectives: 
composition of zirconia.

Methods: Zenostar zirconia specimens were allocated into three groups: untreated control, airborne-particle abrasion with 110 µm alumina particles followed by 
3-day storage before analysis (laboratory protocol), and airborne-particle abrasion with 50 µm alumina particles evaluated immediately after treatment (chairside 
protocol). Surface free energy was measured using the sessile-drop method with distilled water at 60 s and 180 s. Data were analyzed using two-way ANOVA and 
Tukey’s HSD post-hoc test (

Results: 
in the chairside protocol (50 µm alumina, immediate analysis), followed by the laboratory protocol (110 µm alumina, 3-day storage), with the control group showing 

and yttrium in all groups, while aluminum traces were detected only after airborne-particle abrasion.
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It cleans the zirconia surface, improves bonding values with the adhesive 
due to the increase in its surface energy, wettability, and roughness. 

promotes hydroxylation on the surface of the zirconia, which facilitate 
bonding with adhesives and thereby cause a chemical activation by 
introducing hydroxyl groups that plays a positive role in increasing 

spreading of resin-based materials and facilitates interaction with 
functional monomers such as 10-MDP [13,14].

Sandblasting can be carried out either in the prosthetics laboratory 

devices and abrasive particle sizes commonly used. Laboratory 
procedures are typically performed using larger alumina particles 
and are followed by a period of storage or transportation before 

particles delivered by intraoral micro-sandblasting devices immediately 

performance. Previous studies demonstrated that airborne-particle 

bonding performance, mainly through mechanical testing and surface 
morphological characterization [16].

Research highlights that the behaviour of the zirconia surface 
cannot be explained solely by roughness, but rather by a complex 
interplay between surface morphology, phase transformation, and 
surface chemistry [17,18].

In this context, a more comprehensive understanding of zirconia 
surface behavior requires an integrated evaluation combining surface 
thermodynamics, morphology, and chemical composition within a 
time-dependent experimental framework.

following two clinically relevant airborne-particle abrasion protocols 
representative of laboratory and chairside procedures. Surface free 
energy (SFE) measurements were combined with scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX) analyses to provide a comprehensive physicochemical and 
topographical assessment of the treated surfaces. Although zirconia 

airborne-particle abrasion have been extensively investigated, these 
parameters are generally studied independently. A comprehensive 
approach integrating surface free energy measurements with SEM/
EDX characterization of clinically relevant zirconia surface preparation 
protocols remains underexplored.

or surface morphology, and that airborne-particle abrasion would not 
induce detectable morphological or compositional changes as assessed 
by SEM and EDX.

2. Materials and Methods

stabilized zirconia (Y-TZP) containing zirconium oxide, aluminum 

oxide, and yttrium oxide (6.5–8%). Discs (13 mm in diameter and 
2 mm in thickness) were fabricated by dry machining using a 5-axis 
milling unit (Select Hybrid, Ivoclar-Vivadent / Wieland). No additional 

2.1. Surface free energy measurement

Sample preparation and experimental groups

A total of 30 Zenostar discs were allocated into three groups (n = 
10 per group):

Group I (control): no surface treatment 

Group II (laboratory protocol): airborne-particle abrasion with 

rinsing with distilled water (60 s), drying, and storage for 3 days prior 
to analysis 

Group III (chairside protocol): airborne-particle abrasion with 50 

s), followed by rinsing with distilled water (60 s), drying, and immediate 
analysis 

performed prior to cementation with delayed bonding, whereas Group 
III simulated a chairside procedure performed immediately before 

strategies, in which particle size and post-treatment timing are inherent 

clinical variables, but rather as constituents of two clinically distinct 
protocols.

Surface Energy Measurement

Surface free energy was determined using contact angle 
measurements via the sessile drop technique, in which a droplet of 
liquid is deposited onto the surface and allowed to reach equilibrium. 

reproducibility, and suitability for rough or treated surfaces [19].

Contact angles were measured using a Digidrop system (GBX, 

For each specimen, contact angles were measured ten times per 

Distilled water was used as the probe liquid due to its suitability 
for comparative wettability analysis of ceramic surfaces [20]. Water 
is a polar protic solvent capable of hydrogen bonding with surface 
functional groups.

Statistical analysis

Statistical analysis was performed using two-way analysis of 

(Groups I–III) and measurement time (60 s and 180 s) on surface free 

assessment of two independent factors and their potential interaction, 
while comparing mean values across multiple groups.

Assumptions of normal distribution and homogeneity of variance 
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used for multiple pairwise comparisons to control the family-wise error 

2.2. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy (SEM/EDX) analysis

Surface morphology was evaluated by scanning electron 
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/

= 3 per group), with the disc considered as the statistical unit. For each 

obtained from these areas were averaged to yield a single value per disc. 

×10,000 using a FEI Quanta 250 FEG Scanning Electron Microscope 

an accelerating voltage of 20 kV, using a backscattered electron detector. 
Prior to imaging, specimens were sputter-coated with a 6 nm platinum 
layer under vacuum using a LEICA EM MED020 sputter coater and a 
JEE-420T vacuum evaporator (JEOL Ltd., Tokyo, Japan).

Elemental composition was analyzed using an EDAX Octane 
Elect Plus detector (EDAX Inc., Mahwah, NJ, USA) with EDAX 

atomic percent (at%). For EDX analysis, the disc was considered the 
experimental unit, whereas for morphometric SEM image analysis, 

Quantitative SEM image analysis

SEM images were quantitatively analyzed using Amira-Avizo 

of abrasion-induced impact craters while maintaining a representative 
analyzed surface area.

Only the sandblasted groups (Group II and Group III) were 
included in the morphometric analysis, as the untreated control 
specimens exhibited a smooth and homogeneous surface without 

and calibrated using the SEM scale bar prior to analysis.

Crater segmentation was determined by manually outlining each 
region of interest with the Lasso segmentation tool. All images were 

analyzed using identical segmentation parameters by the same operator 
to minimize inter-sample variability. For each segmented crater, 

 
calculated and expressed as the percentage of the total SEM image area 
occupied by the individual crater.

cumulative crater area was obtained by summing the surface areas 
of all segmented craters within each image and was expressed as the 
percentage of the total image surface, providing an estimation of the 

parameters were averaged per image and subsequently compared 

induced by the two airborne-particle abrasion protocols.

3. Results  
3.1. Surface free energy analysis

Surface free energy (WA) values for the three groups at 60 s and 
180 s are presented in (Table1). Group III (50 µm alumina, immediate 
analysis) showed the highest surface free energy values at both time 
points, followed by Group II (110 µm alumina, 3-day storage), whereas 
the untreated control group (Group I) showed the lowest values. No 

and 180 s within each group, indicating stability of the sessile-drop 
measurements over time. Higher surface free energy values were 
observed in both sandblasted groups compared with the control group.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 
(Version 29, IBM Corp., Armonk, NY, USA). Two-way ANOVA and 

at α = 0.05.

was observed. Tukey’s HSD post-hoc comparisons of surface free 
energy are presented in (Table 3). All pairwise comparisons between 

 

Group Surface condition 60 s (mean ± SD) 180 s (mean ± SD)
I Untreated control 101.8 ± 7.40 104.5 ± 7.81
II

III

Table 1.

Source of variation df Sum of squares Mean square F-value p-value
2 < 0.001
1 1.11
2 18.2 9.1 0.25 0.78

Error 54 19.1 — —

Table 2.



 Volume 11: 4-7Oral Health Care, 2026              doi: 10.15761/OHC.1000211

exhibited the highest surface free energy values, followed by Group II, 
while Group I showed the lowest values.

3.2. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy (SEM/EDX)

SEM observations

a relative smooth and homogeneous surface. In contrast, both 
airborne-particle abrasion protocols produced markedly topographical 

zirconia surface following treatment.

treated with 110 µm alumina particles, with larger impact features and 
more extensive surface disruption compared with Zenostar III treated 

micro-roughened surface pattern with smaller and more uniformly 
distributed surface defects. 
(Figure 2) revealed localized granular-like surface features in several 

removal and partial exposure of the underlying zirconia microstructural 
organization, whereas comparable structures were not observed in 
Zenostar III, which showed a more uniform abrasion pattern. 

Quantitative SEM image analysis

from two-dimensional SEM surface images, quantitative morphometric 
analysis was focused on measurable impact craters. Crater number 
and crater area were therefore selected as reproducible parameters to 

particle abrasion.

Quantitative morphometric analysis performed using Amira-

greater crater dimensions observed in Group II indicate that the use 
of larger alumina particles generated a more energetic impact pattern, 
resulting in larger localized surface defects and a greater proportion of 

Zenostar II showed higher mean crater area values and increased 
impacted surface coverage, whereas Zenostar III exhibited smaller 

pattern. 

induced by airborne-particle abrasion. Statistical analysis using the 

Zenostar II and Zenostar III for all evaluated morphometric parameters 
(p < 0.05). 

EDX analysis

(Table 5). Oxygen (O), yttrium (Y), and zirconium (Zr) were the main 
elements detected in all groups.

Zenostar I (control) showed a composition of 30.78 wt% O, 5.47 
wt% Y, and 63.75 wt% Zr, with no detectable aluminum (Al).

In contrast, Zenostar II and III exhibited the presence of aluminum 
(1.06 wt% and 0.96 wt%, respectively), which was not detected in the 
control group. Minor variations in O, Y, and Zr contents were also 
observed between groups.

4. Discussion  

Comparison 2) p-value
< 0.001 ***
< 0.001 ***

7.05 < 0.01 **

Table 3.

Morphometric parameter p-value
4.0 ± 1.1 0.002
55.8 ± 22.0 <0.001

<0.001
<0.001

Table 4.

Element Zenostar I (control) Zenostar II Zenostar III

Y 5.47 4.55

Al

Table 5.
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properties, as shown by surface free energy (SFE), SEM, and EDX 
analyses. Rather than evaluating isolated variables, the study compared 

conditions.

Importantly, the experimental groups were designed to simulate 

larger alumina particles followed by a delayed evaluation period, and 

distinction allows for a direct comparison of surface behavior under 
clinically relevant timing and procedural constraints.

are consistent with previous studies reporting improved wettability and 
surface reactivity following airborne-particle abrasion due to increased 

abrasion condition (immediate vs 3-day storage) than by short-term 
measurement time or its interaction with particle size.

µm particles, immediate analysis), whereas lower values were recorded 

Figure 1. 

Figure 2. 
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between all groups. Similar trends have been reported in studies 
highlighting the sensitivity of zirconia bonding performance to surface 
condition and timing of adhesive procedures [22].

Interestingly, the laboratory protocol, despite involving larger 
abrasive particles, resulted in lower SFE values than the chairside 

surface energy and that time-dependent surface alterations may play a 

related properties have been previously reported [15,23,12].

Taken together, the results consistently identify post-abrasion aging 

Surface contamination by hydrocarbons and environmental 

reduction of zirconia surface energy over time. Previous studies have 
demonstrated that carbon adsorption decreases surface reactivity and 
may impair bonding performance, while surface cleaning or reactivation 
procedures can partially restore it [24–27]. XPS analyses reported in the 

leading to a reduction in polar components of surface energy [26].

While contact angle measurements at 60 s and 180 s were included 

using dynamic contact angle methods [26].

airborne-particle abrasion appears favorable for maintaining higher 
surface free energy. When delays are unavoidable, additional surface 
cleaning or reactivation procedures may be required to restore zirconia 
surface reactivity, as supported by previous studies on decontamination 

improved wettability and adhesion when zirconia is bonded 

Surface free energy measurements provide valuable insight 
into the wettability and surface reactivity of zirconia; however, they 

SEM and EDX analyses were performed to provide a complementary 
characterization of the treated zirconia surfaces and to better understand 

smooth and homogeneous surface, whereas both sandblasted groups 

morphological alterations were more evident in the 110 µm protocol, 
suggesting that larger particles generate higher impact energy and more 
extensive surface damage compared with 50 µm particles [15,22]. 

Quantitative SEM image analysis further supported these 

larger craters, greater cumulative crater area, and a substantially 

nature of the surface damage generated by particle impact. In addition, 
localized areas displaying a granular microstructural appearance were 

observed in some specimens treated with 110 µm alumina particles. 
 

Similar observations of subsurface damage and microstructural 

it could promote micromechanical interlocking while limiting excessive 
structural damage.

Airborne-particle abrasion has also been reported to generate 
crack-related defects and subsurface discontinuities that may act 
as stress concentration sites. In the present study, the larger alumina 

   dna stcefed ecafrus ekil-kcarc elbisiv decudorp osla locotorp elcitrap
areas displaying a granular microstructural appearance on SEM images. 
Although these features were not included in the quantitative analysis 
due to the limitations of two-dimensional imaging for assessing crack 
depth and morphology, their presence suggests a more extensive 

surface roughness but may also introduce structural defects depending 
on treatment severity [23].

main elements in all groups, while aluminum was detected only in 
sandblasted specimens, indicating partial incorporation of alumina 

and energy.

in surface free energy, suggesting that additional time-dependent 

Within the limitations of this study, airborne-particle abrasion 

procedure itself but also by post-treatment conditions, highlighting the 

From a mechanistic standpoint, zirconia surface behavior appears to 
involve an interplay between surface morphology and time-dependent 
chemical processes rather than surface roughness alone.

In summary, the null hypothesis was rejected, as both clinically 

5. Conclusion

protocol using 50 µm alumina particles and immediate analysis 
produced the highest surface free energy values, whereas the laboratory 
protocol using 110 µm particles resulted in more pronounced surface 
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and bonding procedures may therefore represent an important factor 
in optimizing zirconia surface properties relevant to adhesive bonding.

to this study.
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