
Cite as
Amory ZS, Rashid M. Influence of various nanosilica coating 
techniques on the zirconia surface and bond strength 
to resin cement. Dent Med Probl. 2026;63(4):969–979. 
doi:10.17219/dmp/188209

DOI
10.17219/dmp/188209

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Zainab Shakir Amory 
E-mail: zainab.amory.elc@ruc.edu.iq

Funding sources
None declared

Conflict of interest
None declared

Acknowledgements
The authors would like to thank Dr. Mofeed Abul Latif, 
Dr. Ali J. Addie and Dr. Aya Nahwan Naji for their advice and 
assistance with the practical work.

Received on February 26, 2024
Reviewed on April 9, 2024
Accepted on May 2, 2024

Published online on August 25, 2026

Abstract
Background. Zirconia restorations have attracted considerable attention because of  their favorable 
mechanical and esthetic properties, which meet the requirements for both anterior and posterior restorations.

Objectives. This study aimed to evaluate the microshear bond strength (µSBS) between resin cement 
and zirconia surfaces dip-coated with nanosilica and nanozirconia suspensions of different compositions.

Material and methods. An extra translucent (XT) zirconia disc composed of 5 mol% yttrium-stabilized 
zirconia was sectioned into 66 samples and divided into 6 groups: untreated zirconia as the control group; 
zirconia blasted with silica-coated alumina; and zirconia dip-coated with nanosilica–nanozirconia suspensions 
at volume ratios of 100:0, 75:25, 50:50, and 25:75. The coated surfaces were analyzed using energy-dispersive 
X-ray spectroscopy (EDS), field emission scanning electron microscopy (FESEM), atomic force microscopy 
(AFM), and X-ray diffraction (XRD). Resin cement cylinders were bonded to the treated zirconia surfaces, and 
µSBS testing was performed. The differences between the groups were analyzed using one-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc test, with the significance level set at p ≤ 0.05.

Results. The highest µSBS was observed for the 50:50 nanosilica–nanozirconia group (51.63 ±5.56 MPa), 
whereas the lowest values were recorded for untreated zirconia (17.38 ±3.74 MPa). Zirconia blasted with 
commercially available silica-coated alumina showed µSBS of 31.00 ±6.54 MPa.

Conclusions. Dip coating with nanosilica–nanozirconia suspensions appears to be a feasible method for 
improving resin–zirconia bonding while preserving the zirconia structure. Among the tested compositions, 
the 50:50 nanosilica–nanozirconia suspension produced the highest µSBS.
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Introduction

Zirconia has become one of the most widely used ceramic 
materials in dentistry owing to its favorable mechanical 
properties, high fracture strength, esthetics, and biocom-
patibility.1,2 Yttria-stabilized tetragonal zirconia polycrys
tal (Y-TZP) is widely used as an alternative to metal–
ceramic materials for anterior and posterior restorations. 
Zirconia is available in various brands and translucency 
levels, which exhibit different mechanical properties.3,4 
Highly translucent zirconia restorations should generally 
be limited to abutments with a color similar to that of the 
planned definitive restoration, whereas less translucent 
zirconia may be used in areas where high translucency is 
not required; both have demonstrated clinical success.5–7

However, achieving durable resin bonding to zirconia 
remains a major challenge because of its chemically inert 
surface and its resistance to roughening with hydrofluoric 
acid (HF), owing to the absence of silica, unlike other types 
of ceramic.3,4 Conventional methods for zirconia surface 
treatment have their own limitations and drawbacks, pro-
viding a rationale for investigating other approaches.5,6

Zirconia surface treatments should provide adequate 
shear bond without adversely affecting the microstructure 
or integrity of the treated material.7 A widely used pro-
tocol for achieving durable bonding to zirconia consists 
of sandblasting followed by primer application. However, 
sandblasting may be considered a double-edged approach. 
Although it can enhance bond strength, it may adversely 
affect the mechanical properties and reliability of zirco-
nia by causing surface damage, inducing tetragonal-to-
monoclinic phase transformation, introducing surface 
flaws, altering surface topography, and changing surface 
chemistry through alumina contamination.7,8 

To achieve durable bonding between a ceramic material 
and resin cement, 2 fundamental requirements should be 
met: micromechanical interlocking and chemical bond-
ing.9 The former can be achieved through appropriate 
surface treatment, including sandblasting and HF etch-
ing, while chemical bonding is promoted by primers that 
facilitate adhesion between hydrophobic resin cement and 
different ceramic computer-aided design/computer-aided 
manufacturing (CAD/CAM) materials. In silica-based ce-
ramics, bonding protocols generally involve HF etching, 
which removes the glassy phase of the ceramic matrix 
and creates surface roughness (Sa) to enhance mechani-
cal bonding, followed by the application of silane coupling 

agent to promote chemical bonding to resin-based ma-
terials.10–12 For oxide ceramics such as zirconia, various 
surface-roughening methods can be used to enhance me-
chanical bonding, whereas primers containing 10-metha
cryloyloxydecyl dihydrogen phosphate (10-MDP) promote 
chemical bonding to the zirconia surface. 

Resin bonding to zirconia can be improved by apply-
ing silica coatings to the zirconia surface,13,14 although 
currently available techniques have significant limita-
tions. Tribochemical silica coating introduces silica onto 
the zirconia surface while simultaneously increasing Sa, 
thereby enhancing bonding.15 Particle bombardment may 
also induce phase transformation at the zirconia surface 
and adversely affect its mechanical properties.16 Another 
approach is sol–gel deposition, which uses silicon alkoxide 
precursors to produce smooth silica coatings. However, 
these uniform films may crack during high-temperature 
sintering, potentially compromising their performance.17,18 
Other techniques, such as reactive sputtering and chemical 
vapor deposition, can also be used to deposit silica coatings 
but require expensive, specialized equipment that is not 
readily available in dental laboratories.19,20 More recently, 
research has focused on nanoscale silica coatings and 
composite coatings as potential approaches to improving 
bonding. Fusion sputtering uses an air–water jet to spray 
zirconia nanoparticles onto unsintered zirconia, creat-
ing a porous layer that provides micromechanical reten-
tion after sintering.15 However, controlling the thickness 
and homogeneity of this nanoparticulate layer is difficult. 
Similarly, applying nanosilica–zirconia composites with 
a microbrush followed by sintering can improve adhesion, 
but achieving consistent coating remains challenging.21

Silica coatings have demonstrated the potential to en-
hance resin bonding to zirconia; however, existing ap-
proaches have not yet achieved an optimal balance be-
tween strong and durable adhesion and preservation of the 
favorable surface and mechanical properties of zirconia. 
Further investigation of novel nanoscale surface modifica-
tions is therefore warranted to develop coatings capable 
of effectively conditioning the chemically inert zirconia 
surface while minimizing surface damage. Optimized na-
noscale coatings may broaden the potential applications 
of adhesive bonding to zirconia restorations. Dip coating 
of zirconia with silica has recently emerged as a promising 
approach because it may improve resin bonding without 
damaging the zirconia surface while creating a glassy layer 
that can be chemically modified.22,23 Microshear bond 

Highlights
	• The study aimed to identify a practical and low-cost method of increasing the shear bond strength between resin 
and zirconia using readily available materials.

	• The dip-coating technique effectively modifies zirconia surface characteristics by increasing surface roughness.
	• Dip coating with equal amounts of zirconia and silica nanoparticles improves the shear bond strength of zirconia.
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strength (µSBS) testing is more reliable for clinical applica-
tions. Specimens are thought to follow an all-or-none prin-
ciple, as if any defect introduced during sample preparation 
may result in immediate failure during testing, which is 
preferable to obtaining false-positive results. Therefore, the 
smaller specimen diameter reduces the likelihood of com-
plex stress generation, resulting in a greater proportion 
of adhesive rather than mixed failures.24

The purpose of this study was to evaluate the effects 
of coating zirconia with different concentrations of nano-
silica on its surface characteristics and to compare these 
effects with those obtained using commercially available 
products recommended for zirconia surface treatment. 
The null hypothesis was that there would be no differences 
among zirconia specimens coated with different concen-
trations of nanosilica and those treated with silica-coated 
alumina blasting in terms of surface characteristics or 
µSBS. 

Material and methods 

Extra translucent zirconia (VITA YZ® XT; VITA 
ZahnFabrik H. Rauter GmbH & Co. KG, Bad Säckingen, 
Germany), silica and zirconia nanopowders (US Research 
Nanomaterials, Inc., Houston, USA), silica-coated alumina 
(CoSil; Veloplex International, London, UK), Z-Prime Plus 
(BISCO, Inc., Schaumburg, USA), and self-adhesive resin 
cement (G-CEM ONE™; GC Corporation, Tokyo, Japan) 
were used in the study. 

Zirconia sample preparation

A zirconia disc (VITA YZ® XT), 100 mm in diameter 
and 18 mm in height, was cut under water cooling into 
66 samples measuring 8 mm × 8 mm × 2.5 mm using 
a cutting machine (MTI Corporation, Richmond, USA). 
All specimens were polished using dual-speed grinder-
polisher (MDP200; Anhui Future International Trading 
Co. Ltd., Bengbo, China) up to 1,200 grit and then cleaned 
in an ultrasonic bath (GT SONIC, Shenzhen, China) for 
10 min. The specimens were subsequently dried in an oven 
at 100°C for 1 h.

The samples were grouped according to the composi-
tion of the dipping suspension and the proportions of its 
nano-oxide particles (SiO2 and ZrO2). Eleven specimens 
from each group were dipped simultaneously in the same 
suspension to ensure standardization (Table 1). 

Preparation of zirconia dipping 
suspensions

Twenty milliliters of 99% methanol was mixed with the 
required amounts of nanosilica and nanozirconia for each 
group. The mixture was stirred using a magnetic stirrer 
for 30 min, after which the suspensions were sonicated in 

an ultrasonic bath for 2 h. Subsequently, 1 mL of polyvinyl 
alcohol (PVA) was added as a binder, and the suspension 
was mixed again using the magnetic stirrer for 30 min. 
Finally, a high-power ultrasonic probe (Hielscher Ultrasonics 
GmbH, Teltow, Germany) was used for 10 min to obtain 
a homogenous suspension that remained stable for a longer 
period without settling. The dipping time was set at 6 min 
based on preliminary trials, in which a  dipping time 
of 6 min provided the highest µSBS. 

Zirconia sample sintering

All zirconia specimens were sintered (VITA 
ZYRCOMAT® 6000 MS; VITA ZahnFabrik H. Rauter 
GmbH & Co. KG) for 120 min at 1,450°C according to the 
manufacturer’s instructions (Fig. 1).

Characterization

Three specimens were randomly selected from each 
group for characterization using energy dispersive X-ray 
spectroscopy (EDS) (Axia ChemiSEM System; Thermo 
Fisher Scientific, Eindhoven, Netherlands), field emission 
scanning electron microscopy (FESEM) (Inspect™ F50; 
FEI Company, Hillsboro, USA), atomic force microscopy 
(AFM) (NaioAFM; Nanosurf, Liestal, Switzerland), and 
X-ray diffraction (XRD) (Shimadzu XRD-6000; Shimadzu 
Corporation, Kyoto, Japan). 

Table 1. Zirconia dip-coating groups with different nanosilica and 
nanozirconia compositions

Group Surface treatment/coating composition SiO2  
[Vf%]

ZrO2  
[Vf%]

A SiO2 100 0

B SiO2 + ZrO2 75 25

C SiO2 + ZrO2 50 50

D SiO2 + ZrO2 25 75

E ZrO2 blasted with CoSil – –

Control untreated XT zirconia – –

Fig. 1. Sintering program for extra translucent (XT) zirconia
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Microshear bond strength testing

Microshear bond strength testing was used to quan-
tify the interfacial adhesion between the resin ce-
ment and zirconia substrates after different surface 
treatments. This method applies an increasing shear 
load to a small cross-sectional bonding area until fail-
ure occurs, allowing a localized assessment of bond 
strength.19 Resin cement (G-CEM ONE™) was used 
to create cylindrical specimens that were polymerized 
and bonded to the primed zirconia surfaces. A univer-
sal testing machine fitted with a knife-edge shearing 
tool25 was used to measure the µSBS at a crosshead 
speed of 0.5 mm/min. The load at failure was recorded 
in newtons [N] and divided by the cylindrical bond 
area to calculate the µSBS in megapascals [MPa]. This 
standardized microshear testing protocol allowed 
precise, localized measurement of bond strength at 
the adhesive interface between the resin cement and 
nanosilica-coated zirconia surface. The test provided 
a measure of interfacial bond strength and assessed 
the durability and fatigue resistance of  the bonded 
restorations. 

Statistical analysis

Data was statistically analyzed using the IBM SPSS 
Statistics for Windows software, v. 26.0 (IBM Corp., 
Armonk, USA). The normality of  the data was as-
sessed using the Shapiro–Wilk test. One-way analysis 
of variance (ANOVA) was used to compare the groups, 
followed by Tukey’s post hoc test. The significance 
level was set at p ≤ 0.05.

Results

Microstructure analysis

Scanning electron microscopy provided high-res-
olution images of  the zirconia surface morphology 
after different coating treatments. On untreated pol-
ished zirconia, FESEM revealed a  smooth, f lat sur-
face with only minor scratches and grooves from the 
polishing process (Fig. 2). At high magnification, the 
zirconia grains were tightly packed and clearly vis-
ible, with grain boundaries in close contact and no 
apparent gaps or defects. In contrast, in group E, in 
which zirconia was sandblasted with CoSil using the 
tribochemical silica-coating method, Sa was markedly 
increased, obscuring the underlying zirconia grain 
structure (Fig. 3). The particle bombardment created 
an irregular, porous surface with peaks, valleys and 
protruding features. No smooth or f lat areas remained 
after abrasive blasting with the silica-coated alumina 
particles.

Group A, in which zirconia was dip-coated with 
a 100% nanosilica suspension, showed an island-like 
coating that partially covered the zirconia surface 
(Fig. 4). Within this coating, the islands contained 
pores and cavities, and these nanostructures were 
perpendicularly oriented. The coating showed incom-
plete coverage and high porosity, facilitating micro-
mechanical interlocking with resin cement, with some 
areas of  the zirconia surface remaining exposed for 
chemical bonding interactions.

After nanozirconia was added to the dipping sus-
pension (75% SiO2 + 25% ZrO2) in group B, the surface 
morphology changed from an island-like appearance 
to a more compact structure, with a decrease in the 
amount of  exposed zirconia substrate (Fig. 5). The 
surface topography of the zirconia coating changed, 
as indicated by the absence of the scattered pattern 
observed in specimens coated with pure silica. In ad-
dition, the coating islands appeared to be more closely 
attached to the zirconia substrate, although some 
areas of  the substrate remained uncovered. At high 
magnification (×10,000), nanozirconia particles were 
observed dispersed within the melted silica (fused 
silica).

As the proportion of zirconia nanoparticles in the 
dipping suspension increased to 50 Vf% in group C, 
the surface topography showed reduced spacing and 
closer approximation among islands, resulting in a de-
crease in the amount of  exposed zirconia substrate 
(Fig. 6). At high magnification (×10,000), a  greater 
number of zirconia particles were observed distrib-
uted within the melted silica, with porosities formed 
within the coating.

With a  further increase in the zirconia content 
of the suspension to 75% Vf% in group D, no signif-
icant changes were observed at low magnification 
(×150), although a  slight reduction in surface coat-
ing cracks was noted (Fig. 7). At high magnification 
(×10,000), the melted silica appeared to be densely 
loaded with nanozirconia particles, with porosities 
present within the coating. 

Fig. 2. Untreated extra translucent (XT) zirconia

A. Atomic force microscopy (AFM) image; B1. Field emission scanning 
electron microscopy (FESEM) image at ×250 magnification; B2. FESEM 
image at ×10,000 magnification.
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Fig. 4. Zirconia dip-coated with 100% SiO2 (group A)

A. AFM image; B1. FESEM image at ×150 magnification; B2. FESEM image at ×10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

Fig. 5. Zirconia dip-coated with 75% SiO2 + 25% ZrO2 (group B)

A. AFM image; B1. FESEM image at ×150 magnification; B2. FESEM image at ×10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

Fig. 6. Zirconia dip-coated with 50% SiO2 + 50% ZrO2 (group C)

A. AFM image; B1. FESEM image at ×150 magnification; B2. FESEM image at ×10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.

Fig. 3. Zirconia blasted with CoSil (group E)

A. AFM image; B1. FESEM image at ×150 magnification; B2. FESEM image at ×10,000 magnification; C1. Energy dispersive X-ray spectroscopy (EDS) mapping 
of alumina; C2. EDS mapping of silica.
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Elemental analysis

The EDS spectra (Table 2) showed the weight percent
ages of oxygen, yttrium, hafnium, and zirconium, with 
an  insignificant percentage of detectable silicon and 
aluminum on the surface of untreated zirconia. For 
group E, in which the zirconia surface was blasted 
with silica-coated alumina, EDS revealed the presence 
of  silicon and aluminum in addition to the elements 
detected on the untreated zirconia surface. In group 
A, the amount of silicon was higher than that in group 
E. Groups B, C and D showed different proportions 
of silicon and zirconium. EDS mapping demonstrated 
the distribution of the nanoparticles within the coating 
of each group (Fig. 8).

XRD characterization

X-ray diffraction analysis provided critical insights 
on the crystallographic phases present in zirconia after 
different nanocoating treatments (Fig. 9). By measuring 
diffraction peak angles and intensities, the atomic lat-
tice structure was characterized. For untreated polished 
zirconia controls, distinct XRD peaks were observed at 
2θ values of 30.3°, 35.2°, 50.5°, 60.0°, and 62.8°, corre-
sponding to the (101), (110), (112), (211), and (202) crys-
tal planes of the metastable tetragonal zirconia phase.18 

The nanosilica–zirconia-coated samples showed identi-
cal peaks, indicating that the coatings did not disrupt the 
tetragonal lattice structure of zirconia. Preserving the 
tetragonal phase is crucial for maintaining optimal me-
chanical properties in zirconia restorations.26 In contrast, 
tribochemical silica coating induced a phase transforma-
tion, with an additional peak at 28.2° representing the 
monoclinic phase.18 Particle bombardment cause sufficient 
surface damage to disrupt the tetragonal structure. Such 
a phase transformation may introduce surface flaws and 
residual stresses, potentially compromising the mechanical 
properties of the restoration.27,28

The 100% nanosilica coatings also exhibited new 
peaks at 49.0° and 50.5°, which were assigned to the 
(012) and (110) planes within SiO2.18 For the nanosil-
ica–zirconia coatings, distinct peaks were observed at 
30.1264°, 50.1339° and 60.0273°. The presence of char-
acteristic peaks associated with the nanomaterials con-
firmed the composition of  the composite coating on 
the zirconia surface. The XRD findings indicated that 
the inert zirconia phase and crystallinity were unaf-
fected by dip coating. By preserving the optimal te-
tragonal structure, the nanocoatings help maintain the 
favorable mechanical properties of zirconia for dental 
applications.

Topographic analysis

The topography of the coated surfaces was evaluated 
using AFM. The surface roughness of the specimens, as-
sessed over an average scanned area of 60 nm × 60 nm, 
ranged from 30 nm to 1,000 nm. A comparison of Sa 
among the groups is presented in Table 3. The average 
Sa values for groups A–E and the untreated group were 
1,552 nm, 707 nm, 792.8 nm, 433 nm, 372 nm, and 193 nm, 
respectively. The Sa of group A was significantly greater 
than that of all other groups (p < 0.001).

The reconstructed three-dimensional (3D) surface 
roughness images representative of each group are shown 
in Fig. 2–7. Different surface topographies were observed 
among the groups. 

Table 2. Elemental composition of zirconia surfaces determined by 
energy dispersive X-ray spectroscopy (EDS)

Group O Al Si Zr Y Hf

A 50.2 1.1 9.8 38.7 – –

B 33.4 0.0 16.8 44.0 5.8 –

C 24.7 0.0 8.6 59.8 6.9 –

D 23.1 0.0 4.6 66.5 5.8 –

E 34.7 2.2 0.6 62.3 – –

Control 59.4 0.0 0.4 30.7 6.4 3.2

Data presented as percentage [%]. O – oxygen; Al – aluminum; Si – silicon; 
Zr – zirconium; Y – yttrium; Hf – hafnium. 

Fig. 7. Zirconia dip-coated with 25% SiO2 + 75% ZrO2 (group D)

A. AFM image; B1. FESEM image at ×150 magnification; B2. FESEM image at ×10,000 magnification; C1. EDS mapping of silica; C2. EDS mapping of zirconia.
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Fig. 8. Energy dispersive X-ray spectroscopy (EDS) spectra of zirconia surfaces showing their elemental composition

A. Group A; B. Group B; C. Group C; D. Group D; E. CoSil-blasted zirconia (group E); F. Untreated XT zirconia.
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Microshear bond strength

The µSBS values and standard deviations for the differ-
ent surface treatments are shown in Table 4. 

One-way ANOVA showed that the surface treatments 
significantly affected µSBS (p ≤ 0.05). The nanosilica and 
nanosilica–zirconia groups with different proportions 
of  nanoparticles in the dipping suspensions exhibited 
significantly higher µSBS values than the CoSil-treated 
and untreated zirconia groups (p ≤ 0.05). 

Modes of failure

After the μSBS test, the failure modes were examined 
using a digital microscope at ×250 magnification. Failure 
modes were categorized into 3 types, as follows (Fig. 10):
–	adhesive I: failure between the zirconia substrate and 

the coating (ZrO2–coating interface);
–	adhesive II: failure between the coating and the resin 

cement (coating–resin cement interface);
–	mixed failure: a combination of adhesive II failure and 

cohesive failure.28

The failure mode was evaluated for each group. In group 
A (100% SiO2), failure occurred between the zirconia sub-
strate and the coating, and was therefore classified as adhe-
sive I failure. In group B (75% SiO2 + 25% ZrO2), 62.5% of fail-
ures occurred at the zirconia–coating interface, whereas 
37% occurred at the coating–resin cement interface. In 
group C (50% SiO2 + 50% ZrO2), 62.5% of failures occurred 
at the coating–resin cement interface, whereas 37% of the 
specimens exhibited mixed failure. In group D (25% SiO2 + 
75% ZrO2), 100% of failures were reported at the coating–
resin cement interface. In group E (CoSil), 75% of failures 
were reported at the coating–resin cement interface and 25% 
were mixed failures, similarly to the control group (Table 5).

Fig. 9. X-ray diffraction (XRD) patterns of zirconia surfaces showing the 
crystallographic phases after different surface treatments

Fig. 10. Failure modes after microshear bond strength (µSBS) testing

A. Adhesive I failure; B. Adhesive II failure; C. Mixed failure.

Table 3. Surface roughness (Sa) values of zirconia specimens after different 
surface treatments measured by atomic force microscopy (AFM)

Group Sa  
[nm]

A 1,552

B 707

C 792.8

D 433

E 372

Control 193

Table 4. Microshear bond strength (µSBS) of resin cement bonded to 
zirconia surfaces after different surface treatments

Group µSBS [MPa]  
M ±SD

A 37.41 ±5.45

B 42.10 ±6.92

C 51.63 ±5.56

D 42.96 ±8.96

E 31.00 ±6.54

Control 17.38 ±3.74

M – mean; SD – standard deviation.

Table 5. Failure modes of treated and untreated zirconia specimens

Group Adhesive I Adhesive II Mixed  
(adhesive II/cohesive) Cohesive Total

A 8 (100.0%) – – – 8 (100.0%)

B 5 (62.5%) 3 (37.5%) – – 8 (100.0%)

C – 5 (62.5%) 3 (37.5%) – 8 (100.0%)

D – 8 (100.0%) – – 8 (100.0%)

E – 6 (75%) 2 (25.0%) – 8 (100.0%)

Control – 6 (75%) 2 (25.0%) – 8 (100.0%)
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Discussion 

The null hypothesis was rejected, since different surface 
topographies and morphologies were observed on the zir-
conia surface after dipping in different nanosuspensions 
and after blasting with silica-coated alumina. In addition, 
the blasting technique induced a tetragonal-to-monoclinic 
phase transformation, which may contribute to zirconia 
surface damage.

The measurement of bond strength at the zirconia–resin 
cement interface is complex. Microshear bond strength 
testing was utilized in this study to quantify the inter-
facial adhesion between resin cement and zirconia after 
dip-coating surface treatments. Compared with conven-
tional macroscale shear testing, the microshear method 
provides more reliable and representative bond-strength 
results.29,30 Microshear testing is performed by bonding 
small cylindrical samples and applying an  increasing 
shear force parallel to the interface.19,24 Failure occurs by 
debonding at the weakest point, which is often within the 
microscopic bonding complex. This provides a more rep-
resentative measure of interfacial adhesive strength rather 
than the cohesive strength of the cement itself.29 However, 
the small surface area can introduce challenges related to 
stress concentrations and non-uniform loading. Despite 
these limitations, microshear testing remains an accepted 
and useful technique for comparing bond strengths in 
localized regions.29,30

In this study, all nanostructured coatings significantly 
enhanced zirconia bond strength compared with the pol-
ished untreated zirconia surface. The inert zirconia surface 
lacks retentive features or chemical reactivity with resin 
cements, resulting in low bond strength. These findings 
are consistent with those reported in the literature.6,31–33 

By introducing nanoscale textures and porosities, as dem-
onstrated by FESEM, the coatings increased the surface 
area and surface energy available for micromechanical 
retention and adsorption of resin monomers. The 50:50 
silica–zirconia ratio provided an optimal balance between 
chemical and mechanical bonding with the resin cement.

Tribochemical silica coating with CoSil particles in-
creased µSBS compared with polished zirconia. The 
particle bombardment roughened the inert surface 
and enhanced micromechanical retention.34 However, 
a  tetragonal-to-monoclinic phase transformation was 
observed, indicating surface damage. Residual stresses 
associated with this transformation can compromise the 
restoration.8,27 In contrast, dip coating formed homogeneous 
nanolayers without disrupting the fragile zirconia surface. 
Porous silica–zirconia composite coatings increased bond 
strength while preserving the optimal tetragonal phase, as 
verified by XRD (Fig. 9).

Dip coating enables precise control over nanolayer prop-
erties by adjusting the coating composition and deposition 
parameters.35 The approach modifies zirconia surfaces to 
enhance resin bonding without abrasive blasting or the use 

of high temperatures. Further optimization of nanocoating 
composition, thickness, and sintering parameters could 
produce durable yet microretentive surfaces, expand-
ing the potential applications of high-strength zirconia 
restorations.

The silica–zirconia-coated surfaces exhibited higher 
µSBS (p ≤ 0.05) compared with the other groups; this in-
dicates that silica–zirconia coating may be an effective 
method for improving resin–zirconia adhesion. The ob-
served increase in µSBS could be attributed to increased 
micromechanical interlocking in addition to chemical 
bonding.36 The FESEM images (Fig. 5–7) show numerous 
microgaps between the particles within the silica–zirconia 
coating. This observation supports the assumption that 
micromechanical interlocking between the coated zirconia 
surface and resin cement was enhanced.

The highest µSBS among all groups was observed for the 
50% SiO2 + 50% ZrO2 suspension (51.63 ±5.6 MPa) which 
could be due to the high Sa in this group (792.8 nm), as 
shown by AFM analysis (Table 3). FESEM demonstrated 
that the coating formed a network with sharp edges (Fig. 5), 
which could be attributed to the sintering of nanosilica and 
nanozirconia on the zirconia surface.

Field emission scanning electron microscopy also 
showed that the coating provided complete coverage of the 
zirconia substrate. The increased average Sa may have con-
tributed to enhanced micromechanical bonding, while the 
presence of zirconium at approx. 59.8 wt% on the coating 
surface could facilitate interaction with 10-MDP in the 
Z-Prime Plus and thereby promote chemical bonding. The 
combination of chemical and mechanical bonding may 
have contributed to the increased µSBS, in agreement with 
previous findings.37 This high bond strength was also re-
flected in the failure mode, which showed that the adhesive 
strength of the coating to the zirconia substrate was high, 
with no adhesive I failures. Failure occurred at the resin ce-
ment–coating interface (adhesive II) in 62.5% of specimens, 
while 37.5% showed mixed adhesive II/cohesive failure 
(Table 5, Fig. 10).

Dip coating with 100% SiO2 resulted in higher µSBS 
than tribochemical silica coating and untreated zirconia. 
The pure silica coating led to the formation of a patch-
like coating pattern, leaving some areas of bare zirconia 
exposed. This surface pattern may have increased the 
available surface area and enhanced micromechanical 
bonding.38 In addition, the exposed zirconia substrate 
could interact with 10-MDP from the primer, thereby 
enhancing chemical bonding. This finding agrees with 
previous studies demonstrating that 10-MDP affects the 
bonding effectiveness of conventional composite resin 
cement to zirconia ceramics.39 However, this increase 
in bond strength appeared to be insufficient to ensure 
strong adhesion between the coating and zirconia sub-
strate, as 100% of failures in this group occurred at the 
coating–zirconia interface and were classified as adhesive 
I failures (Table 5).
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This simple, laboratory-friendly dip-coating technique 
shows promise for improving resin bonding to zirconia 
restorations.33 By combining nanosilica and nanozirco-
nia, bond strength was improved without surface damage. 
A key challenge was developing stable dispersions of the 
nanoparticle mixtures to enable homogeneous coatings.40 
Nanoparticles tend to agglomerate due to their high sur-
face energy. Adequate particle dispersion and prolonged 
stabilization of the suspension were achieved by sonication 
using an ultrasonic probe.41 This allowed consistent dip 
coating with tunable nanolayer properties. With further 
optimization of deposition parameters and sintering pro-
tocols, this approach could be broadly implemented to 
tailor zirconia bonding surfaces. 

These findings were obtained using only one type of zir-
conia (XT). Because different types of zirconia have different 
chemical compositions and physical properties, this tech-
nique should also be evaluated using other zirconia types 
(LT and HT zirconia), to determine whether it similarly 
improves µSBS between resin cement and these materials.

The study had some limitations, particularly the lack 
of simulation of clinically relevant intraoral conditions. 
Aging procedures such as water storage, mechanical load-
ing and thermocycling were not performed. Future studies 
incorporating thermocycling and mechanical cyclic load-
ing may provide more clinically relevant results by better 
simulating intraoral conditions. 

Conclusions

The new dip-coating method utilizing nanosilica–
nanozirconia composite suspensions represents a prom-
ising strategy for enhancing resin adhesion to zirconia 
surfaces. This approach resulted in higher µSBS than sil-
ica-coated alumina blasting while preserving the fragile 
zirconia structure. The ability to modify surface textures 
and porosities by adjusting the nanoparticle composition 
of the suspension further demonstrates the versatility and 
efficacy of this technique. Among the nanosuspensions 
evaluated, the 50:50 nanosilica–nanozirconia composition 
produced the most favorable overall results.

Ethics approval and consent to participate

Not applicable.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on 
reasonable request.

Consent for publication

Not applicable.

Use of AI and AI-assisted technologies

Not applicable.

ORCID iDs
Zainab Shakir Amory  https://orcid.org/0000-0001-5049-0982
Mohammed Rashid  https://orcid.org/0000-0002-9205-3403

References
1.	 Mohammed D, Mudhaffar M. Effect of modified zirconium nano-

fillers addition on some properties of heat cured acrylic denture 
base material. J Bagh Coll Dent. 2012;24(4):1–7. 

2.	 Aljafery AM, MAH B. Effect of addition ZrO2-Al2O3 nanoparticles 
mixture on some properties and denture base adaptation of heat 
cured acrylic resin denture base material. J Baghdad Coll Dent. 
2015;27(3):15–21. doi:10.12816/0015028

3.	 Kontonasaki E, Giasimakopoulos P, Rigos AE. Strength and aging 
resistance of monolithic zirconia: An update to current knowledge. 
Jpn Dent Sci Rev. 2020;56(1):1–23. doi:10.1016/j.jdsr.2019.09.002

4.	 Jurado CA, Villalobos‐Tinoco J, Watanabe H, Sanchez‐Hernandez R, 
Tsujimoto A. Novel translucent monolithic zirconia fixed restorations 
in the esthetic zone. Clin Case Rep. 2022;10(3):e05399. doi:10.1002/
ccr3.5499

5.	 Xie H, Tay FR, Zhang F, Lu Y, Shen S, Chen C. Coupling 
of 10-methacryloyloxydecyldihydrogenphosphate to tetragonal 
zirconia: Effect of pH reaction conditions on coordinate bonding. 
Dent Mater. 2015;31(10):e218–e225. doi:10.1016/j.dental.2015.06.014

6.	 Farhan FA, Sulaiman E, Kutty MG. Effect of new zirconia surface 
coatings on the surface properties and bonding strength 
of veneering zirconia substrate. Surf Coat Technol. 2018;333:247–258. 
doi:10.1016/j.surfcoat.2017.10.030

7.	 Inokoshi M, Kameyama A, De Munck J, Minakuchi S, Van Meerbeek B. 
Durable bonding to mechanically and/or chemically pre-treated dental 
zirconia. J Dent. 2013;41(2):170–179. doi:10.1016/j.jdent.2012.10.017

8.	 Alammar A, Blatz MB. The resin bond to high-translucent zirconia 
–  A  systematic review. J Esthet Restor Dent. 2022;34(1):117–135. 
doi:10.1111/jerd.12876

9.	 Hmedat SJA, Ibraheem AF. An in vitro evaluation of fit of the crowns 
fabricated by zirconium oxide-based ceramic CAD/CAM systems, 
before and after porcelain firing cycles and after glaze cycles. 
J Baghdad Coll Dent. 2013;25(1):43–48. doi:10.12816/0014962 

10.	 Salman TA, Khalaf HA. The influence of adding of modified ZrO2-TiO2 
nanoparticles on certain physical and mechanical properties of heat 
polymerized acrylic resin. J Baghdad Coll Dent. 2015;27(3):33–39. 
doi:10.12816/0015032 

11.	 Jassim SJ, Majeed MA. Effect of plasma surface treatment of three 
different CAD/CAM materials on the micro shear bond strength with 
resin cement (A comparative in vitro study). Heliyon. 2023;9(7):e17790. 
doi:10.1016/j.heliyon.2023.e17790

12.	 Kadhim OMA, Aljuboury MR. Shear bond strengths of composite 
resin used to repair lithium disilicate and feldspathic CAD/CAM 
ceramics treated by different lasers (a comparative in vitro study). 
J Res Med Dent Sci. 2023;11(06):15–24. https://www.jrmds.in/articles/
shear-bond-strengths-of-composite-resin-used-to-repair-lithium-
disilicate-and-feldspathic-cadcam-ceramics-treated-by-dif.pdf. 
Accessed Februrary 23, 2024.

13.	 Su Z, Li M, Zhang L, et al. A novel porous silica-zirconia coating for 
improving bond performance of dental zirconia. J Zhejiang Univ Sci B. 
2021;22(3):214–222. doi:10.1631/jzus.B2000448 

14.	 Liang Z, Liu Y, Jiang Y, et al. Effect of hot etching with HF on the 
surface topography and bond strength of  zirconia. Front Mater. 
2022;9:1008704. doi:10.3389/fmats.2022.1008704 

15.	 Shen D, Wang H, Shi Y, Su Z, Hannig M, Fu B. The effect of surface 
treatments on zirconia bond strength and durability. J Funct Biomater. 
2023;14(2):89. doi:10.3390/jfb14020089

16.	 Klaisiri A, Krajangta N, Thamrongananskul N. The durability 
of zirconia/resin composite shear bond strength using different 
functional monomer of  universal adhesives. Eur J Dent. 
2022;16(4):756–760. doi:10.1055/s-0041-1736331

https://www.jrmds.in/articles/shear-bond-strengths-of-composite-resin-used-to-repair-lithium-disilicate-and-feldspathic-cadcam-ceramics-treated-by-dif.pdf
https://www.jrmds.in/articles/shear-bond-strengths-of-composite-resin-used-to-repair-lithium-disilicate-and-feldspathic-cadcam-ceramics-treated-by-dif.pdf
https://www.jrmds.in/articles/shear-bond-strengths-of-composite-resin-used-to-repair-lithium-disilicate-and-feldspathic-cadcam-ceramics-treated-by-dif.pdf


Dent Med Probl. 2026;63(4):969–979 979

17.	 Hajjaj MS, Barboud HM, Almashabi HK, et al. Evaluation of different 
priming agents with conventional and bioactive self-adhesive resin 
cements on shear bond strength to zirconia. Appl Sci. 2023;13(14):8369. 
doi:10.3390/app13148369

18.	 Kumar R, Singh MD, Sharma V, et al. Effect of surface treatment 
of zirconia on the shear bond strength of resin cement: A systematic 
review and meta-analysis. Cureus. 2023;15(9):e45045. doi:10.7759/
cureus.45045 

19.	 Kern M, Wegner SM. Bonding to zirconia ceramic: Adhesion methods 
and their durability. Dent Mater. 1998;14(1):64–71. doi:10.1016/s0109-
5641(98)00011-6 

20.	 Lim MJ, Kim TG, Yu MK, Lee KW. Effects of different silica-based layer 
coatings on bond strength of Y-TZP to bovine dentin. Dent Mater J. 
2020;39(1):154–160. doi:10.4012/dmj.2018-317 

21.	 Nishigawa G, Maruo Y, Irie M, et al. Ultrasonic cleaning of silica-coated 
zirconia influences bond strength between zirconia and resin luting 
material. Dent Mater J. 2008;27(6):842–848. doi:10.4012/dmj.27.842

22.	 Guilardi LF, Pereira GKR, Giordani JC, Kleverlaan CJ, Valandro LF, 
Rippe MP. Effect of zirconia surface treatment, resin cement and 
aging on the load-bearing capacity under fatigue of thin simplified 
full-contour Y-TZP restorations. J Mech Behav Biomed Mater. 
2019;97:21–29. doi:10.1016/j.jmbbm.2019.04.050

23.	 Kern M. Bonding to oxide ceramics – laboratory testing versus 
clinical outcome. Dent Mater. 2015;31(1):8–14. doi:10.1016/j.den-
tal.2014.06.007

24.	 Nagaoka N, Yoshihara K, Tamada Y, Yoshida Y, Van Meerbeek B. 
Ultrastructure and bonding properties of tribochemical silica-coated 
zirconia. Dent Mater J. 2019;38(1):107–113. doi:10.4012/dmj.2017-397 

25.	 Oliveira-Ogliari A, Collares FM, Feitosa VP, Sauro S, Ogliari FA, 
Moraes  RR. Methacrylate bonding to zirconia by in situ silica 
nanoparticle surface deposition. Dent Mater. 2015;31(1):68–76. 
doi:10.1016/j.dental.2014.11.011

26.	 Harada A, Shishido S, Barkarmo S,  et  al. Mechanical and 
microstructural properties of  ultra-translucent dental zirconia 
ceramic stabilized with 5 mol% yttria. J Mech Behav Biomed Mater. 
2020;111:103974. doi:10.1016/j.jmbbm.2020.103974 

27.	 Madani A, Nakhaei M, Karami P, Rajabzadeh G, Salehi S, Bagheri H. 
Sol-gel dip coating of yttria-stabilized tetragonal zirconia dental 
ceramic by aluminosilicate nanocomposite as a novel technique to 
improve the bonding of veneering porcelain. Int J Nanomedicine. 
2016;11:3215–3223. doi:10.2147/IJN.S104885 

28.	 Ismail AM, Bourauel C, ElBanna A, Eldin TS. Micro versus macro shear 
bond strength testing of dentin-composite interface using chisel 
and wireloop loading techniques. Dent J (Basel). 2021;9(12):140. 
doi:10.3390/dj9120140

29.	 Chen C, Chen G, Xie H, Dai W, Zhang F. Nanosilica coating for bonding 
improvements to zirconia. Int J Nanomedicine. 2013;8:4053–4062. 
doi:10.2147/IJN.S52145

30.	 Şişmanoğlu S, Turunç-Oğuzman R. Microshear bond strength 
of contemporary self-adhesive resin cements to CAD/CAM restorative 
materials: Effect of surface treatment and aging. J Adhes Sci Technol. 
2020;34(22):2484–2498. doi:10.1080/01694243.2020.1763543 

31.	 Denry I, Kelly JR. Emerging ceramic-based materials for dentistry. 
J Dent Res. 2014;93(12):1235–1242. doi:10.1177/0022034514553627

32.	 Vichi A, Sedda M, Bonadeo G, et al. Effect of repeated firings on flexural 
strength of veneered zirconia. Dent Mater. 2015;31(8):e151–e156. 
doi:10.1016/j.dental.2015.04.012

33.	 Lung CYK, Liu D, Matinlinna JP. Silica coating of zirconia by silicon 
nitride hydrolysis on adhesion promotion of  resin to zirconia. 
Mater Sci Eng C Mater Biol Appl. 2015;46:103–110. doi:10.1016/j.
msec.2014.10.029

34.	 Aboushelib MN. Fusion sputtering for bonding to zirconia-based 
materials. J Adhes Dent. 2012;14(4):323–328. doi:10.3290/j.jad.a25684

35.	 Liu JF, Yang CC, Luo JL, Liu YC, Yan M, Ding SJ. Bond strength of self-
adhesive resin cements to a high transparency zirconia crown and 
dentin. J Dent Sci. 2022;17(2):973–983. doi:10.1016/j.jds.2021.12.008

36.	 Amory ZS, Rashid M, Jaleel MA, Addie AJ. Evaluation of the microshear 
bond strength of  resin cement to zirconia treated by different 
nanomaterials using the dip coating technique. 2024;2024(2). 
doi:10.5339/jemtac.2024.uncidc.6

37.	 Kim DW, Lee JJ, Kim KA, Seo JM. Influence of  nano-structured 
alumina coating treatment on shear bond strength between zirconia 
ceramic and resin cement. J Korean Acad Prosthodont. 2016;54(4):354. 
doi:10.4047/jkap.2016.54.4.354

38.	 Matinlinna JP, Lung CYK, Tsoi JKH. Silane adhesion mechanism in 
dental applications and surface treatments: A review. Dent Mater. 
2018;34(1):13–28. doi:10.1016/j.dental.2017.09.002

39.	 Mendes F, Zanini MM, Favarão J, et al. Bonding strength of luting 
cement to zirconia-based ceramic under different surface treatments. 
Eur J Dent. 2019;13(2):222–228. doi:10.1055/s-0039-1696076 

40.	 Fernandes VVB, Oliani MG, Nogueira L, Silva JMF, Araújo RM. 
Analysis and comparison of different bond strength tests. JSM Dent. 
2016;4(5):1076. https://www.jscimedcentral.com/public/assets/arti-
cles/dentistry-4-1076.pdf. Accessed Februrary 23, 2024.

41.	 Liu H, Hou X, Li X, Jiang H, Tian Z, Ali MKA. Effect of mixing temperature, 
ultrasonication duration and nanoparticles/surfactant concentration 
on the dispersion performance of Al2O3 nanolubricants. Research 
Square. Preprint posted online October 5, 2020. doi:10.21203/
rs.3.rs-84466/v1

https://www.jscimedcentral.com/public/assets/articles/dentistry-4-1076.pdf
https://www.jscimedcentral.com/public/assets/articles/dentistry-4-1076.pdf

