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Abstract: The purpose of this study was to clarify the influence of alumina air-abrasion on flexural
and bond strengths of CAD/CAM composites. The flexural strength (FS) of two brands of commercial
CAD/CAM composites was investigated by the three-point bending test using two specimen designs:
the single-bar according to the ISO standard and the bonded-double-bar fabricated by bonding two
bars with a resin cement. The bond strength between the composites and the resin cement was
measured by a conventional shear bond strength (SBS) test. The FS of single-bar specimens was
significantly decreased by the air-abrasion. For the FS of the bonded-double-bar specimen, on the
other hand, there was no significant difference between the specimens with/without air-abrasion.
The SBS for the composites was significantly increased by air-abrasion. The results suggest that
alumina air-abrasion improves the SBS of the composites while weakening its FS. Contrarily, the FS of
the air-abraded composite did not decrease when the composites were bonded with the resin cement.

Keywords: composite resin; alumina air-abrasion; adhesion; cementation;
computer-aided design/computer-aided manufacturing (CAD/CAM)

1. Introduction

Computer-aided design/computer-aided manufacturing (CAD/CAM) is gaining more popularity
amongst dental fields around the world. Unlike in the past, now the precision of the CAD/CAM
system is comparable to other fabrication techniques [1–4]. The materials used for the CAD/CAM
system have also developed, there are varieties of material to choose from. Recently, tooth-colored
esthetic materials used for the CAD/CAM system were categorized into two types including ceramic
and resin composite (thereafter composite) [5–7]. Since the first introduction of CAD/CAM composites
in the market, Paradigm MZ100 (3M ESPE) in 2010, the materials have been improved so far in every
aspect including their mechanical properties [5,6,8,9]. Large amounts of filler content and highly
converted resin matrix, compared to composites for direct restoration, are the major reasons for their
improved properties. Some of the CAD/CAM composites have flexural strength reaching 300 MPa.
Such excellent properties allow us to use the CAD/CAM composite for single crown restoration up to
the molar region [9,10]. However, some critical issues have been pointed out on restoration using the
CAD/CAM composite; fracture and debonding failures of the crown after delivery within a short time
period [10–13]. Although many fundamental and clinical researches have been conducted to overcome
these issues [14–23], it still remains an open research problem.

Regarding the protocol for surface pretreatment of the CAD/CAM composites for cementation,
although there is still no definite conclusion, some researchers and manufacturers recommend
an alumina air-abrasion followed by silane primer application to the bonded (fit) surface before
cementation [24,25]. Nonetheless, there is an issue considering possible undesirable consequences
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following alumina air-abrasion. According to the study on damage caused by the alumina
air-abrasion [26], the surface of some CAD/CAM composites exhibited microcracks or large cracks
following alumina air-abrasion. Although the author did not further investigate the strength of the
air-abraded CAD/CAM composites, such microcracks on the surface may lead to a fatal fracture of the
composite crowns. It is still unclear whether the increase in bond strength is traded with the decrease
in strength of the CAD/CAM composite itself or not.

The present study aimed to investigate the influence of the alumina air-abrasion both with and
without the artificial aging process or thermocycling on the flexural strength and bond strength of the
CAD/CAM composite using two brands of commercially available ones. The flexural strength was
examined by means of the three-point bending (TPB) test using two specimen designs: the single-
bar shaped specimen with dimension in accordance with ISO standard, and the bonded-double-bar
shaped specimen in which two half-thickness single bars are bonded to each other with a resin cement.
The former specimen was examined to clarify the influence of the alumina air-abrasion on the flexural
strength (FS) of the composites. The latter specimen was used to determine the effect of bonding with
the resin cement on flexural strength of the abraded composites. The effect of the air- abrasion on the
bond strength between the composites and the resin cement was examined by means of a conventional
shear bond strength (SBS) test. Based on these TPB and SBS tests results, we discussed the effect of the
air-abrasion both immediately and after thermocycling on the CAD/CAM composites.

2. Materials and Methods

Table 1 lists the materials used in the present study. Table 2 summarizes the experimental groups
used in the TPB and SBS tests. Figure 1 describes specimen configurations for the TPB and SBS tests.
Figure 2 depicts steps in the preparation of each type of specimen.

Table 1. Materials used in this study. The composition of each material refers to the
manufacturer’s information.

Material Product
(Manufacturer) Composition

CAD/CAM composite

Shofu HC Hard
(Shofu, Kyoto, Japan) UDMA, TEGDMA silica, zirconium silicate

Cerasmart 300
(GC Corp., Tokyo, Japan) Bis-MEPP, UDMA, DMA silica, barium glass

Resin cement ResiCem-Opaque
(Shofu, Kyoto, Japan)

UDMA, TEGDMA, HEMA, glass filler (fluoro-alumino-silicate glass),
acrylic adhesive monomer, amorphous fumed silica,

DL-camphorquinone

Silane primer Porcelain Primer
(Shofu, Kyoto, Japan) ethanol, silane coupling agent

Air-abrasion powder alumina particle
(Akiyama Sangyo Co. Ltd.) Al2O3 (mean diameter of 50 µm)

UDMA: urethane dimethacrylate, TEGDMA: triethylene glycol dimethacrylate, Bis-MEPP:
2,2-bis(4-methacryloxypolyethoxyphenyl)propane, DMA: dimethacrylate, HEMA: 2-hydroxyethyl methacrylate.
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Table 2. Alumina air-abrasion and thermocycling for the groups used in each test.

CAD/CAM
Composite

Specimen Shape
(Test Type)

Alumina
Air-Abrasion

Number of
Thermocyclings

Number of
Specimens

Shofu HC Hard
(SH)

or
Cerasmart 300

(CE)

Single-bar
(three-point bending)

No
0 12

20,000 12

Yes
0 12

20,000 12

Bonded-double-bar
(three-point bending)

No
0 12

20,000 12

Yes
0 12

20,000 12

Plate
(shear bond strength)

No
0 12

20,000 12

Yes
0 12

20,000 12
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Figure 2. Protocol diagrams of the sample preparation and testing procedures for: (a) flexural strength
testing for single-bar specimen; (b) flexural strength testing for bonded-double-bar specimen; (c) shear
bond strength testing.

2.1. Preparation of Single-Bar Specimen for Three-Point Bending Test

Figure 1a shows the single-bar specimen for the TPB test. Figure 2a depicts steps in the preparation
of a single-bar specimen. This specimen dimension is in accordance with the standard protocol
for ISO 6872:2008. Each CAD/CAM composite block was cut into bar-shaped specimens (n = 48)
using a low-speed diamond wheel-saw (Model 650, South Bay Technology, CA, USA). Every specimen
was ground and polished with up to #2000 silicon carbide papers to get a final dimension of
4.0 ± 0.2 × 14.0 ± 0.2 × 1.2 ± 0.2 mm and the dimension was confirmed by a digital vernier caliper
(Mitutoyo CD-15CPX, Mitutoyo Corp., Kawasaki, Japan). The right angles between each face of
the specimen were estimated by eye. Then, in order to reduce the edge failure during the TPB test,
a chamfered edge of approximately 0.1 to 0.2 mm width was prepared using silicon carbide paper.
The specimens were then divided in halves. One half was subjected to alumina air-abrasion on only one
side, the flat surface, using an airborne-particle abrasion machine (Adabrader, Morita, Tokyo, Japan)
at 0.2 MPa pressure for 10 s, from a distance of 10 mm perpendicularly. The other half was a control
group with no air-abrasion. Then, every specimen was stored in a water bath at 37 ◦C for 1 day.
Thereafter, each group of specimens was divided into two subgroups for thermocycling which was
conducted by alternatively immersing in two water baths between 5 ◦C and 55 ◦C for 20,000 cycles
with a 60 s dwell time for each temperature.

2.2. Preparation of Bonded-Double-Bar Specimen for Three-Point Bending Test

Figure 1b denotes the bonded-double-bar specimen for the TPB test. Figure 2b depicts steps
in the preparation of a bonded-double-bar specimen. Bar-shaped specimens were prepared in the
same way as for the single-bar specimens, except for the thickness. In this case, the final dimension of
the cut and polished specimens before bonding was 4.0 ± 0.2 × 14.0 ± 0.2 × 0.6 ± 0.1 mm. One-side
surface on the single-bar specimens was subjected to the alumina air-abrasion followed by silanization
using a silane primer (Porcelain primer). The specimens in the same group were paired and cemented.
A generous amount of the resin cement (ResiCem) was applied on the air-abraded side of the specimen.
Next, the other prepared bar sample was placed on the cement, surface-treated side facing the cement.
A 100 g load was placed on the specimen for 1 min to standardize cement thickness. These procedures
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were confirmed in the preliminary experiment which was carried out prior to the current experiment.
Weight and time were adjusted to find out the best way to achieve a constant cement thickness of
approximate 50 µm, which was confirmed by an optical microscope. Preliminary light activation
was performed with a hand-held light activator (Pencure, J. Morita, Tokyo, Japan). After that, the
cement of the specimen was completely polymerized using a laboratory light curing unit (α Light
II N, J. Morita, Tokyo, Japan) for 5 min per side. After cleaning-off the excess cement, the specimen
was edge-chamfered in the same way as in the single-bar specimen. The resultant bonded-double-bar
specimens were stored in 37 ◦C water for 1 day, and were divided in half, one group to receive
thermocycling, while the other not.

2.3. Preparation of Specimen for Shear Bond Strength Test

The bond strength between each composite and the resin cement was measured using the SBS test
with the specimen as illustrated in Figure 1c according to the previous study [27]. Figure 2c depicts
steps in the preparation of a shear-bond-strength specimen. Each composite block was cut into 1 mm
thick plates (n = 48) and polished in the same way as the specimen for the TPB test. The polished plate
was then embedded in an acrylic ring using self-cured resin. Half of the specimens were subjected
to the alumina air-abrasion followed by silanization using the silane primer, while the others were
not. A Teflon tube, with an internal diameter of 5 mm, was positioned on the sample surface using a
fixed tape, to standardize the bonding area. The resin cement was loaded on the surface through the
Teflon tube to form a 3 mm high rod. Cement polymerization was carried out in the same way as for
the bonded-double-bar specimen. The resultant samples were then stored in 37 ◦C water for 1 day,
and were divided in half, one group to receive the thermocycling, while the other not.

2.4. Three-Point Bending Test

The TPB test was carried out with a jig (supporting span: 12 mm) and a crosshead according
to ISO6872:2008 using a universal testing machine (AG-X, Shimadzu Corp., Kyoto, Japan) with a
speed of 1 mm/min. For the single-bar specimen, the air-abraded-side was positioned down. For the
bonded-double-bar specimens, there was no protocol for positioning the specimens. The flexural
strength (σ) was calculated using the following equation:

σ = 3FL/2bh2 (1)

where F is the maximum load, L is the supporting span, b is the width of the specimen, and h is the
thickness of the specimen.

2.5. Shear Bond Strength Test

The SBS was measured using the universal testing machine. The specimen was fixed with a
specialized jig [27] which helped positioning the sample in such a way that the composite–resin cement
interface was parallel exactly at the loading blade which moved at 1 mm/min. The maximum load was
recorded when the resin cement cylinder detached from the composite surface. The SBS was calculated
by dividing the maximum load by the bonding area. After the SBS test, the detached surface of the
composites was observed by the naked eye and an optical microscope to classify five categories of
failure mode; AD: adhesive failure, CO-Com: cohesive failure in composite, CO-Cem: cohesive failure
in cement, AD-Com: mixed failure adhesive + cohesive in composite, and AD-Cem: mixed failure
adhesive + cohesive in cement.

2.6. Statistical Analysis

Statistical analysis of the FS and SBS data was performed with a statistical software EZR version
1.38 (Saitama Medical Center, Jichi Medical University, Saitama, Japan) using two-way analysis of
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variance (ANOVA) followed by Tukey’s test to find statistically significant difference between groups,
whereby p < 0.05 was considered statistically significant.

3. Results

3.1. Flexural Strength of the Single-Bar Specimen

Two-way ANOVA revealed that the FS for single-bar specimens was significantly affected by
the air-abrasion and thermocycling (p < 0.05) for both SH and CE composites. There was significant
interaction between the air-abrasion and thermocycling for the CE composite (p < 0.05) but no
significance for the SH composite (p = 0.6595). Figure 3 shows FS of the single-bar specimens for
each composite with Tukey’s post-hoc test result. For the SH composite, FSs of the non-abraded
specimens before and after the thermocycling were 243.8 ± 18.4 MPa and 165.7 ± 13.8 MPa respectively.
When the specimens were air-abraded, the strength significantly decreased in comparison with
those of the non-abraded specimens; 195.5 ± 11.2 MPa and 120.8 ± 4.4 MPa before and after the
thermocycling respectively. The FS of the CE composite also gave results in the same trend. The FSs
of the CE composite before and after the thermocycling were 282.5 ± 8.6 MPa and 183.8 ± 11.2 MPa
respectively. When the specimens were air-abraded, the strength significantly decreased in comparison
with those of the non-abraded specimens; 224.8 ± 9.7 MPa and 144.4 ± 7.0 MPa before and after the
thermocycling respectively. Statistical analysis indicated significant difference (p < 0.05) in FSs between
air-abraded and non-abraded specimens, also between before and after thermocycling, for both SH
and CE composites. These results suggested that the alumina air-abrasion and the thermocycling both
weakened the strengths of the composites.
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Figure 3. Mean flexural strength values of the single-bar specimens for (a) Shofu HC Hard (SH)
and (b) Cerasmart 300 (CE), as illustrated in Figure 1a. The vertical error-bars indicate standard
deviations. The different letters indicate a significant difference between the groups (p < 0.05, Tukey test,
n = 12). AA: alumina air-abraded specimen. TMC: 20,000-thermocycled specimen. No-TMC:
0-thermocycled specimen.

3.2. Flexural Strength of Bonded-Double-Bar Specimen

Two-way ANOVA revealed that FS of the bonded-double-bar specimen for the SH composites
was significantly affected by the air-abrasion and thermocycling (p < 0.05). There was significant
interaction between the air-abrasion and thermocycling for the SH composite (p < 0.05). Meanwhile,
FS for the CE composite was significantly affected by thermocycling (p < 0.05) but not by air-abrasion
(p = 0.6248). There was no significant interaction between air-abrasion and thermocycling (p = 0.6248).
Figure 4 shows FS of the bonded-double-bar specimens for each composite with Tukey’s post-hoc test
result. For the SH composite, FSs of the non-abraded specimens before and after the thermocycling
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were 229.3 ± 17.6 MPa and 172.6 ± 9.3 MPa, respectively. When the specimens received air-abrasion,
the FSs were 252.2 ± 14.9 MPa and 177.3 ± 10.3 MPa before and after thermocycling respectively.
For the CE composite, FSs of the air-abraded specimens were 257.7 ± 22.6 MPa and 231.1 ± 12.4 MPa
before and after thermocycling, respectively. When the specimens received air-abrasion, the FSs were
259.2 ± 16.7 MPa and 237.6 ± 17.0 MPa before and after thermocycling, respectively. Unlike in the
single-bar specimen, statistical analysis did not find significant difference (p > 0.05) in the FSs for both
SH and CE composites between non-abraded and air-abraded specimens. For the SH composite before
thermocycling, the FS of the air-abraded specimen was higher than that of the non-abraded specimen.
However, after thermocycling, FSs between air-abraded and non-abraded specimens were statistically
comparable (p = 0.8292 for SH, p = 0.800 for CE). Undoubtedly, the thermocycling caused significant
decrease in FS for both SH and CE composites. These results indicated that the alumina air-abrasion
did not reduce the FS of the bonded-double-bar specimens.
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Figure 4. Mean flexural strength values of the bonded-double-bar specimens for (a) Shofu HC Hard
(SH) and (b) Cerasmart 300 (CE), as illustrated in Figure 1b. The vertical error-bars indicate standard
deviations. The different letters indicate a significant difference between the groups (p < 0.05, Tukey test,
n = 12). AA&SL: alumina air-abraded and silanized specimen. TMC: 20,000-thermocycled specimen.
No-TMC: 0-thermocycled specimen.

3.3. Shear Bond Strength

Two-way ANOVA revealed that the SBS for the SH composites was significantly affected by
air-abrasion and thermocycling (p < 0.05). There was no significant interaction between the air-abrasion
and thermocycling (p = 0.3525). Figure 5 gives SBS between each composite and the resin cement
with Tukey’s post-hoc test result. For the SH composite before thermocycling, SBS of the air-abraded
specimen (34.0 ± 5.0 MPa) was significantly higher (p < 0.05) than that of the non-abraded specimen
(25.8 ± 4.2 MPa). Likewise, after thermocycling, SBS of the air-abraded specimen (10.0 ± 1.1 MPa)
was significantly higher (p < 0.05) than that of the non-abraded specimen (3.6 ± 0.7 MPa). The CE
composite also showed results in the same trend. SBSs of the air-abraded specimen before and after
the thermocycling (41.4 ± 6.5 MPa, 12.6 ± 1.9 MPa respectively) were significantly higher (p < 0.05)
than those of non-abraded specimen (30.9 ± 4.2 MPa, 8.1 ± 2.1 MPa respectively). Figure 6 denotes
their percent values for each failure mode. The results of the failure modes indicated that 100%
of adhesive failure was observed in every group of specimens except for the air-abraded specimen
before thermocycling. These results indicated that the alumina air-abrasion could strengthen the bond
strength between each composite and the resin cement.
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Figure 5. Shear bond strength of the specimens for (a) Shofu HC Hard (SH) and (b) Cerasmart 300
(CE), as illustrated in Figure 1c. The vertical error-bars indicate standard deviations. The different
letters indicate a significant difference between the groups (p < 0.05, Tukey test, n = 12). AA&SL:
alumina air-abraded and silanized specimen. TMC: 20,000-thermocycled specimen. No-TMC:
0-thermocycled specimen.
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Figure 6. Failure modes of the specimens for (a) Shofu HC Hard (SH) and (b) Cerasmart
300 (CE) after the shear bond strength tests. AA&SL: alumina air-abraded and silanized specimen.
TMC: 20,000-thermocycled specimen. No-TMC: 0-thermocycled specimen. AD: adhesive failure,
CO-Com: cohesive failure in composite, CO-Cem: cohesive failure in cement, AD-Com: mixed failure
adhesive + cohesive in composite, AD-Cem: mixed failure adhesive + cohesive in cement.

4. Discussion

There are many publications evaluating FS of CAD/CAM composites, either with or without
intervention. Lauvahutanon, et al. [9] reported a range of FS varying from 127 to 242 MPa in tested
composites. When the composites were subjected to various kinds of artificial aging, most of the FSs
dropped significantly. Some studies used thermocycling as an aging method and found a significant
drop of FS for the tested composites [28–30], while Eglimez, et al. [31] exposed Lava Ultimate and
GC Cerasmart to water storage, autoclave treatment, and thermocycling and reported a significant
drop of FS. The present study also showed the same trend of results, both CE and SH composites had
significant drops of FS after thermocycling (Figure 3). The regression in FS of composites mostly occurs
by function of hydrolysis in the water-related aging procedure [31]. It is plausible that water penetrates
into the resin matrix, softens the polymer network and also breaks the siloxane bond between the resin
matrix and the silica fillers [32,33].
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Prior to cementation of the CAD/CAM composites, the majority of the manufacturers recommend
roughening the fit surface of the restoration by alumina air-abrasion at 0.2–0.3 MPa pressure for 10 s,
from a distance of 10 mm (e.g., Shofu Block HC Hard Instruction). There are a number of publications
studying alternative surface treatment protocols including alumina air-abrasion at 0.1 MPa [19];
air-abrasion with glass beads at 0.4 MPa [15]; air-abrasion with the CoJet™ system [21,23]; or etching
with hydrofluoric acid (HF) [17]. From the ones of recent researches, the alumina air-abrasion and
HF are still by far the most promising methods to create surface roughness [24,25]. Almost every
research showed that these surface treatments increased bond strength by surface roughening.
Nevertheless, surface roughening should be carried out with caution. According to a publication of
Yoshihara, et al. [26], there were disadvantages of alumina air-abrasion. The authors evaluated the
surface of various CAD/CAM composites with SEM observation before and after alumina air-abrasion
and found that some composites exhibited surface and subsurface cracks. These cracks could possibly
weaken the composite regarding the results from the current study.

In the present study, the results from the single-bar TPB test (Figure 3) revealed a significant
reduction in the FS of both CE and SH composites. This result is in line with the studies by Sevcan, et al.
in 2018 [34]. Xu, Garry, and Owen [35] explained that when the tested specimen had few surface flaws
or defects at the tension side under stress loading area, the resulted FS would be higher compared
to the specimen with many flaws or defects in the stated area. Consequently, when the specimen is
air-abraded, especially on the tension side, the specimen is prone to break much easier at lower loading.
As well, the decrease in FS of the composites might not fully represent the actual reduction in strength
of the material.

Though the TPB test for the bonded-double-bar specimen (Figure 1b) is not listed in common
standard testing methods of dental materials according to ISO standard, some researches in the
engineering field adopted the present specimen configuration of the bonded-double-bar [36–40].
Because in real clinical situations, every material used in fabrication of fixed prostheses is used in
supreme close contact with the cement, it is reasonable to include the cement layer into the specimen
design and experiment. There have been many publications regarding FS when the restorative material
was evaluated in association with the cement layer [35,41,42]. Plus, there was also a study utilizing a
dentine analog to simulate a bonded-crown-on-tooth situation [43]. This study, instead, chose to use the
material itself as a substrate to simulate that situation. The fact that the bonded-double-bar specimen
included two thin bar samples together ensured that if the alumina air-abrasion weakening effect
really could not be counteracted by proper bonding, the alumina abraded groups would demonstrate
decreased flexural strength values.

From the results of FS for the bonded-double-bar specimen (Figure 4), unlike that of the single-bar
specimens, the specimens which received alumina air-abrasion and silanization before cementation
either had a comparable or a higher FS compared to the non-abraded specimens. This finding can
partly be explained by the publication from Xu, Garry, and Owen [35]. They reported a significantly
higher FS of a porcelain specimen when the specimen was coated with resin cement. They explained
that the polymeric resin matrix in the resin cement helped to stabilize the innate flaws on the fit surface
of the porcelain, and the stabilizing process was achieved by chemical bonding from silanization.
Furthermore, Nathanson et al. [44] formerly presumed that the resin cement created a stress that
held the material structure together. Marquis, et al. [45] believed in a crack healing mechanism,
saying that interpenetration of the resin cement into the crack reduced the effective crack length and
the resulting stress.

In order to gain a higher and more durable bond, it is well-accepted that increasing surface
roughness in conjunction with chemical bond enhancement is a fundamentally important process.
The bonded surface can be roughened by either mechanical means like alumina air-abrasion or chemical
etching with HF. The roughening process will increase the surface area and also create micromechanical
interlocking between the bonded surface and the resin cement. On the other hand, silane primer focuses
on increasing bond strength via chemical bond promotion. The silane coupling agent in the primer
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reacts to silanol groups on the filler particles, resulting in an increment of bond strength between the
composite and the resin cement [46]. The present study focuses on alumina air-abrasion followed by
silanization as methods to achieve strong and durable bonds because it is one of the most well-approved
and obtainable in the market. The SBS test revealed that the chosen method increased bond strength of
the CAD/CAM composite to resin cement both immediately after cementation and after thermocycling.
The results of the failure modes for the composites (Figure 6) supported the SBS test result. The results
from the current study were of the same trend as previous researches [17–20,22,23].

In summary, we found that the alumina air-abrasion itself improves the bond strength of the
CAD/CAM composites and weakens the flexural strength. In the case of the air-abraded composites
with bonding to the resin cement via silanization, meanwhile, the flexural strength did not decrease.
This finding indicates that alumina air-abrasion with silanization for bonding of the CAD/CAM
composite to the resin cement can be recommended to reduce the risks of fracture and debonding
failures in practical restorations.

5. Conclusions

The alumina air-abrasion to the CAD/CAM composites increased their shear bond strengths to
the resin cement while decreasing the flexural strength of the single-bar specimen. On the other hand,
the flexural strength was not reduced by alumina air-abrasion followed by silanization and bonding to
the resin cement. To conclude, the alumina air-abrasion on CAD/CAM composite with appropriate
cementation could improve bond strength without weakening its mechanical strength.
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