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Improving Bond Strength of
Translucent Zirconia Through
Surface Treatment With
Si0,-ZrO, Coatings

QDue T Cui®GNiueJQuie®B Yang

Clinical Relevance

The adhesion between coated zirconia and resin cement can be greatly improved using a

layer of SiO,-ZrO,.

SUMMARY

Background: Translucent monolithic zirconia
ceramics have been applied in dental clinics due
to their esthetic translucent formulations and
mechanical properties. Considering inherent
ceramic brittleness, adhesive bonding with
resin composite increases the fracture resistance
of ceramic restorations. However, zirconia is
a chemically stable material that is difficult to
adhesively bond with resin.
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Objectives: To investigate the influences of SiO,-
ZrO, coatings on adhesive bonding of zirconia and
the surface characterization of those coatings.

Methods and Materials: Translucent zirconia
discs were classified into groups based on surface
treatments: CT (control), SB (sandblasting),
C21(810,:Zr0,=2:1),C11(Si0,:Zr0O,=1:1),and C12
(8i0,:Zr0,=1:2) (n=10). Surface characterization
of coatings on zirconia were analyzed by scanning
electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), surface roughness
assessment (Ra), X-ray diffraction (XRD), water
contact angle (WCA), translucency parameter (TP),
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Figure 1. Experimental design.

under ultrasonication, three groups of SiO,-ZrO, slurry
were formulated based on the molar ratio of silica to
zirconia: Si:Zr = 2:1, Si:Zr = 1:1, and Si:Zr = 1:2. The
pH of the mixtures was set to 12 with the addition of
20% NaOH solution and the mixtures preserved in
sealed glass bottles (Table 1).

Preparation of Specimens and
Surface Treatments

Using a cutting machine (MICRACUT 176, Metkon,
Turkey), the unsintered translucent zirconia blocks
(3M ESPE Lava PLUS, Bad Sickingen, Germany)
were sectioned into 100 discs with a diameter of 14 mm
and a height of 5 mm. The discs were separated into
five categories based on their surface treatment (n=20).

Group CT: The specimens were sintered according
to the sintering protocol of the manufacturer. There
was no surface treatment to specimens and CT served
as the control group. .

Group SB: The specimens were sintered according
to the sintering protocol of the manufacturers, then
sandblasted with 50 um alumina particles for 10

Shear bond strength test

seconds, perpendicularly applied onto the surface at a
distance of 10 mm with a pressure of 0.2 MPa, followed
by ultrasonic cleaning in ethanol for 5 minutes.

Group C21: The surface of pre-wetted zirconia
specimens received a 0.02 mL slurry of Si:Zr = 2:1 with
a small plastic brush producing a thin layer that was
left to dry at room temperature (25°C). The zirconia
specimens were then sintered according to the sintering
protocol of the manufacturer (Table 2).

Group Cl11: The surface of pre-wetted zirconia
specimens received a 0.02 mL slurry of Si:Zr = 1:1 with
a small plastic brush producing a thin layer that was
left to dry at room temperature (25°C). The zirconia
specimens were then sintered according to the sintering
protocol of the manufacturer (Table 2). :

Group C12: The surface of pre-wetted zirconia
specimens received a 0.02 mL slurry of Si:Zr = 1:2 with
a small plastic brush producing a thin layer that was
left to dry at room temperature (25°C). The zirconia
specimens were then sintered according to the sintering
protocol of the manufacturer (Table 2).

Table 1: Composition and Classification of SiO,-ZrO, Coating Groups (by Mole Ratio of Si0,:Zr0,)
Coating Si/Zr Silica Zirconia Polyethylene Water pH
Groups Powder (g) Powder (g) Glycol (g) (mL)

C21 2:1 0.3 0.308 1 10 12

C11 2: 0.3 0.616 1 10 12

C12 1:2 0.15 0.616 1 10 12
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Table 2: Cycle Parameters for Sintering Lava Plus
Cycle Cycle Stages Cycle Parameters
Standard Drying 2 hin open, cold furnace or at room temperature
sintering Heating 20°C/min to 800°C
ot Heating 10°C/min to 1450°C
Holding time 120 min at 1450°C
Cooling off Maximum 15°C/min to 800°C
Cooling off Maximum 20°C/min to 250°C
SEM and EDX Translucence Parameter

Scanning electron microscopy (SEM, JSM-1900F,
JEOL, Japan)was used to study the surface morphology
of translucent zirconia subjected to various surface
treatments at a voltage of 5.0 kV. Energy-dispersive
X-ray spectroscopy was used to examine the elemental
composition (EDX, AZtec X-Max 50, Oxford, UK).
The elemental mapping approach was also used to
examine the distribution of elements in the coatings.

Surface Roughhess

An electromechanical profile meter (SJ-400 Mitutoyo,
Yokohama, Japan) was used to assess the average
surface roughness (Ra) of translucent zirconia
following various surface treatments. To standardize
roughness measurement, five distinct sites (one in the
center and four ih the borders) were chosen for each
disc, and Ra values for each specimen were calculated
as an average.

Water Contact Angle

The water contact angle (WCA) of zirconia surface was
measured at 20°C using an OCA 50 automatic video
optical contact angle measuring instrument (DAS-
100, KRUSS, Augustusburg, Germany). For the WCA
test, 2 uLL deionized water droplets were placed on the
zirconia surface dt a rate of 1.6 mL/minute through
a micro-syringe, and the WCA value was determined
within 1 minute.

X-Ray Diffraction Patterns

An X-Ray thin film diffractometer (D8 ADVANCE,
Bruker, Karlsruhe, Germany) was used to study the
wide-angle X-Ray diffraction (XRD) patterns of
translucentzirconiasurface treated with monochromatic
Cu K radiation following various surface treatments.
The spectra were collected in two-angle ranges of 10-
65° in increments of 0.02° and in step sizes of 1second.
40 kV and 40 mA were chosen as the operating voltage
and current, respectively.

One dental colorimeter (ShadeEye NCC, Shofu, Japan)
was used to measure color parameters (L', lightness; a°,
redness—greenness; b", yellowness—blueness) of each
specimen under black (B) and white (W) backgrounds
three times, and then the three readings were averaged.
The colorimeter probe was perpendicular to the
surface of each specimen, and the dental colorimeter
was recalibrated after every five readings. We calculated
the translucence parameter (TP) using TP=V (L’-
L'w)*+(a"s- a'w)™(b's- b'w)%

Preparation of Bond Strength Specimens

Each group of specimens was etched with hydrofluoric
acid gel for 90 seconds, then washed with water spray
for 30 seconds, and finally air-dried. A 0.07 mm thick
paper sticker with a center hole (diameter 3 mm) was
affixed to the surface of the specimen to limit the bonding
area (ISO/TS 11405 Dentistry—Testing of adhesion.
to tooth structure).”® This restricts surface treatment
of the substrate, allows demarcation of the extent of
the adhesive, and allows accurate measurement of
bonded surface.

Prior to cementation, a primer containing phosphate
ester monomer and silane coupling agent (Single Bond
Universal, 3M ESPE) was applied to the bonding
surface of the translucent zirconia disks for 20 seconds.
Subsequently, direct gentle air was blown on the
specimen surface for approximately 5 seconds until
the solvent in the silane coupling agent evaporated
completely.

Cylinders with a diameter of 3.5 mm and a height
of 4 mm were manufactured using composite resin
(Filtek Bulk Fill, 3M ESPE) and stored in water for
seven days. Before bonding, one side of the resin
cylinders was polished with 600 mesh SiC sandpaper,
then cleaned with ultrasonic water for 5 minutes, and
finally dried. The resin cement (RelyX Ultimate, 3M
ESPE) was activated according to the manufacturer’s
instructions and applied to the treated zirconia
surface. The composite resin cylinders were cemented
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to the bonding area under a pressure of 20 N. After
the removal of excess cement, all the specimens were
light-cured for 20 seconds on each side using the 800
mW/cm? light-curing device (Elipar 2500, 3M ESPE)
with a distance of 2 cm. The specimens were then
placed in a box with relative humidity of 100% and
room temperature of 25°C for 1 hour. In this study,
five groups (n=20) were created, each of which was
divided into two subgroups and subjected to two aging
conditions: water storage at 37°C for 24 hours (n=10)
or with additional 10,000 thermal cycles of 5.0 * 0.5°C
to 55.0 + 0.5°C with a 30-second dwell duration (Proto-
tech, New York, NY, USA) (n=10), prior to shear bond
strength testing.

Shear Bond Strength

The shear bond strength (SBS) test was performed. All
specimens were fixed and measured using a universal
testing machine (3367 Instron, Norwood, MA, USA).
A continuous load of 500 N was applied at a crosshead
speed of 1.0 mm/minute. The SBS was calculated by
dividing the load force at fracture (N) by the area of
bonded ceramic (mm?).

Failure Mode Evaluation

All fracture specimens collected from the SBS test were
inspected using an optical microscope (SmartScope
MVP 200, Portland, USA) at a magnification of 6.5x.
Fracture modes were defined as: 1) “Adhesive failure”
at the interface between resin cement and translucent
zirconia; 2) “Cohesive failure” within resin cement; and
3) “Mixed failure” as a combination of adhesive failure
and cohesive failure.

Statistical Analysis

Using the Statistical Package for Social Sciences (SPSS
version 20.0), two-way analysis of variance (ANOVA)
for shear bond strength results and one-way ANOVA

for other data was performed at a significance level of
a=0.05.
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RESULTS

Surface Roughness, Surface Morphology, and
Chemical Composition

The measured Ra of translucent zirconia specimens
is listed in Table 3. The Ra in group C21 (2.17+0.58
um) was significantly higher than that in other groups
(p<0.05). In addition, the Ra of group SB (0.46+0.03
um) was significantly lower than those of SiO,-ZrO,-
coated specimens in group CI11 (1.46%0.21 um), in
group C12 (1.33£0.10 um), and in group C21 (2.17+0.58
um) (p<0.05). The Ra of group C11 (1.460.21 um) did
not differ significantly from that of group C12 (1.33%0.10
um) (p>0.05).

SEM images of the coating surface in various treated
translucent zirconia specimens are shown in Figures 2
and 3. In the control group, compared with the other
groups, the surface of as-sintered zirconia appeared
to be the smoothest. Compared with the control
group, the surface of translucent zirconia treated by
sandblasting was irregular and rougher. For groups
coated with SiO,-ZrO,, ie, groups C21, C11, and C12,
many “SiO, islands” were observed on the surface of
translucent zirconia (Figure 3B, E, H-yellow circles). In
fact, many valleys appeared to be SiO, islands (Figure
3B, E-blue squares). Moreover, many zirconium atoms
(Figure 2C, F, I-red arrows) were embedded in SiO,
islands in groups C21 and C11. However, the valleys of
group C12 were shallower than those of other groups,
rendering a honeycomb structure.

The elemental composition of the translucent zirconia
surfaces after various treatments were indicated in EDX
results (Figure 4). The silicon content on the surface
of translucent zirconia in group C21 was the highest.
In comparison, the silicon content on the surface of
translucent zirconia in C11 and C12 groups gradually
decreased.

The element spatial distributions of Si and O on
the coated surface of translucent zirconia specimens
are shown in EDX mapping (Figure 5). The silica

Table 3: Surface Characterization of All the Test Groups (n = 10)?

Group CT SB Cc21 C11 c12
Ra 0.26+0.054 a 0.46+0.027 b 2.17+0.575 ¢ 1.46+0.211d 1.33+0.103 d
WCA 84.70+0.408 a 63.90+2.092 b 65.80+3.827 b 58.12+1.635 ¢ 63.23+0.991 b

TP 12.13+0.666 a 12.03+0.513 a 8.67+0.808 b 12.20+0.265 a 11.93+0.306 a
Abbreviations: CT, sintered; C21, C11, and C12: SiO./ZrO, = 2:1, 1:1 and 1:2; Ra, roughness assessment; SB, sandblasting; TP,
translucence parameter; WCA, water contact angles.

aDifferent lowercase letters indicate significant differences (p<0.05).
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particles were uniformly distributed on the $SiO,-ZrO,-
coated surface of translucent zirconia in group C12.
Nevertheless, in the C21 group, the silica particles on
the SiO,-ZrO,-coated surface of translucent zirconia
aggregated into a pile. Furthermore, the distribution of
the silica particles on the SiO,-ZrO,-coated surface of
translucent zirconia in group C11 was not as uniform
as that in group C21.

Water Contact Angle

The results of WCA are shown in Table 3. WCA differed
dramatically in specimens with different surface
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Figure 2. SEM images of the
surface of the translucent
Zirconia with sintered (CT group)
and sandblasting (SB group)
at a magnification of 200X,
1000x, and 20,000x. In the CT
group, the surface of translucent
Zirconia appeared to be smooth.
In the SB group, the surface of
translucent zirconia was irreqular
and rougher.

treatments. The WCA was reduced in both group SB
and the groups with coating. In group Ci1, the WCA
was determined to be the lowest in all groups (p<0.05).

Phase Transformation

The XRD diffraction patterns with various surface
treatments are shown in Figure 6. Tetragonal (T) phase
and cubic (C) phase structures could be detected on the
surface of any translucent zirconia surface. The peak
value of monoclinic phase appeared at a 26 angle of
28.47° (arrow shown in Figure 6), which was detected
only on the surface in group SB.

Figure 3. SEM images of the
surface of the coated translucent
zirconia for C21 group, C11 group
and C12 group at a magnification of
200x%, 1000%, and 20,000x. In C21,
C11, and C12 groups, many “SiO,
islands” were observed on the
surface of translucent zirconia (B, E,
H-yellow circles); many zirconium
atoms were embedded in SiO,
islands of C21 and C11 groups (C, F,
I-red arrows). However, the valleys
of group C12 were shallower than
those of other groups, rendering a
honeycomb structure (B, D-blue
squares).
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Figure 4. EDX patterns and elemental composition of translugent
zirconia specimens after the various treatments. The results
showed the distribution of elements in all groups and the mass
fraction of each element. Abbreviations; CT: sintered, C21, C11
and C12: Si0./ZrO.= 2:1, 1:1 and 1:2); SB: sandblasting.

Translucence Parameters

It was found that sandblasting did not reduce the
translucency parameters of translucent zirconia (see
Table 3). For the SiO,-ZrO, coating treatment, the
translucency parameters of the C21 group with a higher
silicon atom ratio were significantly lower (p<0.05) than
those of other groups, while no significant difference
was found among groups C11, C12, and control.

Operative Dentistry

Shear Bond Strength

The results of the shear bond strength test are presented
in Table 4. Under the condition of 24-hour aging, the
shear bond strength of the control group exhibited the
lowest (10.91£1.31 MPa), while that of group C11 was
the highest (25.11£2.30 MPa) value followed by group
C21 (20.8+2.30 MPa), group C12 (19.00£2.04 MPa),
and group SB (14.672.10 MPa). Moreover, there was
a statistically significant difference (p<0.05) among the
five groups (Table 4). Under the condition of 10,000
thermal cycles, the shear bond strength of all groups
decreased significantly (p<0.05). Furthermore, the shear
bond strength of group C11 was the highest (12.53+3.31
MPa) while that of group CT was lowest (3.77£1.70
MPa). However, there was no significant difference in
shear bond strength between the C21 group and the
C12 group (p>0.05).

Failure Mode Analysis

Failure mode analysis of the debonding specimens
after the shear bond strength test showed that the
failure mode of each specimen was mainly mixed
failure (Table 5). After 10,000 thermal cycles of
artificial aging, the adhesion between resin cement and
translucent zirconia surface in all groups decreased.
The percentage of adhesive failure was higher in the
control group, while the percentage of mixed failure
was higher in group SB, and cohesive failure occurred
only in groups with coating.

DISCUSSION

Monolithic zirconia has emerged as one of the most
popular dental materials due to the development of
digital dentistry.” This is due to the chemical stability of
zirconia, which makes it challenging to establish a strong
and durable bonding with the resin.” To overcome the
adhesion challenge, Blatz and others proposed the APC
zirconia bonding concept.’ A strong zirconia bonding
can be established for 3Y-TZP by applying the APC
zirconia-bonding concept.” In one previous study, as the
crystalline phase in translucent zirconia such as 4Y-PSZ
and 5Y-PSZ changed with phase transformation due
to sandblasting, the mechanical strength of 4Y-PSZ
and 5Y-PSZ decreased.”* While the short-term bond
strength of translucent zirconia remained stable, the
long-term bond strength remains unknown.

In this study, Single Bond Universal (3M ESPE) was
used asa chemical ceramic primer containing phosphate
ester monomer (APC-P) and silane. Therefore, the
specimens in group SB underwent sandblasting (air-
abrasion: APC-A) and chemical application of Single
Bond Universal (APC-P), serving as the positive control
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in this study. The current study offered innovative
SiO,-ZrO, coatings applied to translucent zirconia and
investigated their influence on the shear bond strength
between resin and the translucent zirconia, comparing
to groups SB and CT. Compared with the CT group,
the SiO,-ZrO, coatings demonstrated significant
improvement in terms of roughness, surface energy,
and other characteristics. Interestingly, the SiO,-ZrO,
coating did not affect transmittance (Table 3) and
no phase transformation on the zirconia surface was
noticed as demonstrated in the XRD results (Figure 6).
This finding is in agreement with other studies®?% and
contributes to a treated zirconia surface for durable
chemical bonding. In this study, zirconia surface
treatment with SiO,-ZrO, coating (group C11) resulted
in a significant increase (>70%) in shear bond strength
compared with sandblasting treatment (group SB). In
contrast, our results indicated that the sandblasting led
to phase transformation on translucent zirconia surface
in group SB (Figure 6), which possibly reduced the
bonding strength.

Previous studies indicated that increased surface
roughness, sandblasting, and tribochemical silica
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Figure 5. EDX mapping of the spatial
distribution of elements Zr, Si, and O
in the ZrO»-SiO; coatings. Zr and O
elements were detected in any groups.
Al was detected by sandblasting group
and Si was detected in SiO»ZrO,
coating groups. Abbreviations: C21,
C11 and C12: Si0,/ZrO, = 2:1, 1:1 and
1:2; CT, sintered, SB: sandblasting.

coating techniques can strengthen the bonding betweén
zirconia and resin.®? Tribochemical silica coating
is more effective than sandblasting because the silica
introduced to the bonding substrate surface can form
chemical bonding bonds.! The chemical bonding can
be achieved using silica, which forms strong siloxane (Si-
O-8i) connections by condensation with silane.? The
Si0,-ZrO, coating technique in this research improves
durable bonding through a similar mechanism as
tribochecmical silica coating to form chemical bonding
between SiO, and resin. In this study, the SBS decreased
in all groups after artificial thermal cycling (Table 4).
However, the shear bond strength of groups CT and SB
were reduced by 65% and 52%, respectively, while shear
bond strength was reduced in groups using coating by
38%. This may result from the SiO,-ZrO, coating silica
component being primarily responsible for creating
a strong bond with the resin (Figure 2). Additionally,
compared to group SB, translucent zirconia had better
wettability in the SiO,-ZrO, coating group (Table
3). The high percentage of cohesive fracture modes
in coating groups further suggested that SiO,-ZrO,
coating created a strong and durable bonding (Table 5),
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Figure 6. XRD patterns of translucent zirconia specimens with the various surface treatments: Tetragonal (T) phase and cubic (C) phase
structure could be detected on the surface of any translucent zirconia surface. The monoclinic phase was detected on the surface of
translucent zirconia specimens with sandblasting treatments. Abbreviations: C21, C11 and C12: SiO./ZrO,= 2:1, 1:1 and 1:2; CT: sintered;

SB, sandblasting.

while there was a higher percentage of adhesive failure
in group SB, indicating that sandblasting did lead to a
stable durable resin bonding through micro-mechanical
retention (Table 5).

For groups coating with the different SiO,-ZrO,-
ratios used in this study, the shear bond strength
varied significantly (Table 4). As shown in Figure 3,
the coatings with different SiO,-ZrO,-ratios created a
rougher surface and increased the bonding through
mechanical interlocking. Moreover, as shown in EDX
results and the wettability test, the coating treatment
increased the silicon content on the translucent
zirconia surface, which in turn increased the surface
energy after coating.” Other coating methods could
be compared with SiO,-ZrO, coating treatment.
According to a previous study, Lung and others
coated the SiO, coating on zirconia via decomposing
silicon nitride hydrolysis.* This method may be better

than sandblasting in terms of aging resistance, which
changes with the number of silicon atoms. The results
showed that the number of silicon atoms would dictate
the coating’s microstructure, which would have an
impact on the bond strength.

In this study, very thin layers of SiO,-ZrO, were
coated on translucent zirconia via sintering to improve
resin bonding by increasing SiO, content on the
zirconia surface and promoting chemical bonding,
and by increasing surface roughness and surface area.
One limitation of this study is that the thickness of the
coatings was not measured due to some restrictions.
However, to make the thickness of each specimen’s
surface consistent and under control, each specimen
surface was coated with 0.02 mL ceramic slurry and
the thickness of the 130 um slurry was calculated.
According to the amount of powder added, powder
density and distilled water, the coating thickness was

Table 4: Shear Bond Strength (MPa) of All the Test Groups (n = 10)?

Test Group CT SB

C21 C11 C12

24h 10.91+1.31 Aa 14.67+2.10 Ba
TC10,000 3.77+1.70 Ab 6.94+2.30 Bb

20.80+2.30 Ca
12.53+3.31 Cb

25.11+2.69 Da  19.00+2.04 Ea
16.38+2.55 Db 11.76+2.37 Cb

(p<0.05).

Abbreviations: C21, C11, and C12, Si0./ZrO,= 2:1, 1:1 and 1:2; CT, sintered; TC, thermal cycling in a temperature range of 5°C to
55 °C with 30 s dwell time and 10 s transfer time; SB, sandblasting; 24 h, 24 hours of water storage.
2Different lowercase letters in the same column and different uppercase letters in the same row indicate significant differences
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Table 5: Failure Modes of All the Test Groups (n=10)
Test Group CT SB C21 C11 C12

A (40%) A (10%) A (0%) A (0%) A (0%)
Group 24 h M (60%) M (90%) M (90%) M (80%) M (100%)

C (0%) C (0%) C (10%) C (20%) C (0%)

A (80%) A (40%) A (0%) A (0%) A (0%)
Group TC M (20%) M (60%) M (100%) M (90%) M (100%)

C (0%) C (0%) C (0%) C (10%) C (0%)
Abbreviations: 24 h, 24 hours of water storage; A, M, and C represent adhesive failure, mixed failure, and cohesive
failure, respectively; CT, sintered; C21, C11, and C12, SiO»/ZrO,= 2:1, 1:1°and 1:2; SB, sandblasting; TC, thermal
cycling in a temperature range of 5°C to 55°C with 30 seconds dwell time and 10 seconds transfer time.

calculated as: Thickness = Volume of slurry/Surface *

area = 0.02 mL/w(14/2)’ mm? =130 wm, when the
slurry coating was wet. The actual thickness should
be much thinner than this calculated value of 130 um
after the solvent was volatilized and sintering. More
importantly, part of the SiO,-ZrO, slurry infiltrated
into the pores of the underlying zirconia block and
became sintered together with the underlying zirconia
block after sintering. Therefore, the coatings formed on
the top of the zirconia block superficially and strongly
sintered into the zirconia block. In addition, the glass
component (SiO,) would be helpful to form a chemical
bond to the resin cement through silanization at the
cementation step of zirconia restorations. Under
fatigue cycling, cracks may generate and propagate
in the glassy phase of the coating, which may affect
the mechanical strength of the system. Therefore,
the influence of coating thickness on the mechanical
properties will be investigated in the future.

CONCLUSIONS

Within the limits of this study, the following conclusions
can be drawn: SiO,-ZrO, coating is a promising method
to enhance the adhesive resin bonding of translucent
zirconia without causing phase transformation of
translucent zirconia.
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