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Introduction

Recently, as more and more patients show keen interests in the aes-
thetic aspects of dental restorations, dental ceramics are increasingly
used not only for anterior restoration but also for posterior restora-

tion, which requires strong strength.1 Therefore, zirconia ceramics,
which have excellent mechanical properties with high strength, have
been increasingly applied in dental ceramics.2,3

Zirconia restorations are fabricated by sintering yttria partially sta-
bilized tetragonal zirconia ceramics (Y-TZP) using CAD-CAM tech-
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nology.4,5 However, the Y-TZP ceramic has its own drawbacks in that
it has a low bonding strength with resin cement compared to oth-
er ceramics. The bonding strength relies on chemical bonding
and mechanical interlocking due to micro-retentions created on the
roughened surface.6 Hydrofluoric (HF) acid etching and sand-
blasting treatments are used to achieve micro-mechanical retentions
by roughening ceramic surfaces.7 Existing silica-containing dental
ceramic restorations can achieve a clinically stable bond strength
through chemical bonding of the ceramics with resin cement by silane
treatments.7,8 In contrast, as the Y-TZP ceramic does not contain sil-
ica and resists acid etching due to a high crystalline structure, it has
limitations when using resin cements.9,10 Therefore, various surface
treatments have been studied to improve the bond strength of Y-TZP
ceramics with resin cement.11,12

Airborne particle abrasion is mainly used to create mechanical reten-
tion by increasing surface roughness.13,14 The tribochemical silica coat-
ing method is a technique used to abrade the ceramic surface with
silica-modified alumina particles, which enables the embedding of
silica particles on the ceramic surface.15,16 The silica layer, which is
created on ceramic surfaces during silica coating treatment, serves
as a basis for the reaction of silane and precipitates chemical
bonding.17 Therefore, the tribochemical silica coating method can
achieve both airborne particle abrasion-induced mechanical reten-
tion and chemical bonding at the same time.18-20

Many studies have been carried out on resin cements with spe-
cial functional monomers that can be chemically bonded to Y-TZP
ceramics. In recent years, many studies have been conducted on the
application of adhesive primers including 10-methacryloyloxy-
decyl dihydrogenphosphate monomer (MDP) or phosphoric acid acry-
late, which can increase the bond strength of Y-TZP ceramics to resin
cement.12,21,22

However, many studies maintain that the application of thermocycling
after airborne particle abrasion or tribochemical silica coating can
substantially reduce the bond strength.9,23 Akgungor et al.24 report-
ed that the application of MDP monomer did not improve the
bond strength further.

Therefore, the aim of this study is to suggest a new non-invasive
process to increase zirconia-resin bonding. This is the applica-
tion of nano-structured alumina coating on the surface of Y-TZP, which
can increase the bonded surface area and achieve micro-mechan-
ical interlocking by creating nano-retentions on the surface.4

The objective of this study is to analyze the bonding potential of
Y-TZP ceramic with a nano-structured alumina coating to resin cement
and compare the bond strength to those of ceramic surfaces with var-
ious surface treatments.

Materials and methods

1. Specimens preparation

A total of 80 commercially available CAD-CAM zirconia blocks
(Fulluster, 30 nm, HASS, Gangneung, Korea) made up of partial-
ly stabilized zirconia containing 3 mol% of yttria were used. After
these blocks were sintered at 1550℃ in the air for 2 hours, they were
abraded with a diamond wheel and then polished with a 1㎛ diamond
paste (SPL-15, Okamoto Co., Yokohama, Japan) into disc-shaped
specimens (15 mm in diameter and 3 mm thick). The specimens under-
went annealing at a temperature of 1200℃ in the air for one hour
after polishing to remove the mechanically affected layer caused by
the tetragonal-to-monoclinic phase transformation due to high
stress during abrasion. The specimens were divided into four
groups of 20 depending on the surface treatment methods (Table 1).

Group A: Airborne particle abrasion
Group R: Tribochemical coating
Group PC: Polishing + nano-structured alumina coating
Group AC: Airborne particle abrasion + nano-structured alu-

mina coating
All specimens were ultrasonically cleaned for 2 minutes in ace-

tone, ethanol and deionized water, respectively.4

2. Surface treatment

All specimens were polished with silicone carbide paper (Abrasive
Paper, Daesung, Seoul, Korea) of 100 grit to 1000 grit.

1) A&R group: To treat the surfaces of 40 specimens with airborne
particle abrasion, 50 ㎛ aluminum oxide particles were sprayed at
3 bar pressure from a location 10 mm above the surface for 10 sec-
onds. Among them, 110 ㎛ silica-modified aluminum oxide particles
(Rocatec plus, 3M ESPE, Seefeld, Germany) were sprayed on
20 specimens at 4 bar pressure from a location 10 mm above the sur-
face for 10 seconds. After that, the specimens were coated with silane

Table 1. Classification of groups depending on surface treatments
Group Surface treatment

A 50 ㎛ Al2O3 airborne particle abrasion (3 bar, 10 s, 10 mm)
(n = 20)

R 50 ㎛ Al2O3 airborne particle abrasion (3 bar, 10 s, 10 mm)
(n = 20) 110 ㎛ SiOx, Rocatec plus (4 bar, 10 s, 10 mm)

After applying silane coupling agent, 2 min. dry
PC Polishing : ascending stepwise approach

(n = 20) nano-structured alumina coating
AC 50 ㎛ Al2O3 airborne particle abrasion (3 bar, 10 s, 10 mm)

(n = 20) nano-structured alumina coating
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coupling agent (ESPE Sil, 3M ESPE, Seefeld, Germany) accord-
ing to the instructions of the manufacturer and were dried.

2) PC&AC group: 20 specimens underwent additional polishing
with silicone carbide paper of 1000 grit to 3000 grit for micro pol-
ishing. For airborne particle abrasion, the remaining 20 speci-
mens were sprayed with 50 ㎛ aluminum oxide particles at 3 bar pres-
sure from a location 10 mm above the surface for 10 seconds. After
that, a total of 40 specimens (20 specimens treated with polishing
and the other 20 specimens treated with airborne particle abrasion)
were coated with nano-structured alumina.

The AlN powder used for nano-structured alumina coating was
AIN Grade C (H.C. Starck, Berlin, Germany) with a median par-
ticle size of 1.2 ㎛, a surface area of 6 m2/g, and an oxygen content
of 2.5 wt%O2. A diluted aqueous suspension containing 3 wt% of
AlN powder was prepared by dispersing 7.5 g of AIN powder in 250
mL of deionized water preheated to 75℃. Y-TZP specimens were
immersed in the suspension dispersed with the AIN powder at a tem-
perature of 75℃ for 15 minutes. Once exposed to water, dis-
persed AIN powder begins the following hydrolysis, resulting in the
formation of a nano-structured boehmite (AlOOH) that coats the sur-
face of immersed specimens.25

AlN + 2H2O → AlOOH + NH3

The coated specimens were subsequently air-dried in an oven at
110℃ for 2 hours, and were thermally treated by heating in an elec-
tric resistance furnace at 900℃ for one hour. The heating rate
was controlled at 10℃/min. Subsequent heat treatment causes
the precipitated boehmite to thermally decompose, forming a tran-
sitional alumina that later undergoes a series of polymorphic phase
transformations due to temperature changes.26

γAlOOH →γAl2O3→δAl2O3→θAl2O3→αAl2O3

3. Coating characterization

To monitor the surface morphology of each group, two specimens
from each group were analyzed using field-emission scanning
electron microscopy (FE-SEM) (Supra 40VP, Carl Zeiss, Jena,
Germany) before the shear bond strength test. Also, the fractured
cross sections of 5 specimens from each group were filmed after the
shear bond strength test to monitor failure modes.

4. Shear-bond strength test

Composite resin cylinders with 3 mm in diameter and 3 mm in
height were fabricated by filling Teflon tubes with a composite resin

Filtec Z250 (3M ESPE, Seefeld, Germany) in three increments. The
test tube was filled with composite resin up to 1mm high in each incre-
ment, which was light polymerized for 20 seconds, so that each tube
received a total of 60 seconds of light. After the light polymeriza-
tion, the composite cylinders were bonded to the Y-TZP ceramic sur-
faces subjected to each of the different surface treatments with a resin
luting cement Rely X Unicem (3M ESPE, Seefeld, Germany).
The static load of 10 N was applied to the top surface of the resin
cylinder. Excess cement was removed using cotton pellets, and the
composite cement was light polymerized for 40 seconds radially along
the ceramic-composite cylinder interface. After that, the bonded spec-
imens were left for 10 minutes at room temperature.

Each surface-treated Y-TZP ceramic group was divided into
two subgroups of 10 each. One subgroup was stored in deionized
water at 37℃ for 24 hours and the shear bond strength was measured.
In contrast, the other subgroup was thermally cycled (TC) between
5℃ and 55℃ for 6,000 cycles after 24 hours of storage in deionised
water at 37℃ and the shear bond strength was tested.

The shear-bond strength was measured with a Universal Testing
Machine (Model 4201, Instron Co., Norwood, MA, USA) at a
crosshead speed of 0.75 mm/min. The bond strength (S) was cal-
culated using the following formula:

S = L/A
L: load at failure (N), S: shear bond strength (MPa), A: adhesive

area (mm2)

5. Statistical analysis

The statistical analysis was performed using SPSS version 18.0
program (IBM Co., Chicago, IL, USA). In order to compare the shear
bond strength between groups, the data were analyzed using analy-
sis of variance (ANOVA). The Tukey HSD was performed for the
post-hoc test (α=.05). The paired t-test was carried out to assess the
influence of thermocycling on the shear bond strength change of each
group (α=.05).

Results

1. Coating characterization

FE-SEM images (×5,000) of the Y-TZP ceramic specimens sub-
jected to each of the different surface treatments are shown in
Figure 1. Line-shaped micro grooves are observed on a polished sur-
face of the Y-TZP ceramic substrate (Fig. 1A). The rough structures
are visible on the surface of the specimens treated with airborne par-
ticle abrasion (Fig. 1B). The silica particles are observed on the sur-
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face of the specimens treated with Rocatec (Fig. 1C). The FE-SEM
images (×50,000) after the completion of nano-structured alumi-
na coating are shown in Figure 2.

The nano-structured alumina coating show good surface cover-
age on the Y-TZP surface, which consists of nano-structured
lamellae. The polished specimen with nano-structured alumina
coating (Fig. 2A) displays the same morphology and surface cov-
erage as the airborne particle abraded specimen with nano-structured
alumina coating (Fig. 2B). However, the polished specimen (Fig.
2A) has an overall flat surface, while the airborne particle abraded
specimen (Fig. 2B) displays an irregular surface topography along

the basal rough structure.

2. Shear-bond strength

Two-way ANOVA was performed to identify a possible interaction
between thermocycling and surface treatment on the bond strength
of resin cement (Table 2). The results showed no correlation
between the two variables.

The mean and standard deviation values of the shear bond
strength of the four different surface treatment groups were analyzed
using one-way ANOVA (Table 3).

Fig. 1. (A) FE-SEM image (×5,000) demonstrating polished Y-TZP surface, (B) FE-SEM image (×5,000) demonstrating airborne particle abraded Y-TZP surface, (C)
FE-SEM image (×5,000) demonstrating tribochemical coating treated Y-TZP surface.

A B C

Fig. 2. (A) FE-SEM image (×50,000) demonstrating the large retentive surface architecture created after completion of nano-structured alumina coating on polished Y-
TZP surface, (B) FE-SEM image (×50,000) demonstrating the large retentive surface architecture created after completion of nano-structured alumina coating on air abrad-
ed Y-TZP surface.

A B

Table 2. Results of two-way ANOVA
Source of variation SS df MS F P-value
Thermocycling 516.38 1 516.38 33.09 < .01
Surface treatment 2509.28 3 836.43 53.09 < .01
Thermocycling * Surface treatment 63.53 3 21.18 1.36 .2629
Model 3089.19 7 441.31 28.28 < .01
Error 1123.75 72 15.61
Total 4212.94 79
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Among the experimental groups stored in distilled water at
room temperature for 24 hours after bonding, the AC group
showed the highest shear bond strength at 22.99 MPa, followed by
PC, R and A groups. A group showed the lowest bond strength at
8.41 MPa.

Among the experimental groups thermocycled for 6,000 cycles
following 24 hours of storage in distilled water at room temperature
after bonding, the AC group again showed the highest bond
strength at 17.70 MPa, followed by PC, R and A groups.

Figure 3 shows the results of the Tukey HSD post-hoc test
which was conducted to compare the shear bond strength between
experimental groups following 24 hour storage in distilled water at
room temperature after bonding.

PC and AC groups, which were treated with nano-alumina coat-
ing, displayed relatively higher shear bond strengths than A and R
groups, which were not subjected to nano-alumina coating. PC groups
did not show a statistically meaningful difference in shear bond strength
compared to AC (P>.05), but possessed significantly higher shear
bond strength than A and R groups (P<.05). However, there was no
significant difference in shear bond strength between A and R
groups (P>.05).

Figure 4 displays the results of the Tukey HSD post-hoc test which
was carried out to compare the shear bond strength between the exper-
imental groups following 24 hour storage in distilled water at
room temperature and thermocycling for 6,000 cycles.

Similar to the results of the shear bond strength test before ther-
mocycling, PC and AC groups, which were treated with nano-alu-
mina coating, showed significantly higher shear bond strengths than
A and R groups which were not subjected to nano-alumina coating
(P<.05). However, there were no meaningful differences not only
between PC and AC groups with coating treatment but also
between A and R groups without coating (P>.05).

The influence of thermocycling on the shear bond strength of each
group was analyzed and compared using the paired t-test, as
shown in Figure 5. A and R groups, to which nano-alumina coat-
ing treatment was not applied, displayed significant drops in shear

bond strength after thermocycling (P<.05). In contrast, PC and AC
groups, which underwent the nano-alumina coating treatment,
did not exhibit a statistically meaningful decrease in shear bond strength
after thermocycling (P>.05).

Table 3. Shear-bond strength in MPa of composite resin cement (RelyX Unicem)
to Y-TZP ceramic after different types of surface-conditioning

Group
24 h in water (1 day) 24 h in water (1 day) + 6,000 TC 

(Mean ± SD) (Mean ± SD)
A 8.41 ± 2.93aA 4.23 ± 2.60cB

R 12.96 ± 3.81aA 5.12 ± 1.47cB

PC 17.86 ± 5.87b 14.85 ± 2.81d

AC 22.99 ± 6.11b 17.70 ± 3.62d

Same superscript small letters indicate no significant difference in the column, same
superscript capital letters indicate no significant difference in the row. TC,
Thermocycling.

Fig. 3. Shear-bond strength before thermocycling. The bars represent the SDs. 
* indicates significant difference (P<.05).

Fig. 4. Shear-bond strength after thermocycling. The bars represent the SDs. 
* indicates significant difference (P<.05).

Fig. 5. Influence of thermocycling on changes in shear bond strength of each group.
* indicates significant difference (P<.05).
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3. Failure mode

After conducting the shear bond strength test, failure modes
were observed using FE-SEM (Fig. 6, Fig. 7, Fig. 8).

Figure 6 and Figure 7 show the 2,000 times magnified images of
failure modes in A and R groups respectively. In A group, rough struc-
tures are predominantly visible on the Y-TZP surface. In R group,
it seems that the resin cement is mixed with rough structures.
Therefore, A group predominantly represents an adhesive failure mode,
while R group displays a mixed failure mode.

Figure 8 displays the 5,000 times and 40,000 times magnified images
of a failure mode of PC group. At low magnification, most of the
coating remains on the surface of the specimen (Fig. 8A). Magnifying

the red-colored box by 40,000 times shows the remaining coating
on the surface of the specimen with resin cement bonded to the top
(Fig. 8B).

Figure 9 shows the 2,000 times and 20,000 times magnified images
of a failure mode in AC group. The low magnification image
cannot confirm whether the coating is peeled off or not (Fig. 9A).
However, if it is magnified by 20,000 times, it seems that a thin lay-
er of resin cement is bonded to the top of the entire coated area (Fig.
9B). In the PC and AC groups, which underwent nano-alumina coat-
ing treatment, most of the nano-alumina coating remains even
after the resin blocks are taken apart. These groups predominantly
show a cohesive failure mode, in which the resin cement is retained
within or on the remaining nano-alumina coating.

Fig. 8. (A) FE-SEM image (×5,000) demonstrating cohesive failure mode of PC group, (B) FE-SEM image (×40,000) demonstrating high magnification of box in Fig.
8A.

A B

Fig. 6. FE-SEM image (×2,000) demonstrating adhesive failure mode of A group. Fig. 7. FE-SEM image (×2,000) demonstrating mixed failure mode of R group.

Fig. 9. (A) FE-SEM image (×2,000) demonstrating cohesive failure mode of AC group, (B) FE-SEM image (×20,000) demonstrating high magnification of box in Fig.
9A.

A B
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Discussion

To achieve a strong and durable bond strength between resin cement
and ceramic materials, it is important to cleanse, roughen and
activate the adhesive surface area before cementation.27

FE-SEM images (Fig. 2) show a dense and uniform nano-struc-
tured alumina coating structure on Y-TZP ceramics, which can enhance
micro mechanical interlocking with resin cements. Consequently,
the application of nano-structural alumina coating on the Y-TZP sur-
face can enhance shear bond strength. The surfaces of PC and AC
groups, which were treated with the coating, showed similar nano-
structures though the overall surface of AC group appeared to be irreg-
ular. This is ascribed to the fact that the original surfaces of speci-
mens are formed in different ways (polishing or airborne particle abra-
sion) before nano-alumina coating. Also, despite slight morphological
difference between the PC and AC coating groups, there was no sig-
nificant disparity in the bond strength between the groups. This indi-
cates that the application of nano-alumina coating is a critical fac-
tor in expanding the surface area regardless of original surface treat-
ments. Therefore, if nano-alumina coating is applied, no addi-
tional invasive surface treatments (ex. sandblasting) are needed to
enhance the bond strength.

Airborne particle abrasion is commonly used as a mechanical method
for creating micro-retentions on Y-TZP ceramic surfaces and its use
under the right condition is often referred to as an important factor
in boosting shear bond strength.9,28-30 Many research literatures
have reported that such airborne particle abrasion treatment on Y-
TZP ceramic surfaces can achieve a high bond strength by increas-
ing the roughness of the surface.29,31,32 In contrast, Kern and Wegner30

claimed that surface treatment of Y-TZP ceramics with airborne par-
ticle abrasion increased the bond strength with Bis-GMA resin cement,
but the treatment was not stable for long term storage. In this
study, A group treated with airborne particle abrasion showed the
lowest bond strength and displayed significantly lower bond
strength compared to PC and AC groups which were treated with
nano-alumina coating (Table 3). This indicates that airborne particle
abrasion can contribute to enhancing mechanical interlocking by rough-
ening the Y-TZP ceramic surface but the process has a significantly
lower bonding potential than nano-structured alumina coating
treatment, which can create a large micro-retentive area.

In many studies, Blatz et al.32 and Amaral et al.33 reported that tri-
bochemical silica coating treatment resulted in stable bond strength
even after thermocycling, whereas other treatments exhibited
sharp decreases in the bond strength after thermocycling. In addi-
tion, özcan34 reported that there was no significant increase in
bond strength after silica coating treatment. The studies conducted
by Ernst35, Kern and Wegner30 showed that tribochemical silica coat-

ing was ineffective in increasing bond strength. In this study, R group
treated with tribochemical silica coating using Rocatec system
showed higher bond strength than A group treated with airborne par-
ticle abrasion, but lower bond strength than PC and AC groups treat-
ed with nano alumina coating (Table 3). This indicates that chem-
ical bonding due to silica-modified alumina particles and silane embed-
ded in the Y-TZP ceramic surface can contribute to enhancing
bond strength, though the increase was not significant. In a study by
Matinlinna et al.,36 it was reported that the amount of silica remain-
ing on the Y-TZP surface is too low for efficient silanization.

PC and AC groups treated with nano alumina coating displayed
higher shear bond strength than the other groups. This was due to
increased resin bonding resulting from a large micro-retentive
area formed on the surface of the Y-TZP ceramic substrate. In a study
of Jevnikar et al.,4 it was reported that nano-sized inter-lamella spaces
are open for resin penetration and are filled with resin matrix,
forming an intermediate structure designated as the hybrid layer. The
formation of the hybrid layer can improve the bond strength of resin
cement, which has been shown by the results of this study.

As thermocycling is mainly used to simulate the oral environment,
several studies have suggested that resin-bond strength is degrad-
ed after thermocycling.29,32,37 This was the case with this study;
both A group, treated with airborne particle abrasion, and R group,
treated with tribochemical silica coating, showed a significant
decrease in shear bond strength after thermocycling (Fig. 5). In con-
trast, PC and AC groups, treated with nano-alumina coating,
showed no significant drop in bond strength after thermocycling, which
indicates that nano-structured alumina coating is not influenced by
thermocycling. This may be ascribed to the formation of a hybrid
layer that is stronger than the hydrothermal bond degradation
forces during thermocycling.38,39

Group A predominantly displayed an adhesive failure mode
(Fig. 6), while R group mainly showed a mixed failure mode
(Fig. 7). In contrast, PC and AC groups, treated with nano-alumi-
na coating, showed a predominant cohesive failure mode, and
their nano-alumina coating was firmly attached to the surface of the
Y-TZP ceramic even after fracture (Fig. 8, Fig. 9). The nano-
sized inter-lamella spaces on the alumina coating remaining on the
surface of the substrate after fracture were filled with the resin matrix,
forming a hybrid layer. This supports the claim that PC and AC groups
display a predominantly cohesive failure mode.

There is still debate over the effect of airborne particle abrasion
on the bond strength of zirconia. Some studies have reported that
airborne particle abrasion can enhance the strength of zirconia,40,41

while others reported observing a degradation in the strength of zir-
conia treated with airborne particle abrasion.42 Other studies report-
ed that airborne particle abrasion treatment caused micro cracks, which



대한치과보철학회지 54권 4호, 2016년 10월 361

김동운∙이정진∙김경아∙서재민 나노구조 알루미나 코팅 처리가 지르코니아 도재와 레진 시멘트 사이 전단 결합강도에 미치는 영향

in turn decreased flexural strength.43 As a non-invasive process which
does not create flaws on surfaces, nano-structured alumina coating
has an advantage over airborne particle abrasion in that it can
enhance the bond strength with resin without causing degradation
in the strength of the Y-TZP ceramic.

Further research on standardization options for nano-structured
alumina coating on zirconia restoration and study of long term clin-
ical trials are needed.

Conclusion

To determine the influence of nano-structured alumina coating on
the bond strength of a resin cement, this study measured the shear
bond strength of Y-TZP ceramic substrates with resin cement
after each of four different surface treatments. The groups with nano-
structured alumina coating treatment displayed significantly high-
er shear strength than the groups with different treatments and
had no statistically meaningful decline in shear bond strength.
The application of nano-structured alumina coating can substantially
increase the bond strength of resin cement to zirconia and can be a
new method for improving the bond strength.
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나노구조 알루미나 코팅 처리가 지르코니아 도재와

레진 시멘트 사이 전단 결합강도에 미치는 영향
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목적: 본 연구는 지르코니아 도재 표면의 나노구조 알루미나 코팅이 지르코니아와 레진 시멘트와의 전단결합강도에 미치는 영향을 알아보고자 하

였다.
재료 및 방법: 지르코니아원판 80개를표면처리방법(산화알루미늄분사처리(A), 산화알루미늄분사후 Rocatec 처리(R), 연마후나노구조알루미나

코팅(PC), 산화알루미늄 분사 후 나노구조 알루미나 코팅(AC))에 따라 4개의 군으로 나누었다. 알루미나 코팅은 질산 알루미늄을 가수분해시킨 용

액에침적후 900。C에서열처리하여시행하였다. 지르코니아표면코팅은주사전자현미경을이용하여관찰하였다. 레진블럭을레진시멘트를이

용하여각실험군의지르코니아표면에합착하고열순환처리전, 후의전단결합강도를측정하였다. 
결과:알루미나코팅을한지르코니아표면은균일하고치밀한나노구조알루미나가관찰되었다. PC, AC 군은열순환처리전과후모두 A와 R 군에

비해현저하게높은전단결합강도를보였다. A, R 군은열순환처리후에급격한결합강도의감소를보였으나, PC와 AC군은열순환처리에의해유

의할만한결합강도의감소를보이지않았다.
결론: 지르코니아 표면에 나노구조 알루미나 코팅처리하는 것은 레진시멘트와의 결합강도를 증가시키는 방법이다. (대한치과보철학회지

2016;54:354-63)

주요단어:지르코니아; 전단결합강도; 알루미나코팅; 열순환처리; 레진시멘트
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