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Abstract
Purpose: Screw-retained implant crowns used as dental implants comprise a zirconia coping and titanium base bonded using resin cement. These devices 
are prone to debonding failures. This study investigated the bond characteristics of implant materials based on shear bond strength (SBS) and surface 
characteristics.
Methods: Chemically pure (CP) titanium grade-4 (Ti), Ti-6Al-4V alloy (Ti-6Al-4V), and tetragonal polycrystalline zirconia (zirconia) were evaluated as 
adherent materials. Plates of each material were polished, primed for the respective resin cements, and cemented using either methyl methacrylate-based resin 
cement (Super-Bond) or composite-based resin cement (Panavia). The cemented samples were subjected to 10,000 thermocycles alternating between 5 and 
55 °C, and the SBS were obtained before and after thermocycling. The sample surfaces were characterized based on surface observations, roughness, and free 
energy (SFE). 
Results: The SBSs of all materials bonded using Panavia were significantly compromised during thermocycling and reached zero. Although the SBSs of Ti and 
Ti-6Al-4V bonded using Super-Bond were not significantly affected by thermocycling, those of zirconia decreased significantly. The bond durability between 
zirconia and Super-Bond was improved via alumina air-abrasion, which caused no significant loss of SBS after thermocycling. Surface analyses of the air-
abraded zirconia validated these results and confirmed that its surface roughness and SFE were significantly increased. 
Conclusions: The bond durability between resin cement and zirconia was lower than that between Ti and Ti-6Al-4V. The alumina air-abrasion pretreatment of 
zirconia improved the SFE and surface roughness, thereby enhancing bond durability. 
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1. Introduction

Titanium and titanium alloys, owing to their outstanding mechanical
properties and biocompatibility, have been widely used as abutment 
materials for dental implants. Furthermore, zirconia has been used as a 
coping material for abutments owing to its high mechanical strength and 
esthetics. This combination of titanium and zirconia has been widely 
used for dental implants in recent years. Furthermore, screw-retained 
implant crowns comprising a zirconia coping and a titanium base have 
exhibited exceptional fracture resistance and esthetic properties [1]. 
These crowns are classified into two types based on their configurations: 
a single unit comprising zirconia connected to the implant or a two-piece 
unit comprising zirconia coping and a titanium base. The titanium base in 
the two-piece configuration is inserted into an access hole in the zirconia 

coping at one end and into the implant connection at the other, where the 
zirconia and titanium components are bonded using a luting agent (e.g., 
resin cement). Although the two-piece configuration offers easier handling, 
also it is associated with debonding failures between the zirconia crown 
and titanium base [2]. Several studies have attempted to overcome this 
problem by examining the retention strength between zirconia and titanium 
bonded via various bonding treatment protocols [2-7]. However, the 
debonding failure remains an open research problem.
    The bond durability of titanium [4, 8-27] or zirconia [28-45] to resin 
cements has been widely investigated for restorative applications in the 
field of materials science. These previous studies have indicated that bond 
strength is enhanced by roughening the material surfaces or by priming 
the surface with an adhesive monomer. Zirconia and titanium can be 
roughened either mechanically or chemically. Mechanical roughening 
includes alumina air-abrasion [24, 42] and laser abrasion [27, 45], whereas 
chemical roughening is achieved via surface etching using hydrofluoric 
acid [12, 31] or corrodible regents [19, 25, 46], tribochemical coating [22, 
34], and thin-film coating [18, 32, 44]. 

 Improvements in the bond strength can also be achieved using a 
10-methacryloyloxydecyl dihydrogen phosphate (MDP)-based adhesive
monomer, which is applied to both zirconia and titanium [2, 3, 5, 6].
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Several studies have reported that the combined use of alumina air-abrasion 
and MDP-based primers can effectively improve the bond strength between 
zirconia or titanium and resin cement. These studies  have examined the 
bond strength of either the zirconia/cement or titanium/cement interface. 
However, no study has systematically compared the bond durability at both 
interfaces. Therefore, it remains unclear whether the zirconia/cement or 
titanium/cement interface is the weak point in the two-piece screw-retained 
implant crowns.
    The objective of this study was to clarify the bond characteristics of 
zirconia and titanium to resin cement based on shear bond strength (SBS) 
testing and surface analyses of the materials. SBS were obtained before 
and after thermocycling, where two types of resin cements, namely, methyl 
methacrylate (MMA)-based resin cement (Super-bond) and composite-
based resin cement (Panavia).  Surface analyses involved scanning electron 
microscopy (SEM), surface roughness, and surface free energy (SFE) 
analyses. Alumina air-abrasion was also performed on the material surface 
to improve the bond strength, and the correlation between bond durability 
and the surface state was discussed.

2. Materials and Methods

2.1. Materials

    Table 1 lists the adherent materials used in this study, including 
commercially pure (CP) titanium grade 4 (Ti), Ti-6Al-4V alloy (Ti-
6Al-4V), and tetragonal polycrystalline zirconia (zirconia). The three 
materials were cut into plates (10 mm × 10 mm × 1 mm) and polished 
using emery paper up to #600. The polished Ti, Ti-6Al-4V, and zirconia 
plates were ultrasonically cleaned using distilled water and air dried before 
characterization. The polished zirconia plates were subjected to alumina 
air-abrasion with 50-μm particles using an airborne particle abrader at a 
pressure of 0.3 MPa for 15 s, which was followed by characterization. 
    Table 2 lists the luting materials, including Super-Bond paired with the 
Super-Bond PZ Primer (Sunmedical Co., Ltd), and Panavia V5 paired with 
the Clearfil Ceramic Primer Plus (Kuraray Noritake Dental Inc).

2.2. Scanning electron microscopy

    The surfaces of the polished Ti, Ti-6Al-4V, zirconia, and alumina air-
abraded zirconia plates were analyzed using SEM (JSM-6330F; JEOL 
Ltd.).

2.3. Confocal laser microscopy

    The surface roughness of the polished Ti, Ti-6Al-4V, zirconia, and 
alumina air-abraded zirconia plates was measured using confocal laser 
scanning microscopy (CLSM; VKX-100, Keyence Corp.). The mean 
roughness value was determined based on ten measurements for each 
sample. 

2.4. Surface free energy analysis

    The SFEs of the polished Ti, Ti-6Al-4V, zirconia, and alumina air-
abraded zirconia plates were determined by measuring the contact angle 
of each sample with two test liquids (2 μL droplets), namely, distilled 
water (H2O) and diiodomethane (CH2I2). The measurements were obtained 
under atmospheric conditions at room temperature (20 ± 3 °C) using a 
contact angle meter (DMe-211, Kyowa Interface Science Co., Ltd.). The 
mean contact angle value for each liquid was determined based on ten 
measurements, each acquired from a newly polished sample. The SFE of 
each material was calculated based on the contact angles using analytical 
software (FAMAS, Kyowa Interface Science Co., Ltd.) in accordance with 
the Owens-Wendt theory [47], as given in the following equations:

where subscripts L1 and L2 denote the test liquids H2O and CH2I2, 
respectively; γtotal, γp, and γd are the total SFE, polar (hydrogen) component 
of the SFE, and dispersive component of the SFE for the sample material, 
respectively; γL

total, γL
p, and γL

d are the total SFE, polar component of the 
SFE, and disperse component of the SFE of the test liquid, respectively; 
and θ is the contact angle for the test liquid. Previously reported SFE 
values were used for the test liquids [47], specifically γL1

total = 72.8 mN/m 
(mJ/m2), γL1

p = 51.0 mN/m, and γL1
d =21.8 mN/m for H2O; and γL2

total = 50.8 
mN/m, γL2

p = 1.3 mN/m, and γL2
d = 49.5 mN/m for CH2I2. 

2.5. Shear bond strength test

    A polished Ti, Ti-6Al-4V, zirconia, or alumina air-abraded zirconia plate 
was fixed in an acrylic ring using a self-cured resin. A Teflon tube (inner 
diameter = 5 mm, height = 5 mm) was fixed on the sample surface to 
ensure a constant area for adhesion. The sample was cemented using either 
Super-Bond or Panavia resin cement. For the Super-Bond resin cement, the 
Super-Bond PZ primer was applied to the sample surface and dried under 
ambient conditions. Super-Bond was loaded onto the primed surface and 
cured under ambient conditions for 1 h. For the Panavia resin cement, a 
ceramic primer was applied to the sample surface and dried under ambient 
conditions. Panavia was loaded onto the primed surface and light-cured 
for 10 s using a light-curing unit. After cement curing, the Teflon tube 
was removed from the sample surface, and the sample was held at room 
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Table 1. Adherent materials used in this study.

Material Manufacturer Composition (%)
CP Titanium grade 4 NIPPON 

STEEL Corp.
C:<0.08, N:<0.05, H:0.013, Fe:0.5, 
O:0.4, Ti:Balance

Ti-6Al-4V alloy NIPPON 
STEEL Corp.

C:<0.08, N:<0.05, H:0.015, Fe:0.4, 
O:0.2, Al: 6, V:4,  Ti:Balance

Tetragonal polycrystalline 
zirconia

NIPPON 
STEEL Corp.

ZrO2:93, Y2O3:4.9%, HfO2:1.8%, 
Al2O3:0.21%, Other:0.3%  

Table 2. Luting materials used in this study.
Material type Trade name Manufacturer Composition
MMA-based resin 
cement

Super-Bond Sunmedical 
Co., Ltd

Liquid: 4-META, MMA, 
Powder: PMMA, TiO2
Catalyst: TBB 

Primer Super-Bond 
PZ Primer

Sunmedical 
Co., Ltd

Liquid A: MDP, MMA
Liquid B: γ-MPTS, MMA

Composite-based 
resin cement

Panavia V5 Kuraray 
Noritake 
Dental Inc.

Paste A and B: Bis-GMA, 
TEGDMA, Hydrophobic 
aromatic dimethacrylate, 
Hydrophilic aliphatic 
dimethacrylate, Initiators, 
Accelerators, Silanated 
barium glass filler, Silanated 
fluoroalminosilicate glass filler, 
Colloidal silica Bisphenol A 
Silanated alminium oxide filler, 
DL-Camphorquinone, Pigments 

Primer Clearfil 
Ceramic 
primer Plus

Kuraray 
Noritake 
Dental Inc.

MDP, γ-MPTS, Ethanol

PMMA: poly(methyl methacrylate), 4-META: 4-methacryloxyethyl trimellitate 
anhydride, MMA: methyl methacrylate, TBB: Tri-n-butylborane, MDP: 
10-methacryloyloxydecyl dihydrogen phosphate, γ-MPTS: 3-methacryloxypropyl 
trimethoxy silane, Bis-GMA: bisphenol A-glycidyl methacrylate, TEGDMA: 
triethylene glycol dimethacrylate
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temperature for 24 h before being submerged in distilled water at 37 °C for 
24 h. 
    The SBSs of the samples (n = 12) were obtained before and after 
thermocycling, which involved alternating immersion in 5 and 55 °C 
water baths for 10,000 cycles with a 60-s dwell time for each temperature. 
The SBS tests were performed using a blade-shaped loading device and a 
mechanical testing machine (AUTOGRARH AGS-J, Shimadzu Corp.) at 
a crosshead speed of 1.0 mm/min. The resulting debonded surface of the 
sample was analyzed using an optical microscope to classify the failure 
mode as either adhesive failure at the cement/material interface or cohesive 
failure within the cement.

2.6. Statistical analysis

    Statistical software (EZR; Saitama Medical Center, Jichi Medical 
University) was used to analyze the SBSs of each group using a two-way 
analysis of variance (ANOVA), where the type of the material (Ti, Ti-
6Al-4V, or zirconia) and thermocycling (no or 10,000-thermocycle) were 
independent factors. Tukey’s post-hoc test was performed when the two-
way ANOVA of a group was significant. The statistical difference between 
the SBSs for the groups with and without alumina air-abrasion was 
determined using Student’s t-test. The SFE and surface roughness of each 
group were evaluated using one-way ANOVA followed by Tukey’s post-
hoc test. The significance level was 0.05 for all analyses. 

3. Results

3.1. Shear bond strength of the unabraded samples

    The two-way ANOVA of the unabraded samples indicated that the 
SBSs of the samples bonded with both Super-Bond and Panavia were 
significantly affected by the type of material (p < 0.05) and thermocycling (p 
< 0.05). Tukey’s post-hoc test of the Super-Bond group indicated that the 
SBSs of the Ti and Ti-6Al-4V alloy did not decrease during thermocycling, 
whereas that of zirconia decreased significantly (Table 3). In contrast, the 
SBSs of all the materials in the Panavia group were significantly affected 
and decreased to zero after thermocycling. 
    The fracture modes between the sample materials (namely, Ti, Ti-
6Al-4V alloy, and zirconia) and the resin cements after SBS testing were 
examined and classified as adhesive and cohesive failures (Table 4). 
Generally, the zirconia samples cemented using Super-Bond underwent 
adhesive failures before and after thermocycling, whereas Ti and Ti-6Al-
4V alloy predominantly exhibited cohesive failure before thermocycling 
and adhesive failure afterwards. Before thermocycling, the Panavia 
samples exhibited predominantly adhesive failure, with most instances in 
Ti-6Al-4V, followed by zirconia and Ti. All the materials cemented using 
Panavia exhibited the detachment of the cement from the material surface 
during the thermocycling process;  therefore, SBS could not be measured.

3.2. Shear bond strength of alumina air-abraded zirconia cemented with 
Super-Bond

    The before- and after-thermocycling SBSs of the air-abraded zirconia 
cemented using Super-Bond did not differ significantly (Table 5) and all 
samples exhibited adhesive failure.

3.3. Surface state of the unabraded samples

    The SEM images of the unabraded Ti, Ti-6Al-4V, and zirconia samples 
exhibited flat surfaces with somescratches formed during polishing (Fig. 1). 
The CLSM analysis indicated that the surface roughness of zirconia was 
significantly lower than those of Ti and Ti-6Al-4V (Table 6). These values 
of the surface roughness were comparable to those of the as-machined 
samples (Ti, Ti-6Al-4V, and zirconia) used for implant materials (data not 
shown here).
    The dispersive component of the SFE value of unabraded zirconia was 
significantly lower than that of Ti and comparable to that of Ti-6Al-4V, 
whereas the polar component of zirconia was significantly lower than those 

of Ti and 6Ti-6Al-4V alloy (Table 7). Therefore, the total SFE of zirconia 
was significantly lower than those of Ti and Ti-6Al-4V.

Table 3. Shear bond strengths (MPa) between unabraded materials or alumina air-
abraded zirconia and each cement (Super-Bond, Panavia) with no-thermocycle 
and 10,000-thermocycle. The different letters indicate a significant difference in 
each cement group (p < 0.05, Tukey test, n = 12).

Cement Material
Mean value (standard deviation)

No-thermocycle 10,000-thermocycle

Super-Bond
Ti 16.8 (2.6) a 17.6 (3.7) a
Ti-6Al-4V 18.9 (2.3) a 17.9 (3.0) a
Zirconia 19.6 (2.7) a  6.7 (7.1) b

Panavia
Ti 14.6 (6.3) A 0 (-)
Ti-6Al-4V  8.6 (4.3) B 0 (-)
Zirconia  8.0 (3.6) B 0 (-)

Table 4. Failure modes for each sample after the shear bond strength tests. 
Adhesive failure: Adhesive failure at the cement/material interface; Cohesive 
failure: cohesive failure within the cement. For the groups for Panavia with 
10,000-thermocyle, the resin cements of all samples were detached from the 
material surface before the shear bond strength test. 

Cement Material
Adhesive failure / Cohesive failure

No-thermocycle 10,000-thermocycle

Super-Bond
Ti 5 / 7 12 / 0
Ti-6Al-4V 0 / 12 10 / 2
Zirconia 9 / 3 12 / 0

Panavia
Ti 8 / 4 - / -
Ti-6Al-4V 12 / 0 - / -
Zirconia 10 / 2 - / -

Table 5. Mean value and standard deviation for shear bond strengths (MPa) 
between Super-Bond and alumina air-abraded zirconia with no-thermocycle and 
10,000-thermocycle. There is no statistical difference between the groups (p < 0.05, 
Student t test, n = 12).

No-thermocycle 10,000-thermocycle
22.0 (2.5) 21.5 (2.5) 

Fig. 1. SEM images of unabraded (a) Ti, (b) Ti-6Al-4V, (c) zirconia, and (d) 
alumina air-abraded zirconia.
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3.4. Surface state of alumina air-abraded zirconia

    The SEM image (Fig. 1(d)) and the three-dimensional (3D) CLSM 
image (Fig. 2) of the alumina air-abraded zirconia surface depict that 
the sample surface was roughened by alumina air-abrasion. Alumina air-
abrasion significantly increased the surface roughness of zirconia compared 
to that of the unabraded samples (Table 6). 
    The polar component and total SFE of zirconia were significantly 
larger after abrasion, whereas its dispersive component remained almost 
unchanged (Table 7).

4. Discussion

    The SBS measurements demonstrated that the bond durability offered 
by Super-Bond was superior to that of Panavia (Table 3). This result was  
supported by the evaluation of fracture modes (Table 4). This finding 
corresponds to a previous report on the retentive force of zirconia copings 
bonded to zirconia abutments using resin cements. In that study, Super-
Bond exhibited a higher retentive force when compared with that of 
Panavia [48]. Super-Bond contains no filler, which may have enabled better 
flow on the material surfaces to enhance the bond strength. 
    The SBS results also indicated that the bond durability of Super-Bond 
to zirconia was lower than those of Ti and Ti-6Al-4V. Therefore, a two-
piece zirconia implant crown with a titanium base and zirconia coping 
bonded using Super-Bond is expected to fail first at the zirconia/resin 
cement interface that at the titanium/resin cement interface. The lower 
bond durability of zirconia than that of titanium was further investigated 
based on the surface roughness and SFE analysis. The surface roughness of 
zirconia was significantly lower than those of Ti and Ti-6Al-4V (Table 6). 
This was probably owing to the higher hardness of zirconia when compared 
with that of titanium. This lower surface roughness of zirconia contributed 
to the lower bond durability using the resin cement. The chemical state of 
the zirconia surface was also a factor, and the SFE analysis indicated that 
the polar component of zirconia was significantly lower than those of Ti 
and Ti-6Al-4V. Therefore, the zirconia surface had fewer active sites to 
react with the adhesive MDP monomer when compared with those of Ti 
or Ti-6Al-4V. Therefore, the hydrolytic degradation at the zirconia/resin 
cement interface progressed more rapidly.
    It was inferred from the results listed in Table 3 that while there is scope 
to improve the bond durability of zirconia using Super-bond. Therefore, 
alumina air-abrasion was performed on zirconia for the Super-Bond 
group. The bond durability between zirconia and the Super-Bond resin 
cement was improved by alumina air-abrasion, whereas the enhanced bond 
durability and SBS were not significantly changed by thermocycling (Table 
5). Previous studies on the improvement of bond strength via alumina air-
abrasion have reported similar findings [24, 42, 49-53]. The mechanism 
of bond durability improvement by alumina air-abrasion was investigated 
based on surface analysis. The surface roughness of zirconia increased after 
alumina air-abrasion, which enhanced the mechanical interrocking between 

the zirconia surface and resin cement to improve the bond strength [37]. 
Furthermore, the SFE analysis indicated that alumina air-abrasion caused 
an increase in the polar component, thereby increasing the total SFE of 
zirconia samples. The SFE of a material is typically affected by the number 
of functional groups (e.g., OH groups) on its surface [54]. It was speculated 
that the increased SFE and wettability after alumina air-abrasion were 
attributed to an increased number of surface OH groups or other functional 
groups on zirconia. Studies on the chemical interaction between the 
MDP monomer and zirconia [55] indicate that the MDP monomer can be 
adsorbed onto zirconia via hydrogen bonding between the P=O of the MDP 
monomer and the surface OH groups of zirconia or via ionic interaction 
between P-O- and Zr+. This mechanism demonstrates that the surface OH 
groups of zirconia serve as active sites for the bonding of the resin cement 
via the MDP monomer. Therefore, an increase in the number of surface OH 
groups after alumina air-abrasion improves the bond strength of zirconia 
samples. Although several studies have evaluated the zirconia surface 
based on the SFE analysis [56-61], the changes in SFE caused by alumina 
air-abrasion have not yet been investigated. This is the first demonstration 
of alumina air-abrasion increasing the surface roughness and SFE, both of 
which contributed to the improved bond durability between zirconia and 
resin cement. 
    Within the limitations of this study, MMA-based resin cement (Super-
Bond) is recommended for the bonding of zirconia and titanium (or 
titanium alloy) in two-piece zirconia implant crowns. Furthermore, alumina 
air-abrasion is an effective pretreatment of the zirconia surface to improve 
the bond durability between the resin and zirconia, which is the interface 
more vulnerable to failure. To improve the retention of zirconia coping 
to the titanium base, previous studies recommended the use of an MDP-
based primer, followed by alumina air-abrasion before cementing [2, 3]. 
In addition to this pretreatment, the present study suggests that the MMA-
based resin cement is effective for zirconia and titanium. The alumina air-
abraded zirconia combined with the MMA-based resin cement exhibited 
almost no deterioration in bond strength during thermocycling. Therefore, 
it may be possible to reduce the debonding failure of zirconia copings 
and their titanium bases in two-piece implant crowns. Further in vitro 
investigations are necessary to confirm the validity of these findings under 
clinical situations.

5. Conclusion

    This study demonstrated that MMA-based resin cement offered superior 
bonding between titanium (CP titanium grade-4 or Ti-6Al-4V alloy) and 
zirconia than that offered by composite-based resin cements. The bond 
durability between resin cement and titanium was higher than that using 
zirconia because the surface roughness and free energy of titanium were 
higher. The pretreatment of zirconia via alumina air-abrasion enhanced its 
surface roughness and free energy, thereby improving the bond durability 
between zirconia and the MMA-based resin cement.
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Fig. 2. Three-dimensional image of the zirconia surface measured by the confocal 
laser scanning microscope, (a) unabraded zirconia, (b) the alumina air-abraded 
zirconia surface. The surface roughness (Ra) of the no-abraded zirconia and the 
alumina air-abraded zirconia was 0.11±0.02 μm and 0.34±0.06μm, respectively.

Table 6. Mean value and standard deviation for surface roughness (Ra, μm) of 
unabraded Ti, Ti-6Al-4V, zirconia, and alumina air-abraded zirconia, measured by 
the confocal laser scanning microscope. The different letters indicate a significant 
difference in the groups (p < 0.05, Tukey test, n = 12).

Ti Ti-6Al-4V Zirconia Abraded zirconia
0.26 (0.09) a 0.25 (0.05) a 0.11 (0.02) b 0.34 (0.06) c

Table 7. Mean value and standard deviation for surface free energy (mN/m) of 
unabraded Ti, Ti-6Al-4V, zirconia, and alumina air-abraded zirconia. The different 
letters indicate a significant difference in the groups for each component (p < 0.05, 
Tukey test, n = 10).
Material Dispersive component Polar component Total
Ti 36.6 (0.6) a 36.8 (0.9) A 73.4 (1.0) α
Ti-6Al-4V 34.0 (1.4) b 38.6 (1.2) A 72.5 (0.6) α
Zirconia  33.0 (1.2) bc 26.3 (2.6) B 59.3 (2.7) β
Abraded zirconia 32.6 (0.4) c 37.6 (1.1) A 70.2 (1.0) χ
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