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Abstract: Bilayer zirconia restoration is one of the most commonly used restorations in dental
practice, but the high frequency of the cohesive/adhesive fracture of veneered porcelain is still a
problem. This paper focuses on the development of nanostructured glass-zirconia to improve the
interface stability of dental zirconia substrate and veneered porcelain. A novel SiO;-Li;O-Al,03
(SLA) glass was prepared and infiltrated into the surface of fully sintered dental zirconia to obtain
nanostructured glass-zirconia structure. The prepared glass-zirconia was analyzed with scanning
electron microscopes (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction spectroscopy
(XRD). The wettability, roughness and 3D morphology of zirconia were altered, and shear bonding
strength (SBS) test demonstrated almost double increase in SBS values of the nanostructured glass-
zirconia structure. The failure modes and microstructure characteristics also verified the improved
interfacial stability. This investigation provides a promising method for enhancing the structural
stability of bilayer zirconia restorations.
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1. Introduction

With the increasing demand for aesthetics, ceramic restorations have become a prefer-
able option in clinical practice [1]. In particular, dental zirconia ceramics are increasingly
favored by patients and dentists due to their reliable mechanical performance, high wear
resistance, and good biocompatibility [2,3]. Usually, the aesthetics of pure zirconia are not
ideal, and a layer of porcelain is veneered on the zirconia surface to achieve better aesthetic
properties. Taking advantage of the better aesthetic effect of veneering porcelain and the
reliable mechanical strength of zirconia, the veneered zirconia bilayer structure has been
commonly used in dental practice [4].

However, the clinical research results show that the bilayer zirconia restoration has a
high probability of cohesive/adhesive fracture of veneered porcelain, which has become an
important reason affecting the clinical longevity of restorations [5,6]. Many attempts have
been made to enhance the interfacial stability between zirconia substrate and veneered
porcelain. The efforts can be divided into three main categories: introducing an interlayer
between zirconia substrate and veneered porcelain, increasing the surface roughness of
zirconia, and improving the chemical activity of the zirconia [7-10].

Among these treatments, sandblasting is a traditional method to roughen the surface
of zirconia [11], which helps to improve the mechanical embedding. However, the influence
of sandblasting on bonding strength and interfacial stability is still controversial. Some
studies have shown that sandblasting with appropriate parameters boosted the strength of
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zirconia [12], while others claimed that the phase transformation, residual stress and micro-
cracks generated by sandblasting might have a negative impact on mechanical strength
and long-term durability of zirconia restorations [13]. Ji et al. [14] used the picosecond laser
to prepare a series of microtextures on the surface of zirconia to simulate the structural
characteristics of natural teeth. The results showed that the hydrophilicity of zirconia with
different surface textures showed a significant difference, which had a significant effect
on the interfacial bond strength. The mechanical processing of zirconia surface will also
provide additional mechanical interlocking [15] for the bond between zirconia and porce-
lain, which is conducive to the improvement of bonding force. The research on chemical
etching shows that the roughness of zirconia can be improved by etching with low melting
point fluoride, so as to obtain good adhesion of zirconia [16]. The above strategies modify
the zirconia surface with laboratory equipment to obtain the improved surface roughness,
hydrophilicity, and other properties of zirconia, providing inspirations for improving the
stability of the zirconia-porcelain bilayer structure under dental laboratory conditions.

Another commonly used method is adding a liner layer between zirconia and porcelain
to improve the bond strength. Nevertheless, there are different interpretations—some
studies reported that the liner enhanced the bond strength, while others reported that it
weakened the bond strength after long-term thermal cycling [17-19]. Once the restoration
is cemented to the tooth, and begins to function, it is inevitably subjected to thermal,
mechanical, and chemical changes. The thermal cycling resulting from the temperature
changes of the oral environment induce repeated stresses at the interface of two materials.
Therefore, the introduction of an interlayer increases the interface in the system of bilayer
restoration, amplifies the adverse effect of the repeated interface stress with thermal cycling,
and adversely affects the long-term survival rate of the restoration.

The chemically inertness of zirconia was considered to attribute to the weak bonding
strength between dental zirconia and veneering porcelain [20]. Accordingly, by introducing
the component with high chemical activity, the resulting zirconia surface can effectively
improve the interfacial stability to the veneering porcelain. The introduction of active
ingredients onto zirconia surfaces such as plasma-enhanced chemical vapor deposition
(PECVD) [21], fluorapatite arrays (FA) [8], nanoscale self-limiting atomic layer deposition
(ALD) of silica [7], have been demonstrated to enhance the bond strength of zirconia-
porcelain significantly.

Recent literatures have reported some novel methods of surface modification of zir-
conia, such as fusion sputtering and glass-ceramic spray deposition, which can be easily
implemented in the dental laboratory [22-24]. These novel surface modification techniques
produce a dense coating layer of lithium disilicate glass-ceramic on the surface of zirconia.
The coating forms an extensive micro-mechanical interlock with zirconia and increases its
hydrophilicity, thus improving the bond strength between zirconia and resin cement.

The major structural difference between zirconia polycrystalline ceramics and glass
ceramics is the absence of the glass phase, which makes zirconia chemically inert. A series
of studies on graded zirconia by Zhang et al. [25-29] showed that the introduction of glass
components into zirconia surface can significantly improve the fracture strength and adhe-
sion to veneered porcelain. This concept has been tried on the laboratory-prepared zirconia
which was presintered to reserve porous structure so that the glass could infiltrate into the
surface to form a glass-zirconia composite structure. However, this has not been achieved
on the commercial dental zirconia which is already fully sintered into a dense structure
without any pore inside, which is essential to ensure adequate strength of the substrate.

In this study, a novel nanoscale Si-Li-Al glass was developed to infiltrate on a commer-
cial dental zirconia to construct nanostructured glass-zirconia structure. The roughness,
wettability, microstructure, and phase composition of the nanostructured glass-zirconia
were analyzed. Shear bonding strength and the interface characteristics of porcelain and
nanostructured glass-zirconia were evaluated.
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2. Materials and Methods
2.1. Preparation of Nanoscale Glass Powder

The SiO,-Li;O-Al,O3 (SLA) glass was prepared following a melt-diffusion strategy.
The starting materials and constituent ratios are shown in Table 1. The compositions were
mixed with alcohol and ball-milled for 2 h to obtain a well-mixed slurry. The slurry was
dried in an oven (WHL-25AB, Taisite, Tianjin, China) at 80 °C for 12 h and then heated in a
platinum crucible with a high temperature electric furnace (NWTX-1600, Luoyang, China).
The temperature was increased to a target temperature of 1500 °C at a rate of 10 °C-min .
After holding for 2 h, the molten mixture was quenched in deionized water and then
ball-milled with alcohol for 24 h to obtain the SLA glass powder with nanoscale particles.
The size distribution was analyzed by the Nano Measurer 1.2 Software (Department of
Chemistry, Fudan University, Shanghai, China) from the scanning electron microscopy

(SEM) images.

Table 1. The composition of glass powder (mol.%).

Si02 Li2C03 A1203 K2CO3 ZI'OZ P205 Others
58.0 27.0 10.0 1.8 1.5 1.2 0.5

2.2. Construction of Nanostructured Glass-Zirconia

The zirconia specimens were prepared from commercial dental zirconia blocks (Zenos-
tar, Weiland dental, Pforzheim, Germany) using CAD/CAM technique and fully sintered
following the manufacturer’s recommended procedure (Table 2). The sintered zirconia
specimens were polished with 240, 400, 600, 800, 1200, and 2000 grits silicon carbide papers,
and then cleaned by sonication in ethanol for 5 min. The SLA glass powder was mixed
with deionized water (mass ratio of 1:3) to form a slurry. Each zirconia specimen was
coated with a uniform layer of glass slurry, with weight of 0.05 g. Then, the specimens were
heated to 1400 °C at a rate of 10 °C-min—! and held for 1.5 h. Then, the nanostructured
glass-zirconia (ngZir) was obtained. Some sintered zirconia specimens without any further
treatments were also made as non-treat control (Zir) for comparison.

Table 2. The recommended sintering procedure.

Temperature (°C) 20~900 900~900 900~1500 1500~1500 1500~900 900~20
Time (h) 1.5 0.5 3 2 1 1.8

2.3. Characterization of Nanostructured Glass-Zirconia
2.3.1. Observation of the Microscopic Morphology

The morphology and microstructure of glass powder, non-treat zirconia (Zir) and
nanostructured glass-zirconia (ngZir) were observed with SEM (5-4800, Hitachi, Tokyo,
Japan). The distribution of glass in ngZir specimens was detected. All specimens were
ultrasonically cleaned and sputter-coated with platinum (MC 1000, Hitachi, Tokyo, Japan).

2.3.2. X-ray Diffraction Spectroscopy (XRD)

Zir and ngZir specimens were analyzed with XRD (Smartlab, Japan) to examine
the phase composition. The powder diffraction patterns from the International Center
for Diffraction Data (ICDD) were used to compare and analyze the XRD peaks of the
specimens. The scans were carried out with Cu Ko radiation from 10° to 80° with a
scan rate of 10°-min~!. The percentage of monoclinic phase of ngZir was determined
with grazing incidence X-ray diffraction (GIXRD). The angle of incidence was set at 1° to
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measure the glass-zirconia layer. The percentage of monoclinic phase (V,;) was determined
as follows [30,31]:
1.311 x (1,5;“1) 4 15,}“))
Vin =

1311 % (1,3;111) +L§311)) + 1100

M

where I, and I; are the peak intensities of monoclinic and tetragonal zirconia that could
be read directly. Since the ngZir contains only tetragonal and monoclinic zirconia, the
percentage of tetragonal phase (V) can be calculated by V; =1 — V,,.

2.3.3. Roughness Assessment

Specimens of both groups were ultrasonically cleaned with ethanol for 10 min and
dried at 80 °C for 2 h before the roughness assessment. A non-contact optical profilometer
(ST 400, Nanovea, Irvine, CA, USA) was used to obtain the surface morphology (step
size of 10 um, scan speed of 0.25 mm-s~! and frequency of 100 Hz). The average surface
roughness (Ra) and arithmetical mean height of the scale limited surface (Sa) were analyzed
and calculated with professional 3D software (7.4.8737, Nanovea, Irvine, CA, USA).

2.3.4. Wettability

The wettability of specimen was assessed by static contact angle evaluation using a
contact angle instrument (Dataphysics DCAT21, Filderstadt, Germany). Distilled water
droplets (~10 pL) were dropped onto the surface of each specimen. The image of water
droplet shape was captured using an image acquisition device when the water droplet
stabilizes. The image in JPEG format was analyzed with Image] for the determination of
the contact angle. Ten specimens of each group were evaluated to obtain the average value
of contact angles.

2.4. Fabrication of Bilayer Zirconia Specimens

Forty sintered zirconia specimens were prepared and divided into two parts. Twenty
zirconia specimens were glass infiltrated with SLA glass powder to construct nanostruc-
tured glass-zirconia, and the other twenty zirconia specimens were sandblasted with 27 pm
aluminum oxide particles in a fine sand-blaster (Basic classic, Renfert, Hilzingen, Ger-
many). Two veneering techniques were used including the hand-layering method and
the heat-pressing method. For the hand-layering method, a fluorapatite porcelain (Dentin
A2, Ivoclar Vivadent, Schaan, Liechtenstein) was applied on the surface of specimens via
the silicone mold with the attempt to keep identical contact surface and dimension of
the specimens (a cube with sides of length about 4 mm). For the heat pressing method,
polymethyl methacrylate (PMMA) blocks (a cube with sides of length about 4 mm) were
fixed on top of the zirconia and invested using rapid investment materials (IPS Press VEST,
Ivoclar Vivadent, Schaan, Liechtenstein). Consecutively, the invested molds were subjected
to the burn out processes and the space created by the burn-out of the PMMA pattern was
then filled by the veneering porcelain (IPS e.max ZirPress, Ivoclar Vivadent) in the specific
furnace (EP 3010, Ivoclar Vivadent, Schaan, Liechtenstein) following the manufacture’s
guidelines. The grouping situation is shown in Table 3. In each bilayer zirconia specimen,
the area of zirconia covered by the veneered porcelain is measured to obtain an accurate
bonding area.

Table 3. The specific grouping situation.

Groups Surface Treatment Veneering Techniques
A (ngZirL) Glass infiltration hand-layering
B (ngZirP) Glass infiltration heat-pressing

C (sZirL) Sandblast hand-layering

D (sZirP) Sandblast heat-pressing
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2.5. Shear Bonding Strength (SBS) and Failure Mode Analysis

The specimens were tested using a universal testing machine (AG-10, Shimadzu
Corporation, Kyoto, Japan) with a vertical compressive load at the junction of zirconia and
porcelain. The crosshead speed was set at 0.5 mm-min~!. All specimens were tested and
the fracture loads were recorded. The bond strength was calculated as follows:

o=F/A )

where F is fracture load (N) and A refers to bonding area (mm?).

The failure mode between zirconia and the porcelain was inspected with stereomicro-
scope (Stemi 508, Zeiss, Jena, Germany) and classified as adhesive failure, cohesive failure,
and mixed failure, according to the location of failure.

2.6. Evaluation of Bonding Interface

The bilayer zirconia-porcelain specimens were cut with a diamond saw to expose the
cross-sectional surface of bonding interface between zirconia and porcelain. The cut marks
were removed using sandpapers of 400, 800, 1200, 2000 grit and diamond slurry of 2.5, 1,
and 0.25 um successively. The SEM and backscattered electron (BSE) were used to observe
the microscopic morphology of the interface, and energy dispersive spectroscopy (EDS)
was used to perform semi-quantitative analysis of elemental distribution at the interface.

2.7. Statistical Analysis

In this study, the data of different groups were analyzed with SPSS 27.0 (IBM Cor-
poration, Armonk, NY, USA), and the significance level was set at p < 0.05. One-way
analysis of variance (ANOVA) and post hoc Tukey tests was used to investigate the
statistical difference.

3. Results and Discussion

The morphology and particle size distribution of SLA glass powders are shown in
Figure 1. After the designed procedure of ball-milling, the SLA glass powder displays a
nanoscale size of 0.44 + 0.26 pm and a narrow distribution range. The smaller particle size
of the glass powder can increase the contact area between the glass slurry and zirconia in
the process of preparing nanostructured glass-zirconia.

40

/-\30 3

Frequency (%
S

00 03 06 09 12 15 18
Size (um)

Figure 1. The size distribution and morphology of the nano-glass powder.

According to the literature [32,33], the sintered zirconia achieves a near-complete
dense state with a density of 6.0-6.1 g-cm ™2 and an open porosity of approximately 0.
Figure 2a exhibits the representative polygonal zirconia grains which are closely attached
to each other. No obvious pores can be observed at the boundaries of zirconia grains. After
glass infiltration, the size of zirconia grains presented increasing tendency, and nanoscale
spaces were formed and occupied by glass between the zirconia grains, especially at the
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triple junction of the grains (Figure 2b). After micro analysis, the size of pores ranged from
84.3 to 20.4 nm.

Figure 2. Typical SEM images of zirconia surface morphology: zirconia sintered following the
recommended procedure (a) and sintered zirconia after modification (b).

The dense structure and stable chemical properties of zirconia make it difficult to form
an effective mechanical embedding effect or chemical bond with veneered porcelain. The
formation of pores makes it possible to form mechanical interlocking between porcelain
and zirconia, and the introduction of nano-glass improves the chemical activity of zirconia.
Therefore, the formation of nanostructured glass-zirconia is beneficial to enhancing the
bonding strength between zirconia and veneered porcelain [9,34,35].

The XRD patterns of SLA glass powder, zirconia and nanostructured glass-zirconia
are shown in Figure 3. With the addition of yttrium oxide, zirconia is maintained in the
form of tetragonal zirconia polycrystal (t-phase) (Zir in Figure 3b). After modification,
diffraction patterns of ngZir displayed peaks corresponding to the t-phase (ICDD 70-4427)
and monoclinic (m) phase (ICDD 81-1314) zirconia. The surface layer of the ngZir specimen
is composed of 90.8 vol% m-ZrO, and 9.2 vol% t-ZrO,.

-
(a) Nano-Glass (b) m t-ZrO,
¢ m-ZrO,
5 =
g <
= .
: E L Zir
) S u
= = e n -
= ~ 1
L0 N ngZir
3L IRES B
0 10 20 30 40 S0 60 70 80 90 10 20 30 40 50 60 70 80
20/° 20/°

Figure 3. XRD patterns of the SLA glass powder (a) and zirconia before and after modification (b).

Figure 4 shows the 2D and 3D morphology, section profile and roughness (Ra, Sa) of
zirconia before and after modification. In Zir group, the machining marks produced during
CAD/CAM processing rendered as parallel and superficial furrows which can be seen in
Figure 4a. After modification, the superficial furrows disappear, and were replaced by the
more prominent ridges. It can be seen that the 3D morphologies in Figure 4c,d present
the same characteristics corresponding to the surface morphologies. In Figure 4e/f, the
section profile gives a visual comparison of the undulating surface structure in two groups.
Analysis of the surface morphology shows that group ngZir had higher Sa and Ra values
than group Zir (p < 0.05). The results indicated that the glass infiltration in ngZir group
altered the morphology and improved the roughness. It is reported that the improvement
of roughness could enhance the SBS values between zirconia and porcelain [10,14,15].
Therefore, the increase of Ra and Sa values on the modified zirconia surface would be
beneficial to the stability of the zirconia-porcelain structure.
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Figure 4. Morphology and roughness of zirconia before and after modification. 2D morphology of
zirconia (a), 3D morphology of zirconia (b), section profile of zirconia (c), the 2D morphology, 3D
morphology, and section profile of modified zirconia, respectively (d—f). The contrast of roughness
before and after modification of zirconia (g).

During the fabrication of bilayer zirconia restorations in clinical practice, dental porce-
lain is veneered to zirconia at a temperature above its melting point, and the melted porce-
lain contacts zirconia surface in the liquid form. Therefore, the wettability of the zirconia
surface is crucial to the interfacial stability of porcelain and zirconia [14,21]. Figure 5 shows
the static contact angle of Zir and ngZir specimens with distilled water. The ngZir group
showed higher contact angle values (43.2 £ 1.9°) than Zir group (33.5 & 1.2°) (p < 0.05).
Based on Young and Neumann’s equation, the contact angle of the material is inversely
proportional to the surface energy [36]. As a smaller contact angle tends to need less
energy and imply better wettability, construction of nanoscale glass-zirconia significantly
improved the surface wettability.

(©) 60

(a) Zir

hn
=

s
=]

(b) ngZir

Contact angle (0)
w

20F
10
0
Zir ngZir
Groups

Figure 5. The contact angles of Zir (a) and ngZir (b), and the contrast of contact angles (c) before and
after modification of zirconia.

Figure 6 shows the results of SBS test and the fracture pattern of different groups. The
ngZirP group has the highest SBS values (33.43 & 4.99 MPa), while the sZirL group has the
lowest value (14.58 £ 5.98 MPa). Compared with sandblasted zirconia (sZirL and sZirP),
the bonding strength after constructing the nanostructured glass-zirconia microstructure
has almost doubled. The increased SBS may be attributed to the changes in surface structure
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and morphology, roughness, and wettability caused by glass infiltration. Nanoscale pores
are formed on the surface of ngZir and are filled with glass components, allowing for
more mechanical interlocking with the veneered porcelain. In addition, ngZir has a higher
roughness and better wettability, both of which contribute to a higher bond strength with
the decorated porcelain. There was also a significant difference between the SBS values
of different veneering methods. Compared with method of hand-layering, heat pressing
veneering technique leads to almost no internal structural defects of porcelain, which also
contributes to the improvement of SBS.

(a) (b) [ |adhesive [ |cohesive [ | mixed
100 ¢

40} b

=]
<
T

w
—J
—

=9

=)
=
T

=
=
T

o
—]
-

10f

o
(=]
T

BFS/MPa
(e}
—
Failure Percentage %

— — - . 0 . : : :
ngZirl. ngZirP  sZirL.  sZirP ngZirl. ngZirP  sZirL  sZirP
Groups Groups

Figure 6. The SBS values (a) and failure mode (b) of different groups.

After the SBS test, the fracture patterns were recorded and classified according to the
following criteria [7,16,37]:
(@) Adhesive failure: the failure occurred at interface of zirconia and porcelain.
(b) Cohesive failure: the failure occurred inside the porcelain.
(¢) Mixed failure: both a and b failure modes exist simultaneously.

All three types of fracture patterns were observed in all groups. The proportion of
adhesive failure was lower in the ngZirL and ngZirP groups, which also indicates better
interface stability.

For ngZirL and sZirL groups, the same veneering methods were adopted, therefore
the higher SBS values and lower occurrence of adhesive failure in ngZirL group were due
to the development of nanostructured glass-zirconia structure. The same results can also
be found in the ngZirP and sZirP groups, indicating that the nanostructured glass-zirconia
surface significantly improved the bond strength between zirconia and porcelain. This
conclusion is consistent with the results in previous literatures [38,39].

The bonding interface between porcelain and zirconia was analyzed with SEM and
EDS. In the sZirL group, the interface tended to be more of a straight line (Figure 7a,b),
whereas the ngZirL group had an interlaced interface (Figure 7d,e), which is consistent
with the higher roughness of the ngZir surface. Some partially exposed zirconia grains
encapsulated by the glass matrix can be observed in the ngZirL group. This confirms
the existence of nanostructured glass-zirconia composite structure in the subsurface layer.
The results of EDS line scan analysis demonstrated that both groups formed an elemental
transition region between zirconia and porcelain with continuous variation of elemental
content (yellow region in Figure 7c,f). However, the ngZirL group showed a wider range of
transition regions at the interface and a smoother variation in elemental content, indicating
a larger crossover region at the interface, which was favorable for interface stability.
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Figure 7. The SEM images and EDS line scan results at the interface. The SEM images of sZirL at the
interface (a,b), the EDS line scan results of O, Al, Si and Zr at the interface (c). The SEM images of
ngZirL at the interface (d,e), the EDS line scan results of O, Al, Si, and Zr at the interface (f).

Figure 8 shows the BSE images at the interface of sZirL and ngZirL. In the sZirL group,
the zirconia substrate exhibited homogeneous structure and composition at the region
of interface, while in the ngZirL group, grain contours and darker areas (white circles)
among grains could be observed, which indicated the presence of different compositions.
The elemental mapping analysis of the corresponding areas displayed a homogeneous
distribution of Si and Zr at the zirconia substrate in the sZirL group. In the ngZirL group,
the enhancement of the Si signal and the attenuation of the Zr signal can be detected at the
dark area (Figure 8e,f).

(a) Porcelain

- Zirconia -
3 um

(d) Porcelain

o

-
1 -

R2E 2 e

\\-4’

Nano-Glass-Zirconia 3 um

Figure 8. The BSE images and EDS mapping at the interface region. The BSE images of sZirL (a) and
ngZirL (d). The EDS mapping of Si (b) and Zr (c) at the interface of sZirL. The EDS mapping of Si (e)
and Zr (f) at the interface of ngZirL.

In this study, nanostructured glass-zirconia was constructed on fully sintered commer-
cial dental zirconia by infiltrating a novel SLA glass. The nanostructured glass-zirconia
has higher chemical activity due to the introduction of glass components. After modifica-
tion, ngZir has higher roughness and better wettability. Due to the extensive mechanical
interlocking between ngZir and veneer porcelain, a wider range of elemental transition
area is formed at the interface. The above factors lead to the significant increase in the
SBS value. Analysis of the fracture patterns also showed that the proportion of adhesive
failures was significantly reduced. Therefore, it can be concluded from the above results
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that the construction of nanostructured glass-zirconia significantly improves the structural
durability of zirconia bilayer restorations. In addition, the zirconia modification method
used in this study can be operated simply and conveniently, and can be easily implemented
in the dental laboratory.

4. Conclusions

In conclusion, the construction of nanostructured glass-zirconia on dental zirconia
ceramics significantly improves the chemical activity, roughness and wettability of zirco-
nia. Compared with sandblasting, nanostructured glass-zirconia broadens the elemental
transition region and increases the bond strength between zirconia and porcelain by ap-
proximately double. This study provides a practical, effective and promising method for
improving the interface stability of bilayer zirconia restorations.
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