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Introduction

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) 
is a ceramic material that has been widely used in 
clinical practice owing to its attractive proven me-
chanical properties and biocompatibility. Since zir-
conia is a chemically inert material, different surface 
treatments can be performed to increase its bonding 
to resin-based cements. Air abrasion with alumina 
or silica-coated alumina particles is one of the most 
common and simple procedures used to improve 
micromechanical interlocking between zirconia and  
resin-based cements.1, 2 These particles are depos- 
ited on the surface, which differ chemically from one 
another, and participate in the chemical bond that 
occurs at the zirconia–resin cement interface.1 
 The efficacy of the different air abrasion parameters 
(particle type, pressure, angle) on the adhesive bonding 
between the zirconia and resin cements have largely 
been evaluated,3–5 and it is known that air abrasion is 
an effective method for removing salivary contamina-
tion.2 However, there is neither concern nor standard-
ization regarding the cleaning procedure applied after 
air abrasion of the zirconia surface, and the cleaning 
methods often vary among studies. Simply dry air 
streaming,1, 6, 7 ultrasonic cleaning in distilled water8 or 
in some alcohols, such as isopropanol1, 5 or ethanol,9 
all followed by dry air streaming, are the most used 
cleaning methods. 
 Two questions should be posed: whether clean-
ing the air-abraded surface is necessary and, if the 
answer is positive, if there is a method that is more 
effective than others. Of the few studies1, 10–12 that have 
evaluated the efficacy of the cleaning method on the 
resin bonding to zirconia, none of them tested an only 
air-abraded surface, that is, without having been air 
streamed even. Therefore, there is no answer to the 
first question. In relation to the second question, there 
is no consensus in the literature. Two studies10, 11 re-
ported that ultrasonic cleaning, when compared with 
air streaming for 5 s, decreased the bond strength, 
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regardless of whether the ceramic was air abraded 
with silica-modified alumina particles10 or simply with 
alumina particles.11 It was argued that ultrasonic clean-
ing removes not only the loose particles, but also the 
silica layer deposited on the zirconia surface,10 and 
air abrasion with alumina particles provides a highly 
active surface, which could easily be contaminated 
during the cleaning procedure,11 suggesting that this 
procedure should be avoided. However, Attia et al. 
and Attia and Kern believe in the effectiveness of ultra- 
sonic cleaning at removing the loose particles from 
the air-abraded surface, which could negatively affect 
the bond strength,1, 12 although Attia et al. did not find 
a significant difference in bond strength between air 
streaming and ultrasonic cleaning for both particles.1

 Considering the lack of studies on the subject, as 
well as the divergence between their results, as well 
as the possible influence of this procedure on the  
adhesive bonding to zirconia, the present study aimed 
to investigate whether cleaning is necessary and to 
compare the efficacy of different cleaning methods 
applied after air abrasion with different particles on 
the Y-TZP, on the shear bond strength between the  
zirconia and an adhesive resin cement. The null hypo- 
theses were that it would not be necessary to clean the 
air-abraded zirconia surface and that there would be 
no difference among the cleaning methods.

Materials and methods

Specimen preparation
One hundred and twenty Y-TZP nonsintered disks 
(6.25 mm in diameter and 2.50 mm thick; Lava, 
3M ESPE) were prepared. The bond surface was manu- 
ally and standardly polished with 600- and 1,200-grit 
wet silicon carbide sandpaper.
 After the sintering process in a specific oven (inFire 
HTC speed, Sirona Dental Systems), following the 
manufacturer’s instructions, half of the zirconia disks 
(5 mm in diameter and 2 mm in thickness) were air 
abraded with 110 µm aluminum oxide (Al2O3) par- 
ticles, while the remaining half were air abraded with 
110 µm silica-modified Al2O3 particles (Rocatec Plus, 
3M ESPE). For standardized air abrasion, the disks 
were mounted in a custom-made device. This step 
was performed for 15 s in an air abrasion unit (Basic 
classic, Renfert) at 0.28 MPa air pressure, at a 90° 
angle and 10 mm from the specimen surface. 

Afterward, the specimens were treated with 1 of the 
following methods: 

1. no cleaning (control); 
2. dry air streaming for 15 s; 
3. air and distilled water spraying for 15 s, followed by  

dry air streaming for 15 s; 
4. ultrasonic cleaning in distilled water for 10 min, follow- 

ed by dry air streaming for 15 s; 
5. ultrasonic cleaning in 99% isopropanol for 10 min, 

followed by dry air streaming for 15 s. 

The composite resin disks (Filtek Z350 XT, 3M ESPE) 
were produced in equal amounts and with the dimen-
sions of the zirconia disks similar to the methods used 
in a previous study.5 To bond the composite resin disk 
to the zirconia disk, the latter was accurately placed 
into a custom-made alignment apparatus with the 
air-abraded surface facing upward. Prior to this, the 
zirconia disks were treated with CLEARFIL SE BOND 
PRIMER/CLEARFIL PORCELAIN BOND ACTIVATOR 
(both Kuraray Noritake Dental), and the proportion 
of 0.010 g of paste of the PANAVIA F 2.0 dual-cured 
resin cement (Kuraray Noritake Dental) was mixed 
and placed onto the resin disk, which was positioned 
over the zirconia surface. After the excess cement had 
been removed, the cementation line was light-cured in 
3 different positions (120°, 240° and 360°) for a total of 
120 s (40 s per side), and load of 1,000 g was applied 
to the resin–zirconia disks for 5 min. The specimens 
were stored in distilled water at 37°C for 24 h prior to 
the shear bond strength (SBS) test.

Shear bond strength test
A custom-made special holder device, developed 
based on the study by Fawzy and El-Askary,13 for SBS 
testing was attached to a universal mechanical testing 
machine (EMIC Equipment and Systems Testing) 
equipped with a 1 kN load cell. The bonded disks were 
positioned in the holder device and tested for SBS, 
subjected to a uniaxial tensile force at the adhesive 
interface at a constant crosshead speed of 0.5 mm/min  
until failure. SBS values were recorded in MPa.  
Statistical analysis was performed by 2-way analysis 
of variance (ANOVA) and Tukey’s HSD post hoc test 
(α = 0.05).
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Analysis of failure mode
The fractured zirconia–resin cement interfaces were 
examined using a stereomicroscope (M80, Leica Micro- 
systems) at ×20 magnification. Failure mode was re-
corded by a single calibrated observer and classified 
as 

1. cohesive within the composite substrate; 
2. cohesive within the cement layer; 
3. mixed failure; 
4. adhesive at the composite resin–cement interface;  
    and 
5. adhesive at the zirconia–resin cement interface. 

The bonded surface was divided into 4 quadrants, and 
depending on the predominant mode of failure, the 
bonded surface was classified when 1 of these modes 
predominated in 3 or more of the 4 quadrants.

Scanning electron microscopy
For the scanning electron microscopy (SEM) analysis, 
1 additional specimen from each group was obtained. 
The specimens were mounted on metallic stubs and 
analyzed under a high-resolution field emission scan-
ning electron microscope (model JSM-7500F, JEOL), 
which operated at ×200 magnification with an acceler-
ating voltage of 5 kV.

Results

Shear bond strength results
The results of the 2-way ANOVA test indicate that the 
difference between the groups regarding the 2 parti-
cles used for the air abrasion was statistically signifi-
cant (P < 0.01; Table	1). 

Table	 2 shows the mean SBS values, standard de- 
viations and statistical analysis results for each group. 
All the groups air abraded with 110 µm Al2O3 particles 
exhibited a significantly higher SBS than the groups 
treated with Rocatec Plus. The highest SBS was found 
in the control group (110 µm Al2O3 particles), while the 
lowest SBS was presented by the group cleaned with 
air and water spraying, followed by dry air streaming 
after air abrasion with Rocatec Plus. Regardless of 
the different cleaning methods used, the SBS within 
the groups air-abraded with Rocatec Plus showed no 

significant difference (P > 0.05). A similar result was 
obtained in the groups air abraded with 110 µm Al2O3 
particles.
 The failure mode observed was 20% mixed failure 
and 80% adhesive at the zirconia–resin cement inter-
face failure in the group air abraded with 110 µm Al2O3 
particles, and 44.4% mixed failure and 55.6% adhesive  
at the zirconia–resin cement interface failure in the 
group for which Rocatec Plus was used (Fig. 1).

Scanning electron microscopy analysis
SEM images of the zirconia bonding surfaces treated 
with different particles and cleaning methods are 
shown in Figure 2. Although it is not possible to  
identify particles from air abrasion, and thus which 
cleaning method was most effective, all the groups  
air abraded with Rocatec Plus seem slightly rougher 
than the ones treated with 110 µm Al2O3 particles.

Discussion

In the present study, 2 questions were posed regarding 
whether cleaning the air-abraded surface is necessary, 
using an only air-abraded zirconia surface as a control 
group, and whether there is difference in efficacy  
among the cleaning methods. The null hypotheses of 
the present study were confirmed since, regardless 
of the particle used, it was not necessary to clean 
the air-abraded surface and there was no significant  
difference among the different cleaning methods.
 In the literature, few studies were found that eval-
uated the efficacy of the methods of cleaning of the 
air-abraded zirconia surface on its bond strength to 
resin-based materials.1, 10–12 Furthermore, since none 
of these studies1,10–12 used an only air-abraded zirconia 
surface as a control group, even without air streaming, 
up to now, the necessity of cleaning had not been defin-
itively determined. In the current study, the SBS results 
indicated that cleaning was not necessary, regardless 
of the particle used for air abrasion. However, for both 
alumina and silica-coated alumina particles, some dif-
ferences in the failure pattern among the groups were 
detected, which could guide us regarding how to better 
proceed after air abrasion. 
 For the Al2O3 particles, the group cleaned with air 
and water spraying and then dry air streaming ex-
hibited the highest percentage of adhesive failure 
(100%), followed by the control group and the group 
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Source of variation SS† df MS† F§ P value
Particle 227.9 1 227.9 40.6 < 0.001
Surface treatment 54.7 4 13.7 2.4 > 0.05
Particle and surface treatment 12.2 4 3.0 0.5 > 0.05
Residual 448.8 80 5.6
Total 13277.0 90

Table	1: Two-way analysis of variance.†SS = Sum of squares.
†MS = Mean square.
§F = Fisher variable.

Rocatec Plus 110	μm	Al2O3

Control (no cleaning) 10.5 ± 2.1 Ab 14.5 ± 2.1 Aa

Dry air streaming 11.6 ± 2.3 Ab 14.1 ± 3.9 Aa

Air and water spraying + dry air streaming 8.4 ± 1.2 Ab 13.6 ± 1.4 Aa

Ultrasonic cleaning in water + dry air streaming 9.4 ± 2.9 Ab 12.0 ± 3.2 Aa

Ultrasonic cleaning in isopropanol + dry air streaming 10.1 ± 1.3 Ab 12.7 ± 1.8 Aa

         Table	2: Mean shear bond strength values and 
 standard deviations (MPa) and statistical 
 results.

Different uppercase letters indicate significant differences in columns (P < 0.05).
Different lowercase letters indicate significant differences in rows (P < 0.05).

Fig. 1
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cleaned with ultrasonic cleaning in water and then dry 
air streaming (89%). In the literature, no studies were 
found that evaluated the effects of either air and water 
spraying followed by dry air streaming or the absence 
of any treatment after air abrasion, that is, the control 
group in the present study, on the resin bonding to 
zirconia. However, we suppose that the high percent-
age of adhesive failure of the control group may be 
attributed to the particles that were weakly adhered 
to the air-abraded surface. The importance of re- 
moving loose particles not firmly attached to the 
ceramic surface after air abrasion by ultrasonic clean-
ing prior to bonding has been already reported.14 Ad-
ditionally, Attia et al. and Attia and Kern believe in the 
effectiveness of ultrasonic cleaning at removing the 
loose particles from the air-abraded surface, which 
could negatively affect the bond strength,1, 12 although 
Attia et al. did not find a significant difference in the 
bond strength between air streaming and ultrasonic 
cleaning for both particles.1 
 However, Nishigawa et al. observed that ultra- 
sonic cleaning in distilled water (5 min) followed by air 
streaming (240 min) after air abrasion with Al2O3 par- 
ticles decreased the bond strength at the zirconia–
resin cement interface when compared with only air 
streaming for 5 s, from which they concluded that ultra-
sonic cleaning should be avoided after air abrasion.11 
According to these authors, air abrasion with Al2O3 
particles provides a surface layer high in purity and ac- 
tivity, which presents with high chemical affinity to  
react with chemical compounds; therefore, they raise 
the possibility that the highly active zirconia surface 
may have been contaminated during the ultrasonic 
cleaning procedure.
 Still regarding the failure modes in the present study, 
the groups cleaned with dry air streaming only and 
with ultrasonic cleaning in isopropanol followed by dry 
air streaming presented 33% and 45% mixed failure, 
respectively, for the Al2O3 particles. Attia et al. also 
observed no significant difference between ultrason-
ic cleaning by air streaming and in isopropanol after 
the zirconia had been air abraded with 110 µm Al2O3 
particles, both groups having shown cohesive failure 
within the luting resin and the composite.1 Based on all 
these findings, among the cleaning methods tested in 
the present study, air streaming only, which is a more 
practical technique than ultrasonic cleaning in iso- 
propanol followed by dry air streaming, could be an 
appropriate choice. 

 Regarding the 110 µm silica-modified Al2O3 par-
ticles (Rocatec Plus), in the present study, as  
occurred with the Al2O3 particles, no statistical dif- 
ference in the SBS was observed among the cleaning  
methods, but there were some subtle differences in the 
failure mode pattern. Again, only adhesive and mixed 
failures were observed, the control group and the 
group cleaned with ultrasonic cleaning in distilled water 
followed by dry air streaming having the highest per-
centages of mixed failure, 55.6% for both. In contrast,  
different from what was observed in the present study, 
Nishigawa et al. observed a lower mean SBS value 
and 100% adhesive failure when the silica-coated 
zirconia surface (Rocatec Plus) was ultrasonically 
cleaned in distilled water for 1 min (8.1 MPa) or 5 min 
(7.2 MPa), than when it was cleaned with air stream-
ing (9.6 MPa), which exhibited a higher percentage of 
cohesive failure (50%).10 According to these authors, 
this behavior could be explained by the silica on the 
surface easily being removed by ultrasonic cleaning, 
and consequently, it was concluded that this clean-
ing procedure should be avoided after silica coating.10  
Different from our study, in which air streaming was  
used to dry the wet zirconia surface after an ultra- 
sonic bath, these authors10 left the surface to air-dry 
for 60 min. Maybe this drying method was insufficient 
to remove all of the moisture from the silica-coated  
surface, impairing adhesion and explaining the lower 
mean SBS values. Moreover, in our study, ultrason-
ic cleaning in distilled water (9.4 MPa), which was  
performed for a longer time (10 min) than used by  
Nishigawa et al. (1 or 5 min),10 as well as our control 
group (10.5 MPa), provided mean SBS values similar  
to those of the best group reported by those authors 
(9.6 MPa).10 Besides that, in the present study, the 
group cleaned with air streaming only yielded higher 
mean SBS values (11.6 MPa), but a lower (33%)  
percentage of mixed failure. Based on these findings  
regarding the mean SBS values and the failure  
mode patterns for the groups treated with 110 µm  
silica-modified Al2O3 particles (Rocatec Plus), we  
believe that the most efficient and most practical  
procedure for treating the silica-coated surface is 
simply not to clean it after silica coating.
 Although the comparison between both 110 µm par-
ticles was not the main purpose of the present study, 
the significant superiority in SBS of the Al2O3 par- 
ticles over the silica-modified ones, regardless of the  
cleaning method, must be discussed. The SEM images 
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Bond strength at the zirconia–resin cement interface

showed that all of the groups air abraded with Rocatec 
Plus seemed slightly rougher than the ones treated 
with Al2O3 particles, although the latter obtained higher 
SBS values. It indicates that particles with the same 
size, but with chemical differences in their surfaces 
may behave differently toward the material applied  

afterward. In this case, the materials used were the 
CLEARFIL SE BOND PRIMER/CLEARFIL POR- 
CELAIN BOND ACTIVATOR and PANAVIA F 2.0. 
Considering that Al2O3 is an adsorbent for phosphoric 
acid and that these materials contain MDP, which is a 
phosphate monomer, coating the zirconia surface with 

110 µm Al2O3 110 µm silica-modified Al2O3

(Rocatec Plus)

G1

G2

G3

G4

G5

Fig. 2
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alumina particles contributes to improving the bond 
strength at the zirconia–resin cement interface.11 The 
high affinity of the MDP phosphate monomer present 
in this resin cement to Al2O3 particles achieves high 
and durable bond strength values, which has already 
been evidenced in some studies.15–18

 Moreover, Fonseca et al. showed that the as- 
sociation between Al2O3 particles and the MDP 
phosphate monomer is stronger than the as- 
sociation between this monomer and a silica-coated 
surface.19 Nothdurft et al. reported that, with the use 
of the Rocatec system, a partially significant increase 
in SBS could be achieved with cements that do not 
contain phosphate monomer in comparison with those 
that contain this monomer.20 Also, some studies21, 22 
showed that the association between a silica-coated 
surface and the MDP phosphate monomer is not as 
strong as the association between that surface and  
the silane. These findings indicate that the chemical  
affinity between Al2O3 particles and the MDP phosphate  
monomer is higher than that between this monomer 
and silica-modified Al2O3 particles. Based on this, the  
superiority of the Al2O3 particles over the silica- 
modified ones was already expected.
 However, regarding the failure pattern resultant 
from the Al2O3 particles and the silica-modified ones in 
the present study, the silica-coated groups tended to 
present more mixed failures. This finding leads us to 
reflect on the actual significance of the bond strength 
values obtained for the silica-coated groups, which  
partially reveal the cohesive strength of the resin 
cement, which, in some cases, was lower than the ad- 
hesive bonding of the zirconia–resin cement interface. 
It is still not clear in the literature whether there is a 
chemical affinity between phosphoric acid groups, such 
as the MDP phosphate monomer with silica particles. 
Further research is necessary to clarify this aspect.

Conclusion

Within the limitations of the present in vitro study, the 
following conclusions were drawn: 

1. Regardless of the particle used, the cleaning 
method did not influence the zirconia–resin cement 
bond strength; thus, it was not necessary to clean the 
air-abraded surface. 
2. The particle type applied by the air abrasion influ-
enced the zirconia adhesive bond strength more than 
the cleaning method did.
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Legends

Fig. 1 – Failure mode. G1: no cleaning (control); G2: 
dry air streaming for 15 s; G3: air and distilled water 
spraying for 15 s, followed by dry air streaming for 15 s;  
G4: ultrasonic cleaning in distilled water for 10 min, 
followed by dry air streaming for 15 s; G5: ultrasonic 
cleaning in 99% isopropanol for 10 min, followed by 
dry air streaming for 15 s.

Fig. 2 – SEM images of the zirconia bonding surfaces 
treated with different particles and cleaning methods.
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