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A B S T R A C T

Porcelain chipping in zirconia-based dental restorations remains a major clinical complication. This study 
evaluated the effects of airborne-particle abrasion (APA) and yttria content in zirconia on porcelain–zirconia 
bond strength. Six groups were tested: low-translucency (3Y-TZP) and high-translucency zirconia (4Y-TZP), each 
with or without APA, and APA-treated Co–Cr and Ti–6Al–4V alloys as metal–ceramic references. Bond strength 
was assessed using the Schwickerath test. Interfacial structure and mechanical properties were analyzed by 
scanning and transmission electron microscopy and nanoindentation. APA significantly increased zirconia sur
face roughness but did not improve bond strength. Zirconia composition had no effect on porcelain bonding. 
Bond strength values for porcelain-zirconia (34.0–40.6 MPa) were comparable to those of metal–ceramic sys
tems, lower than Co–Cr (45.5 MPa) but similar to Ti–6Al–4V (37.3 MPa). Microscopy and nanoindentation 
revealed sharp zirconia–porcelain interfaces with pronounced mechanical mismatch and yttrium segregation at 
grain boundaries.

1. Introduction

An ideal dental material combines superior mechanical perform
ance—high flexural strength, fracture toughness, and resistance to crack 
propagation under functional and parafunctional loads—with excellent 
aesthetic qualities, including natural tooth coloration and optimal light 
translucency. However, the mechanical performance of dental materials 
and their aesthetic appearance seem to be inversely correlated. Feld
spathic dental porcelains offer excellent aesthetics, biocompatibility, 
and resistance to compressive forces; however, their low tensile strength 
makes them prone to fracture under shear or tensile loads [1]. Highly 
aesthetic feldspathic porcelains are thus combined with high-strength 
dental materials like metal alloys and zirconia-based ceramics to meet 
both mechanical and aesthetic requirements for prosthetic restorations.

The success of fixed dental prostheses (FDPs) and other indirect 

restorations critically depends on the reliable bonding of veneering 
porcelain to the underlying substrate. Metal–ceramic systems have long 
been considered the gold standard due to their predictable mechanical 
performance and durable chemical bonding through oxide layers formed 
on the metal surface [2–4]. Cobalt–chromium (Co–Cr) alloys, in 
particular, exhibit high bond strength with porcelain, facilitated by 
micromechanical interlocking and chemical bonding at the oxide–cer
amic interface [5]. In contrast, titanium-based alloys, such as Ti-6Al-4V, 
present challenges for porcelain veneering due to the formation of thick, 
brittle oxide layers and a high affinity for oxygen, which can compro
mise interfacial bonding [6,7].

Zirconia-based ceramics have emerged as a widely used alternative 
to metal frameworks in modern restorative dentistry due to their high 
strength, biocompatibility, and favorable aesthetics [8,9]. 
Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) are the most 
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commonly used variants, with 3 mol% yttria (3Y-TZP) providing high 
strength and low translucency, while higher yttria contents (4Y-TZP, 
5Y-TZP) increase translucency at the cost of reduced fracture toughness 
[10–14]. To achieve the best aesthetic results and natural appearance, 
zirconia-based ceramics are often combined with glaze [15] or feld
spathic porcelain. However, zirconia is chemically inert and lacks a 
silica-based glass phase, limiting its ability to chemically bond to feld
spathic porcelain. As a result, mechanical retention and interfacial 
compatibility become the primary determinants of bond performance 
[16].

Surface treatments, such as airborne-particle abrasion (APA), are 
commonly employed to enhance substrate roughness and promote 
micromechanical interlocking with veneering porcelain. While APA has 
been shown to significantly improve bond strength in metal–ceramic 
systems [17,18], its effect on zirconia is less straightforward. APA can 
induce surface roughening, leading to enhanced porcelain bonding [16], 
but also generates surface defects and phase transformations [19,20], 
which may negatively affect interfacial integrity and bond durability 
[21,22]. Moreover, the impact of zirconia composition, specifically 
yttria content, on porcelain bonding remains incompletely understood. 
Recent studies suggest that differences in phase composition and me
chanical behavior between 3Y-TZP and 4Y-TZP may influence surface 
response to APA, but their clinical significance for veneering porcelain 
remains unclear [10,23].

Clinical outcomes from long-term evaluations of FDPs indicate that 
zirconia-based restorations can achieve high survival rates similar to 
conventional metal–ceramic systems, even though differences in tech
nical complications, especially veneering ceramic chipping, have been 
observed. In a randomized clinical trial of three-unit posterior FDPs, 
zirconia and metal–ceramic restorations exhibited equivalent 100% 
survival at 5 years, but zirconia was associated with a higher incidence 
of minor chipping (up to 20%) despite similar periodontal outcomes 
between the groups [24]. Retrospective data over 10 years showed 
comparable survival among high noble, Co–Cr, and zirconia FDPs, 
though metal systems demonstrated higher chipping-free survival and 
overall success rates, suggesting more stable veneering performance 
over longer service times [25]. Medium-term clinical assessments of 
zirconia vs metal–ceramic posterior FDPs have also reported similar 
survival rate, with only minor veneer chipping as the primary technical 
issue for zirconia [26]. Five-year survival rates of zirconia restorations 
frequently approximate those of metal-ceramics, though technical 
complications such as veneer fracture are more prevalent with ceramic 
frameworks [27]. These clinical findings highlight the need to better 
understand the material- and treatment-dependent factors that govern 
porcelain bonding and veneering reliability. Thus, a comprehensive 
understanding of the interplay between zirconia composition, surface 
treatment, and porcelain bond strength is essential.

Several studies have compared the bond strength of porcelain to 
metals versus zirconia. Metal–ceramic systems consistently show higher 
bond strength compared to zirconia–porcelain systems, under labora
tory conditions [8,28,29]. Furthermore, bond strength testing in the 
literature has employed a variety of methods, including shear, 
micro-shear, and three-point bending tests, often resulting in incompa
rable outcomes due to differences in specimen geometry, loading con
ditions, and stress distributions. In this study, porcelain-to-substrate 
bond strength was evaluated according to the ISO 9693:2019 standard, 
which provides a rigorous, internationally recognized framework for 
compatibility testing of metal–ceramic and ceramic–ceramic systems 
[30].

The main goal of the study was to achieve a more reliable compar
ative assessment of the influence of the substrate material on the bond 
strength in both metal-ceramic and ceramic-ceramic systems. In addi
tion, the effects of APA and zirconia composition (3Y-TZP vs. 4Y-TZP) on 
surface roughness and porcelain bond strength were investigated. 
Detailed microstructural and mechanical characterization of the in
terfaces was also performed to better understand the underlying 

mechanisms of porcelain–zirconia adhesion.

2. Materials and methods

Rectangular CAD specimens were designed using exocad DentalCAD 
software (exocad GmbH, Darmstadt, Germany) according to the 
dimensional requirements of ISO 9693:2019. Six experimental groups 
were defined based on substrate material and surface treatment. The 
zirconia groups (n = 12 specimens per group) consisted of high- 
translucency zirconia (4Y-TZP) and low-translucency zirconia (3Y- 
TZP), each prepared with or without APA. The metal reference groups (n 
= 10 specimens per group) were APA-treated cobalt–chromium (Co-Cr) 
and titanium (Ti-6Al-4V) alloys. Chemical compositions and materials 
properties are listed in Table 1.

Zirconia substrates were fabricated by CNC milling using a Ceramill 
micro unit (Amann Girrbach GmbH, Pforzheim, Germany) and subse
quently sintered at 1450 ◦C for 2 h with a heating rate of 8 ◦C/min in a 
Ceramill Therm furnace (Amann Girrbach GmbH). Co-Cr and Ti-6Al-4V 
substrates were produced by CNC milling using an Arrow Mill Beluga 
unit (DENTAS l.l.c., Maribor, Slovenia). All specimens were manufac
tured to final dimensions of 25 × 3 × 0.5 mm, in compliance with ISO 
9693:2019 standard.

Surface preparation was performed as follows. Zirconia groups (3Y- 
TZP, 4Y-TZP) were left as-milled, or airborne-particle abraded with 50 
µm Al₂O₃ particles (Korox; BEGO GmbH & Co. KG, Bremen, Germany). 
Co–Cr and Ti-6Al-4V specimens were airborne-particle abraded with 
110 µm Al₂O₃ particles (Korox; BEGO GmbH & Co. KG, Bremen, Ger
many). The alumina particle size was determined according to previous 
data [17,21,31–33]. All APA procedures were carried out for 10 s at a 
pressure of 0.2 MPa and a 45◦ incidence angle. All specimens were 
subsequently steam-cleaned and allowed to dry. An overview of the 
experimental groups is provided in Table 1.

Surface roughness characterization was conducted on randomly 
selected specimens from each group before porcelain application. Three 
profilometric measurements, each 3 mm in length, were obtained using 
a contact profilometer (Talysurf 10; Taylor Hobson Ltd., Leicester, UK), 
and the average surface roughness (Ra) values were calculated for each 
group.

Feldspathic porcelain was applied centrally to each substrate over an 
area measuring 8 mm in length, 3 mm in width, and 1.1 mm in thickness, 
in accordance with ISO 9693:2019 (Fig. 1). To minimize handling 
variability and ensure consistent porcelain geometry, all specimens were 
positioned in a custom-designed stainless-steel holder during porcelain 
application. In accordance with manufacturer guidelines and estab
lished clinical protocols, different veneering porcelains were used for 
Co–Cr, Ti–6Al–4V, and zirconia to ensure substrate-specific compati
bility in the coefficient of thermal expansion (CTE) and firing conditions, 
minimizing interfacial residual stresses and the risk of veneer failure 
[34,35]. A fine-structure feldspathic porcelain adapted to zirconia 
frameworks (VITA VM9; VITA Zahnfabrik, Bad Säckingen, Germany) 
was applied to both 3Y-TZP and 4Y-TZP zirconia substrates. A base 
dentin wash-bake was performed, followed by two dentin porcelain 
layers and a final glaze firing. For Co-Cr substrates, a conventional 
low-fusing feldspathic porcelain (VITA VMK Master; VITA Zahnfabrik) 
was used, while Ti-6Al-4V substrates received an ultra-low-fusing por
celain formulated for titanium (Ceramotion Ti; Dentaurum, Ispringen, 
Germany), with adjusted firing temperatures and a reduced coefficient 
of thermal expansion to match titanium. For the metal groups, a wash 
paste (Co-Cr) or bonding agent (Ti-6Al-4V) was applied and fired prior 
to the opaque layer, followed by two dentin layers (with the second 
compensating for firing shrinkage) and glaze firing. All porcelain firings 
were carried out in a Vita Vacumat 6000 M furnace (VITA Zahnfabrik) 
using firing schedules recommended by the manufacturers.

For each zirconia experimental group, 12 specimens were prepared. 
Ten porcelain–zirconia specimens were used for bond strength testing. 
The remaining specimens in each group were assigned to additional 
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analyses: one randomly selected specimen per group was used for me
chanical and microstructural characterization of the interface by nano
indentation and field-emission scanning electron microscopy (FE-SEM), 
and one randomly selected specimen per group was used for further 
transmission electron microscopy (TEM) analyses. All metal–ceramic 
specimens (n = 10 per group) were subjected to bond strength testing.

Porcelain–substrate bond strength was evaluated using the 
Schwickerath crack-initiation three-point bending test in accordance 
with ISO 9693:2019 [30]. Specimens were supported over a 20 mm span 
and loaded with a 2 mm-diameter piston at a crosshead speed of 1.5 
mm/min in a universal testing machine (Instron 4301; Instron Corp., 
Norwood, MA, USA) until crack initiation occurred (Fig. 2). The 
maximum load prior to a sudden drop in the load–deflection curve was 
recorded as the debonding force (F). Flexural bond strength values 
(MPa) were calculated using the ISO-prescribed equationτb = F × k, 
with the coefficient k determined based on substrate thickness (0.5 ±

0.05 mm) and Young’s modulus of elasticity, as specified in ISO 9693.
For the zirconia specimens, in addition to macroscopic bond strength 

testing, local mechanical properties across the porcelain–substrate 
interface were assessed by nanoindentation. Measurements were per
formed using a Hysitron TI/TS-140 nanoindenter (Bruker, Minneapolis, 
MN, USA) equipped with a Berkovich diamond tip and operated in fast 
XPM (accelerated property mapping) mode. Due to the rapid acquisition 
of XPM, a smaller scanned area and reduced indentation spacing were 
used compared to conventional grid-based nanoindentation.

The interface regions of the prepared cross-sectioned specimens were 
scanned over an area of 36 × 36 µm using the scanning capability of the 
indenter transducer. A grid of 19 × 19 indents with an inter-indent 
spacing of 2 µm was selected to minimize interaction effects between 
adjacent indentations. Nanoindentation measurements were conducted 
directly across the porcelain–substrate interface by applying a maximum 
load of 5 mN. The loading protocol consisted of linear loading for 0.1 s, 

Table 1 
Specification of groups and substrate materials used in this study.

Substrate Material type General composition of the substrate [wt 
%] a

CTE a, b

[x10− 6 

K− 1]

EM 

[GPa] a
Brand name and manufacturer Surface 

preparation
Group

Co-Cr Co-Cr alloy (milling 
blank)

Co (60.5), Cr (28), W (9), Si (1.5), Other: 
Mn, N, Nb, Fe (< 1%)

14.1 230 Remanium Star MD I (Dentaurum 
GmbH & Co. KG, Ispringen, 
Germany)

APA Co-Cr 
APA

Ti-6Al- 
4V

Ti-6Al-4V alloy (milling 
blank)

Ti-6Al-4V alloy: Ti (>90), Al (5.5–6.75), 
V (3.5–4.5), Other (<0.4)

10.3 110 Zanotec Ti (Wieland Dental +
Technik GmbH & Co KG, 
Pforzheim, Germany)

APA Ti-6Al- 
4V APA

3Y-TZP Low translucent zirconia 
oxide (pre-sintered 
blanks)

ZrO2 + HfO2 + Y2O3 (≥ 99), Y2O3 (4.5 – 
5.6), HfO2 (≤ 5), Al2O3 (≤ 0.5), SiO2 +

Fe2O3 < 0.5

10.4 ±
0.5

≥ 200 Ceramill Zi white (Amann Girrbach 
GmbH, Pforzheim, Germany

AM 3Y-TZP 
AM

APA 3Y-TZP 
APA

4Y-TZP Highly translucent 
zirconia oxide (pre- 
sintered blanks)

ZrO2 + HfO2 + Y2O3 (≥ 99), Y2O3 (6.7 – 
7.2), HfO2 (≤ 5), Al2O3 (≤ 0.5), Other 
oxides (≤ 1)

10.4 ±
0.5

≥ 200 Ceramill Zolid HT+ white (Amann 
Girrbach GmbH, Pforzheim, 
Germany)

AM 4Y-TZP 
AM

APA 4Y-TZP 
APA

Abbreviations: CTE – Coefficient of Thermal Expansion; EM- Young’s modulus of elasticity, APA – airborne-particle abrasion, AM – As-milled.
a As provided by the manufacturer.
b In the range 25–500 ◦C.

Fig. 1. The zirconia–porcelain specimens were prepared in accordance with ISO 9693:2019.

Fig. 2. (a) The porcelain-to-metal and porcelain-to-zirconia ceramics bond strengths were assessed with the Schwickerath crack-initiation three-point bending test, 
as recommended by ISO 9693:2019; (b) load–deflection curve assessing the debonding force as a first maximal load prior to a sudden drop.
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followed by a 0.1 s holding segment, and linear unloading over 0.1 s. The 
resulting load–displacement data were used to assess spatial variations 
in mechanical properties across the interface.

Interfacial morphology and elemental distribution were examined 
using field-emission scanning electron microscopy (FE-SEM; Jeol JSM- 
7600F, Jeol Ltd., USA) coupled with energy-dispersive spectroscopy 
(EDS) line scans (22 µm length, 15 kV accelerating voltage, 15 mm 
working distance).

Additional transmission electron microscopy (TEM) combined with 
EDS analyses was conducted to further characterize the elemental dis
tribution across the porcelain–zirconia interface. For bulk TEM analysis, 
selected zirconia samples were sectioned into 1.8 × 1.8 mm blocks and 
mounted in 3 mm brass holders using epoxy resin. Specimens were 
mechanically thinned to approximately 100 µm, dimpled to ~15 µm at 
the center, and finally ion-milled (PIPS; Gatan Inc., USA) using 3 kV Ar⁺ 
ions at an 8◦ incidence angle until perforation.

Scanning TEM (STEM) was performed using a probe-corrected 
Spectra 300 S/TEM (Thermo Fisher Scientific, Waltham, MA, USA) 
operated at 200 kV. High-angle annular dark-field (HAADF) and bright- 
field images were acquired, and elemental mapping was conducted 
using energy-dispersive spectroscopy. Data acquisition and post- 
processing were carried out using Velox software (v. 3.15).

Statistical analyses of bond strength and surface roughness data were 
performed using SPSS Statistics version 22 (IBM Corp., NY, USA). Data 
normality and homogeneity of variance were assessed using the Sha
piro–Wilk and Levene tests, respectively. One-way ANOVA, followed by 
Tukey’s HSD post hoc test, was employed to evaluate the effects of 
different substrates on surface roughness and their bond strength with 
porcelain. The significance level was set at α = 0.05. In addition, a two- 
way ANOVA was performed for zirconia specimens to assess the effects 
of zirconia composition (3Y-TZP vs. 4Y-TZP) and surface treatment 
(APA vs. no APA), as well as their interaction, on surface roughness and 
porcelain–zirconia bond strength.

3. Results

Mean surface roughness values (Ra) and porcelain-to-substrate bond 
strength values for all experimental groups are summarized in Table 2. 
One-way ANOVA revealed significant differences in surface roughness 
among the substrate groups (F(5,12) = 45.54, p < 0.001). The metal alloys 
(Co–Cr and Ti-6Al-4V) exhibited significantly higher Ra values than the 
zirconia ceramics, regardless of zirconia composition or surface treat
ment. Among zirconia substrates, APA significantly increased surface 
roughness compared with untreated surfaces.

Two-way ANOVA performed on the four zirconia groups revealed 
statistical differences (F(3, 8) = 9.77, p = 0.005). APA had a highly 

significant effect on surface roughness (p = 0.001). In contrast, zirconia 
composition (3Y-TZP vs. 4Y-TZP) did not significantly influence Ra (p =
0.189). The interaction between APA and zirconia composition was also 
not significant (p = 0.826), indicating that the roughening effect of APA 
was consistent across both zirconia compositions.

One-way ANOVA revealed a significant effect of substrate type on 
porcelain-to-substrate bond strength (F(5,54) = 4.58, p = 0.001). Post hoc 
comparisons using Tukey’s HSD test identified distinct statistical 
groupings among the experimental conditions (Table 2). Co–Cr sub
strates exhibited the highest bond strength values, with no significant 
differences compared to as-milled zirconia substrates (3Y-TZP and 4Y- 
TZP). Bond strength values for as-milled zirconia fell between those of 
Co–Cr and Ti-6Al-4V, although the differences were not statistically 
significant. In contrast, APA-treated zirconia and Ti-6Al-4V substrates 
exhibited significantly lower bond strength values than Co–Cr.

The two-way ANOVA model evaluating the effects of zirconia 
composition (3Y-TZP vs. 4Y-TZP) and surface treatment (APA vs. no 
APA), as well as their interaction, on porcelain–zirconia bond strength 
was not statistically significant (F(3, 36) = 2.10, p = 0.118). Furthermore, 
neither the main effect of zirconia composition (p = 0.241) nor the 
interaction between APA and composition (p = 0.796) reached statis
tical significance. Although the main effect of APA yielded a significant 
p-value (p = 0.035), this result should be interpreted with caution given 
the non-significant overall model. Numerically, slightly lower bond 
strength values were observed following APA (3Y-TZP: 38.75 → 34.01 
MPa; 4Y-TZP: 40.55 → 36.82 MPa).

Young’s modulus and hardness, measured by nanoindentation, 
revealed pronounced differences between the zirconia substrates and 
the porcelain layer. The microstructure image shows that the porcelain 
has thoroughly wetted the surface (Fig. 3). The interface appears 
continuous and uniform, with no visible voids or lunkers. There were no 
signs of porosity, gaps, or interfacial defects, indicating intimate contact 
between the porcelain and the substrate. Zirconia exhibited substan
tially higher stiffness, with Young’s modulus values of approximately 
200 GPa, as well as higher hardness compared with the overlying por
celain. These trends were consistent for both zirconia compositions and 
surface treatments.

Representative SEM micrographs and EDS line-scan profiles of the 
porcelain–zirconia interfaces are shown in Fig. 4. All specimens 
exhibited continuous, pore-free interfaces without evidence of interfa
cial cracking or delamination. EDS line profiles revealed a gradual, but 
relatively sharp elemental transition from zirconia to porcelain, char
acterized by decreasing Zr and Y signal intensities toward the porcelain 
and a concomitant increase in Si, O, and Al signals. Important to note is 
difference in concentration of Al and Si within the bulk of zirconia. 
According to the manufacturer, Al2O3 content is ≤ 0.5 wt% (Table 1), 
which means the content of Si is even higher. The resulting sigmoidal 
intensity–distance profiles indicate a chemically well-defined but 
continuous interface.

STEM–EDS analysis (Fig. 5) provided higher-resolution insight into 
elemental distribution across the interface. Zirconium was confined to 
the zirconia substrate and was uniformly distributed within individual 
zirconia grains, consistent with the polycrystalline nature of the mate
rial. In contrast, yttrium exhibited a non-uniform distribution, with 
enrichment at grain boundaries and triple junctions. The porcelain layer 
was dominated by silicon-based phases. EDS line profiles confirmed a 
relatively sharp transition between zirconia and porcelain, with 
decreasing Zr and Y signals and increasing Si and Al signals toward the 
porcelain. As observed in Fig. 4, the amount of Si in the zirconia bulk is 
significantly higher (up to 10-times) than that of Al.

4. Discussion

This study evaluated the effects of APA and zirconia composition on 
surface roughness and porcelain–zirconia bond strength. APA-treated 
zirconia exhibited lower bond strength than Co–Cr, whereas untreated 

Table 2 
Mean values and standard deviations for the surface roughness [Ra] of different 
substrates, together with porcelain-to-metal and porcelain-to-zirconia ceramics 
bond strengths.

Group Substrate 
preparation

Ra (µm), n = 3/ 
group

Bond strength (MPa), n =
10/group

Co-Cr APA APA 1.05 ± 0.11 a 45.54 ± 6.07 A

Ti-6Al-4V 
APA

APA 1.27 ± 0.17 a 37.33 ± 4.12 B

3Y-TZP AM AM 0.28 ± 0.07 c 38.75 ± 5.90 A, B

3Y-TZP 
APA

APA 0.50 ± 0.06 b, c 34.01 ± 6.10 B

4Y-TZP AM AM 0.34 ± 0.09 b, c 40.55 ± 7.91 A, B

4Y-TZP 
APA

APA 0.57 ± 0.08 b 36.82 ± 3.80 B

Values marked with the same letters in the column do not differ significantly 
from each other (Tukey’s HSD test, α=0.05).
APA – airborne-particle abrasion.
AM – as milled.
n – number of specimens.
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zirconia showed comparable bond strength to both metal substrates. 
APA significantly increased zirconia surface roughness but did not 
improve porcelain bond strength. Zirconia composition (3Y-TZP vs. 4Y- 
TZP) had no effect on porcelain bonding.

To provide a clinically relevant perspective on zirconia–porcelain 
bond strength, Co–Cr and Ti-6Al-4V alloys were included as reference 
substrates. Co–Cr alloys represent a well-established and clinically 
reliable substrate for porcelain veneering [2–4]. In contrast, porcelain 
bonding to titanium alloys is more challenging due to its high oxygen 
affinity and formation of thick, non-adherent oxide layers during firing, 
which can reduce the bond strength [6,36–38]. Accordingly, the 
Ti-6Al-4V group was therefore included as a comparative control rep
resenting a less favorable porcelain–metal bonding substrate.

APA is a well-established method for preparing metal substrates 
prior to porcelain veneering, as it increases surface roughness and pro
motes micromechanical interlocking at the metal–ceramic interface 
[17]. Accordingly, APA-treated Co–Cr and Ti-6Al-4V alloys were 
included in this study, in line with clinical practice and evidence 
showing that APA is essential for reliable porcelain–to-metal bonding [5,
6,18,36]. APA Ti-6Al-4V showed higher surface roughness compared 
with APA Co–Cr, however, the difference did not reach statistical sig
nificance. This observation aligns with titanium’s lower hardness and 
elastic modulus, which can promote increased plastic deformation under 
identical APA conditions and lead to more pronounced surface rough
ness [39,40]. Furthermore, titanium alloys form a relatively thick, 
brittle oxide layer on the surface that can crack or spall under blasting, 

Fig. 3. Microstructural and nanomechanical characterization of zirconia–porcelain interfaces for untreated (AM) and airborne-particle abraded (APA) zirconia. In 
each row, the first image shows a representative optical micrograph of the interface, the second a Young’s modulus map obtained by nanoindentation, and the third 
the corresponding hardness map. Rows correspond to 3Y-TZP AM, 4Y-TZP AM, 3Y-TZP APA, and 4Y-TZP APA. The micrographs show a continuous interface between 
porcelain (P) and zirconia (Z) without visible pores or voids. Zirconia exhibits higher Young’s modulus (~150–240 GPa) and hardness (~12–20 GPa) than porcelain 
(~10–60 GPa and ~0.5–7 GPa, respectively), with a sharp mechanical transition across the interface and minor localized heterogeneities within the porcelain layer.
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further increasing micro‑pitting and surface roughness, while Co–Cr 
forms a harder, more adherent oxide that resists fracture and limits 

surface roughness [5,6].
When the APA protocol was applied to zirconia, the resulting surface 

Fig. 4. SEM micrographs of the interfaces between dental porcelain and 3Y-TZP ceramics (a) or 4Y-TZP ceramics (b). Line-scan EDS profiles illustrate the variation in 
elemental composition from the zirconia substrate (1) to the porcelain layer (2). Curves of intensity (arbitrary units, counts per second) versus distance (µm) for each 
element are shown in different colors. The x- and y-axes have been omitted for clarity. The line scans provide qualitative information on the elemental distribution 
across the zirconia–porcelain interface.

Fig. 5. STEM–EDS analysis provided higher-resolution insight into elemental distribution across the interface.
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characteristics differed markedly. Both metal alloys exhibited substan
tially higher surface roughness than zirconia ceramics, irrespective of 
zirconia composition (3Y-TZP and 4Y-TZP) or surface treatment. Spe
cifically, APA-treated Ti-6Al-4V and Co–Cr showed Ra values of 1.27 ±
0.17 µm and 1.05 ± 0.11 µm, respectively, whereas APA-treated zirco
nia reached only 0.50–0.57 µm. These differences could be related to the 
mechanical properties of the substrates. Namely, metals are more ductile 
than zirconia and deform plastically under abrasive impact, producing 
deeper surface grooves and higher roughness values, while zirconia is 
brittle and undergoes primarily micro-fracturing rather than plastic 
deformation during APA [5,41].

Furthermore, the particle size used in APA may confound differences 
in surface roughness. Metals were airborne-particle abraded with 110 
µm Al₂O₃ particles in this study, whereas zirconia substrates were treated 
with smaller, 50 µm, particles, according to established evidence and 
clinical guidance [17,21,31–33,36]. Larger particles generate higher Ra 
values, particularly in ductile substrates such as Co–Cr and Ti‑6Al‑4V 
[42]. They also reduce residual alumina on the surface, enhancing 
micromechanical interlocking with porcelain [31]. Employing larger 
alumina particles appears to be beneficial for the metals, however, for 
zirconia, larger particles are reported to generate more pronounced 
stress‑induced tetragonal to monoclinic phase transformation [8,9,21,
32,33]. Specifically, monoclinic phase content has been reported to rise 
from 26% when abraded with 50 μm alumina to 40% with 110 μm and 
56% with 250 μm particles [33]. This excessive initial transformation is 
detrimental as it exhausts the material’s capacity for transformation 
toughening, thereby limiting its ability to arrest crack propagation 
under subsequent functional stresses. APA with larger particles may also 
cause distortion of the tetragonal phase and trigger ferroelastic domain 
switching [43], resulting in the formation of surface irregularities and 
subsurface microcracks. Such defects significantly degrade the fracture 
strength and toughness of zirconia, potentially compromising the ho
mogeneity and integrity of the veneering interface [16,21,22,33,44–46]. 
In light of this evidence, Passos et al. [21] and Kim et al. [32] advocated 
for APA with alumina particles no larger than 50 µm. This protocol in
duces optimal phase transformation while minimizing subsurface dam
age that could compromise material strength and interfere with the 
stability of the porcelain-zirconia bond.

In this study, APA significantly increased the surface roughness (Ra) 
for both zirconia types compared to intact surfaces (3Y-TZP: 0.28 → 0.50 
µm; 4Y-TZP: 0.34 → 0.57 µm), consistent with previous reports [16,
47–50]. No significant differences were observed between 3Y-TZP and 
4Y-TZP after APA, although 4Y-TZP exhibited slightly higher roughness. 
This trend may be related to the higher yttria content of 4Y-TZP, which 
increases the cubic phase fraction, reduces transformation toughening, 
and lowers flexural strength and fracture toughness [9]. As a result, 
higher yttria-stabilized zirconias may exhibit a more brittle response to 
abrasive treatment, potentially promoting micro-fracturing and more 
pronounced topographical irregularities despite reduced phase trans
formation [10,23].

However, nanoindentation hardness and elastic modulus mapping 
(Fig. 2) revealed no differences between untreated and APA-treated 3Y- 
TZP–porcelain and 4Y-TZP–porcelain interfaces. This indicates that the 
phase transformation effects discussed above are not detectable at the 
nanoindentation scale, and that the maps primarily reflect the intrinsic 
mechanical contrast between zirconia and porcelain. Localized low- 
hardness regions observed within the porcelain layer were likely asso
ciated with voids formed during the veneering process. Nanoindentation 
mapping further revealed a pronounced mechanical mismatch across 
the zirconia–porcelain interface, with zirconia exhibiting substantially 
higher stiffness and hardness than porcelain. Similar gradients in elastic 
modulus and hardness have been reported previously and are consid
ered critical factors influencing stress distribution and crack initiation at 
ceramic–ceramic interfaces [51].

To assess whether APA influenced adhesive performance, porcelain- 
zirconia bond strength was evaluated. APA of the zirconia substrates 

failed to increase the porcelain bond strength. Numerically, even lower 
bond strength values were observed after APA (3Y-TZP: 38.75 → 34.01 
MPa; 4Y-TZP: 40.55 → 36.82 MPa). Thus, the results do not support any 
beneficial effect of APA on porcelain bonding. These observations are 
consistent with previous reports suggesting that APA does not consis
tently improve zirconia-veneer bonding and may not always benefit 
zirconia veneering when microdamage outweighs micromechanical 
gains [46,49,52–54]. In addition, the tetragonal-to-monoclinic trans
formation induced by APA in zirconia also affects the veneering porce
lain due to the difference in coefficients of thermal expansion (CTE): the 
monoclinic phase has a CTE of 7.5 × 10⁻⁶/ ◦C, whereas the tetragonal 
phase has a CTE of 10.8 × 10⁻⁶/ ◦C [16]. Strong discrepancies in CTE 
between porcelain and zirconia cause the two materials to contract at 
considerably different rates during cooling from porcelain firing tem
peratures, thereby generating high residual stresses at the interface, 
which can lead to delamination of the porcelain from the zirconia sub
strate [55]. Additional heat treatment after APA has been proposed to 
reverse the t→m transformation and relieve compressive stresses, 
potentially reducing surface damage [56,57]; however, it does not 
repair micro-cracks [8].

In addition to surface treatment, zirconia composition has been 
proposed as a potential factor influencing porcelain–zirconia bond 
strength. To our knowledge, this is the first in vitro study to directly 
investigate the effect of yttria content (3Y-TZP vs. 4Y-TZP) on porcelain 
bonding. However, no significant differences in surface roughness or 
bond strength were observed between the two zirconia types, indicating 
that yttria content did not have a detectable impact under the conditions 
tested. To further explore the potential microstructural differences at the 
bonding interface, SEM and TEM analyses were performed, com
plemented by EDS line scans.

Representative micrographs revealed coherent, pore-free interfaces 
with relatively sharp chemical transitions between zirconia and porce
lain, consistent with limited interdiffusion during porcelain firing [58,
59]. However, the higher Si content detected in the zirconia bulk, 
exceeding the manufacturer’s specified values (Table 1), may indicate 
diffusion of Si from the porcelain layer into the zirconia during porcelain 
firing. STEM–EDS further demonstrated yttrium segregation at zirconia 
grain boundaries, particularly in 3Y-TZP, without evidence of yttrium 
diffusion into the porcelain layer. Such segregation is known to influ
ence grain-boundary chemistry, oxygen vacancy distribution, and 
diffusion behavior [60–62], but in this study, it did not translate into 
measurable differences in bond strength. Although yttrium enrichment 
at intergranular regions may indirectly influence interfacial bonding 
through effects on local stress relaxation, oxide stability, and thermal 
compatibility during porcelain firing, these observations support the 
conclusion that mechanical bonding, rather than chemical interaction, 
dominates the zirconia–porcelain interface.

Variations in yttria content between 3Y- and 4Y-TZP are unlikely to 
influence adhesive performance under standard firing and surface 
preparation protocols. Although the exact chemical nature of the 
porcelain–Y-TZP bond remains partly unclear, the minimal evidence for 
chemical interaction emphasizes that mechanical retention is predomi
nant. Therefore, factors such as zirconia surface topography and the 
wetting properties of veneering porcelain are essential for achieving 
optimal bonding [63–65]. Additionally, thermal compatibility between 
porcelain veneers and Y-TZP ceramic cores has been identified as a 
crucial factor for clinical durability [66]. The low thermal conductivity 
of zirconia facilitates heat accumulation during cooling from firing 
temperatures, resulting in high residual tensile stresses at the porce
lain–zirconia interface [55]. These stresses remain within the structure 
and may interact with functional stresses from mastication, thereby 
increasing the risk of porcelain delamination or chipping [67].

The observations from this study show that the effects of APA are 
substrate-specific: while APA enhances metal–ceramic bonding, it failed 
to improve the porcelain-zirconia bond strength. While the variable 
grain sizes between groups (50 µm for zirconia vs. 110 µm for metals) 
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introduce a confounding factor for direct comparison and pose a 
methodological limitation, this protocol was prioritized to maintain 
clinical relevance. Utilizing coarser particles on zirconia exhausts its 
transformation toughening capacity and risks structural degradation; 
thus, substrate-specific APA was essential to evaluate the interfaces 
under their respective clinically optimized conditions [21,32]. These 
findings collectively support a cautious approach to APA prior to por
celain veneering, aligning with manufacturer recommendations that 
generally advise against aggressive abrasion for zirconia to avoid surface 
defects and compromised bond durability [68–71].

In conclusion, the increased surface roughness (Ra) produced by APA 
on zirconia substrates did not result in improved porcelain bond strength 
compared with untreated controls, highlighting that surface roughness 
alone is an insufficient predictor of interfacial bonding without ac
counting for surface topography quality, microstructural phase compo
sition, and potential APA-induced defects, which may play a critical 
role. Further, chemical bonding contributes more substantially to por
celain adhesion in metal–ceramic systems, likely explaining the higher 
bond strength of Co–Cr (45.54 ± 6.07 MPa), consistent with well- 
established clinical outcomes. This is due to the formation of a reac
tive, adherent oxide layer that enhances adhesion. In contrast, Ti-6Al-4V 
forms a brittle oxide that contributes less to bonding, and zirconia is 
largely chemically inert, lacking a silica-based glass phase, which limits 
its ability to form chemical bonds with veneering porcelain [72].

In accordance with porcelain manufacturer guidelines and estab
lished clinical protocols, different veneering porcelains were used for 
Co–Cr, Ti–6Al–4V, and zirconia to ensure substrate-specific compati
bility in the CTE and firing conditions, minimizing interfacial residual 
stresses and the risk of veneer failure [34,35]. The use of different 
porcelains across groups introduces a confounding factor that limits 
direct comparison between materials and represents a methodological 
limitation of this study. Despite this, the approach was intentionally 
adopted to preserve clinical relevance and reflect real-world restorative 
practices.

Despite these material-dependent differences, the bond strength 
values recorded between dental porcelain and zirconia-based ceramics 
were comparable to those of the metal-ceramic systems and even slightly 
higher than the bond strength between dental porcelain and Ti-6Al-4V 
(37.33 ± 4.12 MPa). The weakest porcelain bonding was observed for 
Ti-6Al-4V and APA-treated zirconia substrates. In general, the strengths 
of the porcelain bonds to each Co-Cr, Ti-6Al-4V, 3Y-TZP, and 4Y-TZP 
(APA and non-APA) substrates were well above the minimal ISO 
9693:2019 recommended values [30]. Accordingly, despite the recor
ded differences in bond strength values, all the investigated systems 
provide a sufficiently reliable bond for clinical application.

5. Conclusions

Within the limitations of this study, the following conclusions can be 
drawn: 

1. The highest porcelain bond strength was observed for Co–Cr, 
whereas Ti–6Al–4V and APA-treated zirconia showed the lowest 
values; however, all tested systems exceeded the minimum bond 
strength requirement specified in ISO 9693:2019 and are therefore 
considered clinically acceptable.

2. APA increased the surface roughness of both 3Y-TZP and 4Y-TZP; 
however, it did not improve porcelain–zirconia bond strength.

3. Variations in yttria content in zirconia did not significantly affect 
porcelain–zirconia bond strength.

4. Nanoindentation and microscopic analyses revealed a pronounced 
mechanical mismatch and sharp, coherent interfaces between zir
conia and porcelain, with yttrium segregated at grain boundaries.

CRediT authorship contribution statement

Maja Antanasova: Writing – original draft, Visualization, Method
ology, Investigation, Formal analysis, Data curation, Conceptualization. 
Tine Malgaj: Writing – review & editing, Visualization, Project 
administration, Methodology, Data curation. Sandra Drev: Writing – 
review & editing, Visualization, Methodology. Milan Vukšić: Writing – 
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of Y-TZP with different particles using microstructural analysis, Aust. Dent. J. 58 
(2013) 183–191, https://doi.org/10.1111/ADJ.12065.

[23] A.A. Alnazzawi, M.H. AbdElaziz, A.E. Farghal, M.F. Aldamaty, S. Borzangy, 
S. Ainoosah, et al., Effect of different surface treatments on the bond strength of 
different monolithic Zirconia with dentin, Int. Dent. J. 75 (2025) 100812, https:// 
doi.org/10.1016/J.IDENTJ.2025.03.021.

[24] M.J. Suarez, C. Perez, J. Pelaez, C. Lopez-Suarez, E. Gonzalo, A randomized clinical 
trial comparing zirconia and metal-ceramic three-unit posterior fixed partial 
dentures: a 5-year follow-up, J. Prosthodont. 28 (2019) 750–756, https://doi.org/ 
10.1111/JOPR.12952.

[25] F. Rathmann, M. Pohl, P. Rammelsberg, W. Bömicke, Up to 10 years clinical 
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[46] T. Kosmač, C. Oblak, P. Jevnikar, N. Funduk, L. Marion, The effect of surface 
grinding and sandblasting on flexural strength and reliability of Y-TZP zirconia 
ceramic, Dent. Mater. 15 (1999) 426–433, https://doi.org/10.1016/S0109-5641 
(99)00070-6.

[47] V. Vilas Boas Fernandes Júnior, D.C. Barbosa Dantas, E. Bresciani, M.F Rocha Lima 
Huhtala, Evaluation of the bond strength and characteristics of zirconia after 
different surface treatments, J. Prosthet. Dent. 120 (2018) 955–959, https://doi. 
org/10.1016/J.PROSDENT.2018.01.029.

[48] H.J. Kim, H.P. Lim, Y.J. Park, M.S. Vang, Effect of zirconia surface treatments on 
the shear bond strength of veneering ceramic, J. Prosthet. Dent. 105 (2011) 
315–322, https://doi.org/10.1016/S0022-3913(11)60060-7.

[49] A. Nishigori, T. Yoshida, M.C. Bottino, J.A. Platt, Influence of zirconia surface 
treatment on veneering porcelain shear bond strength after cyclic loading, 
J. Prosthet. Dent. 112 (2014) 1392–1398, https://doi.org/10.1016/J. 
PROSDENT.2014.05.029.
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