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Objective: The aims of this study were to compare the shear bond strength
between orthodontic metal brackets and glazed zirconia using different types
of primer before applying resin cement and to determine which primer was
more effective. Methods: Zirconia blocks were milled and embedded in acrylic
resin and randomly assigned to one of four groups: nonglazed zirconia with
sandblasting and zirconia primer (NZ); glazed zirconia with sandblasting,
etching, and zirconia primer (GZ); glazed zirconia with sandblasting, etching,
and porcelain primer (GP); and glazed zirconia with sandblasting, etching,
zirconia primer, and porcelain primer (GZP). A stainless steel metal bracket was
bonded to each target surface with resin cement, and all specimens underwent
thermal cycling. The shear bond strength of the specimens was measured by a
universal testing machine. A scanning electron microscope, three-dimensional
optical surface-profiler, and stereoscopic microscope were used to image the
zirconia surfaces. The data were analyzed with one-way analyses of variance
and the Fisher exact test. Results: Group GZ showed significantly lower shear
bond strength than did the other groups. No statistically significant differences
were found among groups NZ, GP, and GZP. All specimens in group GZ showed
adhesive failure between the zirconia and resin cement. In groups NZ and GP,
bonding failed at the interface between the resin cement and bracket base or
showed complex adhesive and cohesive failure. Conclusions: Porcelain primer
is the more appropriate choice for bonding a metal bracket to the surface of a
full-contour glazed zirconia crown with resin cement.
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INTRODUCTION

Zirconium dioxide (Zr0Q,), also called zirconia, is
characterized by superior mechanical properties such as
high flexural strength, relatively low elastic modulus, and
high fracture toughness as compared to other ceramic
materials."” Yttria (Y,0,) is added to zirconia to improve
its mechanical properties, and yttria tetragonal zirconia
polycrystalline (Y-TZP) material is used in dentistry.

The use of zirconia in conservative aesthetic dentistry
has become more common because of increasing aes-
thetic demands from patients and considerable develop-
ment of computer-aided design (CAD) and computer-
aided manufacturing (CAM) technologies, including
scanners, CAD software, and network-connected ma-
chining centers.” Such trends have widened the app-
lication of zirconia to anterior and posterior fixed
prostheses, endodontic posts, implant abutments, and
orthodontic brackets.*” In the early days, zirconia was
simply a substitution of metal for metal-free restorations
in fixed prostheses, and porcelain veneering was us-
ually necessary because of the aesthetic limitations
of zirconia. However, because the porcelain layer of a
zirconia-core crown is too thin to withstand heavy po-
sterior occlusal force, chipping or fracturing of veneering
porcelain was frequently reported.®” In recent years,
with the improvement in the natural tooth-like opacity
of Y-TZP and techniques for precise machining and
coloring of a zirconia block,’ clinical application of full-
contour zirconia crowns has been actively pursued.’

With the increasing clinical application of zirconia
and rising demand for adult orthodontic treatment, or-
thodontists may more frequently encounter zirconia
surfaces on which orthodontic appliances must be
bonded. Various surface treatments have been tested
in order to determine the desirable bracket bonding
strength to zirconia. Etching with hydrofluoric acid,
sandblasting with Al,O, particles with silanization, and
etching with hot chemical solutions have been intro-
duced, but these procedures have minimal effect on bo-
nding strength.'""”

Various adhesive primers have been developed for
“naked” zirconia. These primers enhance the adhesion
between hydrophobic resin cements and oxide-
based substrates. The anhydride group present in the
4-methacryloyloxyethyl trimellitate anhydride mo-
nomer'® and the phosphate ester group of the 10-
methacryloyloxydecyl dihydrogen phosphate (MDP)
monomer chemically bond to zirconia ceramics.'®"”
However, these primers were invented for use with naked
zirconia surfaces, i.e., for bonding between veneering
ceramics and a zirconia core® or resin cement and a zir-
conia surface without requiring glazing.

In clinical practice, the outer surface of a full-contour
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glazed zirconia crown is not made of naked zirconia.
Zirconia crowns are generally glazed to improve their
aesthetic appearance. Porcelain primer, a silane coupling
agent, effectively creates a strong bond between resin
cement and silica-based ceramics, including ceramic
powder used for glazing, by increasing the wettability of
the ceramic surface for bonding of the resin cement.”
Therefore, porcelain primer could be a desirable
treatment option for glazed zirconia surfaces in dental
clinics.

Many commercial zirconia primers are available, and
porcelain primer could be used to treat glazed zirconia
surfaces for bracket bonding. 1t is necessary to find the
primer most suitable for use with zirconia that has been
glazed to produce a highly aesthetic and glossy surface.
The aims of this study were to compare the shear bond
strength of different primers and determine if a zirconia
primer or a conventional porcelain primer would provide
the more effective surface treatment for orthodontic
bracket bonding.

MATERIALS AND METHODS

Preparation of zirconia blocks and acrylic resin cylinders

Industrially manufactured Y-TZP ceramic blocks
(Prettau Blocks; Zirkonzahn GmbH, Gais, 1taly) were
used in this study. After the design was completed
with Rhinoceros software (Robert McNeel & Associates,
Seattle, WA, USA), the zirconia blocks were CAD/CAM
milled to an area of 8.0 x 8.0 mm” and a thickness of
5.0 mm (n = 40). The blocks were then colored with
a Zirkonzahn coloring kit (dipping each block in the
coloring liquid for 3 min, according to manufacturer’s
instructions) and sintered in a furnace for zirconia
(Zirkonofen 600; Zirkonzahn) by firing at 1,600°C for 11
hours.

To prepare glazed zirconia blocks, a glazing liquid
(INsitu Glaze Liquid, GC initial™; GC America Inc.,
Chicago, 1L, USA) was applied with a brush on the sin-
tered surface of each block before it was refired at
800°C for 90 seconds in a porcelain furnace. This step
was intended to reproduce the surface state delivered in
a dental clinic. To ensure consistent surface preparation,
all steps were completed according to the manufacturer’s
instructions by one dental technician.

A total of 40 zirconia blocks were embedded in acrylic
resin (Ortho-Jet™,; Lang Dental Manufacturing Co., Inc.,
Wheeling, 1L, USA) with a diameter of 30.0 mm and a
height of 15.0 mm for use in shear bonding strength
test.
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Surface roughening: alumina sandblasting with and
without hydrofluoric acid etching

The specimens were randomly assigned to four groups
of 10 specimens each: nonglazed zirconia treated with
sandblasting and zirconia primer (NZ); glazed zirconia
treated with sandblasting, etching, and zirconia
primer (GZ); glazed zirconia treated with sandblasting,
etching, and porcelain primer (GP); and glazed zirconia
treated with sandblasting, etching, zirconia primer, and
porcelain primer (GZP) (Table 1). Because hydrofluoric-
acid etching cannot change the surface structure of
zirconia,'* only glazed specimens were etched.

Alumina sandblasting was performed for 5 seconds at
a pressure of 40 psi, with a mean particle size of 50 um
(PROPHYflex 3-2018; KaVo Dental GmbH, Dubai, United
Arab Emirates). The distance of the sandblaster nozzle
tip from the surface was about 5 mm. For specimens
from the GZ, GP, and GZP groups, the sandblasted
surface was etched with 9% hydrofluoric acid (Reliance
Porc-Etch™; Reliance Orthodontic Products, Inc., Itasca,
1L, USA) for 4 minutes.

Table 1. Classification of study groups

Test group Surface treatment

NZ Nonglazed zirconia + sandblasting
+ zirconia primer

GZ Glazed zirconia + sandblasting + etching
+ zirconia primer

GP Glazed zirconia + sandblasting + etching
+ porcelain primer

GZP Glazed zirconia + sandblasting + etching

+ zirconia primer + porcelain primer

Crosshead —»

Bracket —» H

Zirconia

Acrylic resin

Bracket bonding with primers and resin cement

After the surfaces of the specimens had been rough-
ened, they were washed and dried thoroughly. One thin
coat of zirconia primer (Zirconia Liner Premium; Sun
Medical Co., Ltd., Moriyama, Japan) or porcelain primer
(Reliance Porcelain Conditioner; Reliance Orthodontic
Products, Inc.) was then applied to the surface of
each specimen. A stainless steel metal bracket for the
mandibular incisor (Tomy Inc., Tokyo, Japan) was
bonded to the target surface of each specimen with
resin cement (Transbond™ XT; 3M Unitek, Monrovia,
CA, USA). After the excess resin around the bracket was
removed, the resin was polymerized with a plasma arc
curing light (Flipo, LOKKI S.A., Les Roches de Condrieu,
France) at a light intensity of 1,100 mW/cm’ for 10
seconds.

All materials were used according to the manufacturers’
instructions.

Shear-bond-strength test

All specimens underwent thermal cycling (from 5°C to
55°C) for 2,000 cycles, with a dwell time of 30 seconds
(KD-TCS30; Kwang-duk F.A., Seoul, Korea).”> After the
procedure, all specimens were stored in distilled water at
37°C.

The shear bond strength of the specimens was mea-
sured by a universal testing machine (Model 3366;
Instron® Co., Norwood, MA, USA) at a cross-head speed
of 1 mm/min. The measured values were then divided by
the area of the bracket base (9.81 mm?) and converted
to units of MPa (Figure 1).

Surface characterization
Scanning electron microscopy (SEM) (S-3000N; Hita-
chi, Tokyo, Japan) at a magnification of x1,000 and

Figure 1. A, Schematic illus-
tration of the shear-bond-
strength test. B, Equipment
for measuring shear bond str-
ength.
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an operating voltage of 15 kV was used to image zir-
conia surfaces before and after surface roughening.
The roughened surfaces were analyzed with a three-
dimensional optical surface profiler (NewView 6300;
Zygo Co., Middlefield, CT, USA) based on noncontact
scanning white-light interferometry to measure the
surface roughness and evaluate the three-dimensional
features on the surface. Failure-mode analysis was
performed at a magnification of x20 with a zoom ste-
reoscopic microscope (JSZ-7TX; Samwon, Goyang,
Korea) connected to a digital camera (EOS 1000D;
Canon, Tokyo, Japan). The results were classified into
three categories: adhesive failure between the zirconia
and resin cement, adhesive failure between the resin
cement and the bracket base, and complex adhesive and
cohesive failure.

Statistical analysis

All preparation and testing procedures were performed
by the same operator to eliminate interoperator vari-
ability. The data were submitted to one-way analyses
of variance and multiple comparisons with the Tukey
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Figure 2. Comparison of the values of shear bond
strength. *Statistically significant (p < 0.05).

NZ, Nonglazed zirconia with sandblasting and zirconia
primer; GZ, glazed zirconia with sandblasting, etching,
and zirconia primer; GP, glazed zirconia with sandblasting,
etching, and porcelain primer; GZP, glazed zirconia with
sandblasting, etching, and both zirconia and porcelain
primers.

Figure 3. Scanning electron microscopy images of zirconia surface (magnification x1,000). A, Nonglazed zirconia; B,
nonglazed zirconia + sandblasting; C, glazed zirconia; and D, glazed zirconia + sandblasting and acid etching.
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honest significant difference test (IBM SPSS Statistics
software version 21.0; 1BM Co., Armonk, NY, USA) to
determine differences in shear bond strength between
the specimen groups, depending on the type of primer
used. The Fisher exact test was used to evaluate the re-
lationship between surface treatment and failure modes.
The Tevel of statistical significance was set at p = 0.05
for all statistical analyses.

RESULTS

Effect of primers on shear bond strength of resin cement

The mean shear bond strength (MPa) and standard
deviations for each specimen group are presented in
Figure 2. Group GZ, with zirconia primer on a glazed
surface, showed significantly lower shear bond strength
than the other groups (NZ, GP, and GZP; p < 0.05).
There were no statistically significant differences among
the NZ, GP, and GZP groups (p > 0.05).

Surface imaging of specimens

SEM images of the zirconia surfaces before and after
roughening are presented in Figure 3. Figure 3A shows
the slightly cut surface of zirconia (group NZ) that
resulted from the cutting operation. In Figure 3C, the
glazed zirconia (groups GZ, GP, and GZP) exhibited a
plane surface with a few pits.

Sandblasting (and acid etching for glazed specimens)
resulted in increased surface roughness (Figure 3). The
surface of sandblasted and acid-etched glazed zirconia
(Figure 3D) which had small or large pores (1-50
um) was more roughened than that of sandblasted
nonglazed zirconia (Figure 3B).

Figure 4 shows three-dimensional optical profiler
images corresponding to the SEM images. Each color
represents the height of each spot. Compared with
the glazed specimens (Figure 4C), the sandblasted and
etched surfaces had pits of various depths (Figure 4D).
The roughness average (R,) of nonglazed zirconia was
significantly increased after sandblasting treatment
(from 0.104 + 0.03 to 0.165 + 0.02, p < 0.05). The R,
of glazed zirconia was also significantly increased after
sandblasting and etching (from 0.01 + 0.01 to 0.209 +
0.03, p < 0.05).

Failure-mode analysis

Failure-mode analysis was performed with a stereo-
scopic microscope. Images representing each failure
mode are shown in Figure 5, and the results (n = 40) are
shown in Table 2.

All specimens (n = 10) in group GZ showed adhesive
failure between the zirconia and resin cement. In groups
NZ and GP, bonding failed at the interface between the
resin cement and the bracket base or showed complex
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adhesive and cohesive failure. The specimens in group
GZP, which were treated with a zirconia primer followed
by a porcelain primer, all showed complex adhesive
and cohesive failure (Table 2). Upon analysis with the
Fisher exact test, groups GZ and GZP were statistically
distinct from the others (p < 0.05). In other words, all
10 samples in the GZ group showed adhesive failure
between zirconia and resin, and all 10 samples in the
GZP group showed complex adhesive and cohesive
failure. However, samples in the NZ and GP groups

2.05705 um I

62.96 pm
47.22

, ’ 3148
11.80
< ~e -1.0825 um
0.915171 um l

62.96 um
47.22

31.48

8 L 4 3 =
‘] - -
3 : 3
35.41 15.74
23.61 I
11.80
- -0.926253 um I

P
4722 ym

fs

79.0281 nm
62.96 um
47.22
3148
47753 um
1.8734 pm

'3 7
ol
35.41 15:7¢
2361
11.80
- o -110.196 nm
2 2 s pre >
. Wi (o & e

- -2.88344 um

Figure 4. Three-dimensional optical profiler images of
zirconia surface (magnification x100). A, Nonglazed
zirconia; B, nonglazed zirconia + sandblasting; C, glazed
zirconia; and D, glazed zirconia + sandblasting and
acid etching. The right side of each figure includes a
colorimeter band representing the height of each spot as
different color.
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showed a statistically similar failure mode (p > 0.05).

DISCUSSION

In this study, the shear bond strengths of various
zirconia blocks were measured to determine whether a
recently commercialized zirconia primer or a conven-
tional porcelain primer was more suitable for bonding
orthodontic brackets to a full-contour zirconia crown.
Previous studies have shown that porcelain primer

Table 2. Failure mode after shear bond strength test

Group
Test
NZ GZ GP GZP
Adhesive between zirconia/resin - 10 - -
Adhesive between resin/bracket 7 - 6 -
Complex adhesive and cohesive 3 - 4 10

Refer to Table 1 for the definition for each group.

successfully increases the shear bonding strength of
bracket-resin cement complex bonded to glazed porcelain
surfaces that have been etched and sandblasted.””
However, other studies have reported opposite results,
showing that porcelain primer has no significant effect
on bonding strength on glazed porcelain surfaces that
have been etched and sandblasted.”

In the present study, unprimed samples with a glazed
zirconia surface subjected to sandblasting and etching
were excluded because of the results of a preliminary
study. The preliminary study tested bracket shear bon-
ding strength on unprimed glazed, sandblasted, etched
zirconia samples as well as on samples in the NZ, GZ,
GP, and GZP groups after incubation in distilled water
at 37°C for 24 h. Unprimed samples showed a relatively
lower bonding strength than primed samples (10.3 and
15.2 Mpa, respectively; p < 0.05). For this reason, the
group of samples subjected only to sandblasting and
etching, with no primer, was excluded, and the other
four groups were subjected to further thermocycling

Figure 5. Stereoscopic micro-
graphs of debonded surfaces
(magnification x16). A, Ad-
hesive failure between zir-
conia and resin cement; B,
adhesive failure between re-
sin cement and bracket base;
C, complex adhesive and co-
hesive failure.

A B (o D
Zirconia primer Zirconia primer Porcelain primer Zirconia + Porcelain primer
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Sandblasted and etched
glazed zirconia
without exposure of zirconia

Sandblasted and etched
glazed zirconia
without exposure of zirconia

Sandblasted and etched
glazed zirconia
without exposure of zirconia

Sandblasted
non-glazed zirconia

Figure 6. Chemical interaction models between primer and various zirconia surfaces. A, Nonglazed zirconia with zirconia
primer; B, glazed and roughened zirconia with zirconia primer, showing mismatched interaction between zirconia primer
(MDP) and the glazed surface; C, glazed and roughened zirconia with porcelain primer; and D, glazed and roughened
zirconia with both primers.
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tests in this study.

Our results showed that blocks in group GZ, with a
glazed surface and a zirconia primer, had significantly
lower shear bond strength than did blocks in other
groups. In previous studies, however, roughening of
a zirconia surface followed by application of zirconia
primer improved the shear bond strength.””*® Therefore,
when the glazing layer of a full-contour zirconia crown
(often encountered in an orthodontic clinic) is not
removed by conventional roughening, one cannot expect
the zirconia primer to work as intended.

Chemical interaction models of each experimental
group are shown in Figure 6. Zirconia Liner Premium,
the zirconia primer used in this study, is composed
mainly of methyl methacrylate (97%); the balance
comprises 3% MDP and 0.01% 4-methoxyphenol. The
MDP monomer effectively forms a bond between resin
cement and zirconia, enabling the phosphate ester
group (R-P0,”) of the MDP to directly bond to positively
charged metal ions (such as Zr*', A", and Ti"") in metal
oxides including those of zirconium, chromium, nickel,
aluminum, tin, and titanium (Figure 6A).”

The porcelain primer, a silane coupling agent, effec-
tively creates a strong bond between resin cement and
silica-based ceramics by increasing the wettability of the
ceramic surface for the resin cement.”’ Silane monomer
commonly has one backbone end containing a vinylic
carbon-carbon double bond (-CH=CH,), while the other
end has relatively rapidly hydrolyzable alkoxy groups
(-0-CH,). Once activated by hydrolyzation with water,
the alkoxy groups form hydrophilic labile silanol groups
(-Si-OH), which combine -Si-OH in a silica surface
(Si0,). Glazing surfaces generally include silica with
minor amounts of various metal oxides. Therefore, it
is reasonable that silane agents may attach to glazed
surfaces with hydrophobic siloxane bonds (-Si-0-Si-,
Figure 6C).

In this study, the bonding strength of the glazing
layer could have been affected by the silane coupling
agent because of glazing that remained on the surface
after conventional roughening. For this reason, using
a zirconia primer on the glazed surface would have
been inappropriate (Figure 6B). The porcelain primer,
however, could provide an acceptable shear bond streng-
th between the glazed surface and the resin cement.
In other words, the zirconia primer works only with
nonglazed zirconia surfaces, and a porcelain primer is
required when orthodontic brackets are bonded to a
glazed zirconia surface.

While specimens in groups NZ and GP showed either
adhesive failure between the resin cement and bracket
base or complex adhesive and cohesive failure, spe-
cimens in group GZ all showed adhesive failure between
the zirconia and resin cement. This is consistent with
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the results of the shear-bond-strength test. The adhesive
failure in group GZ indicated failure of bonding at the
interface between the glazed zirconia surface and the
zirconia primer combined with resin cement. In the other
groups, the adhesive failure between the resin cement
and the bracket indicated a stable bonding interface
between the zirconia surface and resin cement, which
had a stronger tension resistance than did the interface
between the resin cement and the bracket base.

Because the aesthetic appearance of a prosthesis is
less important on the lingual side than on the buccal
side, the glazing layer on the lingual side may be thin
or absent, and the zirconia surface can be exposed
during conventional roughening. In such a situation,
an operator must either choose a single surface type in
order to obtain acceptable bonding with a single primer
or know whether two different primers can be used at
the same time on two surface types without lowering
their adhesion ability (Figure 6D).

In this study, specimens in group GZP were roughened
with sandblasting and acid etching; zirconia primer,
followed by porcelain primer, was then applied to
the surface. As compared with groups NZ and GP,
which mostly showed adhesive failure between the
resin cement and the bracket base, the frequency of
complex adhesive and cohesive failure increased when
zirconia primer and porcelain primer were used to-
gether. However, the mean shear bond strength of group
GZP was far above 6—9 MPa, which is known as the
minimum shear bond strength that can withstand the
force applied during orthodontic movement.”®”" Several
specimens in group GZP showed even higher bond
strengths than specimens that used a single primer.
Therefore, when part of the glazed layer appears to have
been removed by roughening, using a zirconia primer
and porcelain primer together is an alternative way to
obtain acceptable bond strength between two surfaces.

We conclude that using a primer for silica-based
ceramics is an effective way to pretreat a glazed zirconia
surface so that clinically acceptable bond strength
can be obtained. Further studies using various types
of brackets and adhesive materials would be helpful
for studying their bonding attachments to zirconia
restorations.

CONCLUSION

The purpose of this study was to compare the shear
bond strength of resin cement to a glazed zirconia
surface using different primers. The results are sum-
marized as follows:

1. The shear bond strength of group GZ (glazed zirconia
surface with zirconia primer) was significantly lower
than that of other groups (p < 0.05).
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2. There was no statistically significant difference bet-
ween the shear bond strength of a nonglazed zirconia
surface with zirconia primer (group NZ) and that of a
glazed surface with porcelain primer (group GP) (p >
0.05).

3. Concurrent use of zirconia primer and porcelain
primer on a zirconia surface (group GZP) did not lower
the shear bond strength compared with use of a single
primer on a zirconia surface (groups NZ and GP) (p >
0.05).

Based on our results, we conclude that zirconia primer
is an unsuitable choice for bonding a metal bracket to
the surface of a full-contour glazed zirconia crown with
resin cement. In such situations, the use of porcelain
primer is more appropriate.
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