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The effect of plasma on shear bond strength 
between resin cement and colored zirconia
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Department of Prosthodontics, School of Dentistry, Chonnam National University, Gwangju, Republic of Korea

PURPOSE. To investigate the effect of non-thermal atmospheric pressure plasma (NTAPP) treatment on shear 
bond strength (SBS) between resin cement and colored zirconia made with metal chlorides. MATERIALS AND 
METHODS. 60 zirconia specimens were divided into 3 groups using coloring liquid. Each group was divided 
again into 2 sub-groups using plasma treatment; the experimental group was treated with plasma, and the 
control group was untreated. The sub-groups were: N (non-colored), C (0.1 wt% aqueous chromium chloride 
solution), M (0.1 wt% aqueous molybdenum chloride solution), NP (non-colored with plasma), CP (0.1 wt% 
aqueous chromium chloride solution with plasma), and MP (0.1 wt% aqueous molybdenum chloride solution 
with plasma). Composite resin cylinders were bonded to zirconia specimens with MDP-based resin cement, and 
SBS was measured using a universal testing machine. All data was analyzed statistically using a 2-way ANOVA 
test and a Tukey test. RESULTS. SBS significantly increased when specimens were treated with NTAPP regardless 
of coloring (P<.001). Colored zirconia containing molybdenum showed the highest value of SBS, regardless of 
NTAPP. The molybdenum group showed the highest SBS, whereas the chromium group showed the lowest. 
CONCLUSION. NTAPP may increase the SBS of colored zirconia and resin cement. The NTAPP effect on SBS is 
not influenced by the presence of zirconia coloring. [ J Adv Prosthodont 2017;9:118-23]
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INTRODUCTION

Zirconia is one of  the most popular ceramic materials cur-
rently being used in dentistry. Its opaque natural color 
makes it ideal for treating discolored teeth, and it is highly 
resistant to fracture. In addition, zirconia generates less 
aggressive wear on the opposing tooth, when compared to 
feldspathic porcelain.1 However, it is difficult to fabricate 
aesthetic restorations with zirconia because of  its intrinsic 
color, and as such tinted zirconia is now being developed to 
compensate for this limitation. One such method involves 

mixing in a colorant with the zirconia powder during the 
composition process;2 the other produces the desired color 
tone by immersing partially sintered zirconia into a solution 
that contains minerals, such as chrome or molybdenum, 
which have been found to produce tones within the color 
range of  natural teeth.3-5 Kim et al.6 revealed that coloring 
zirconium with a 0.1 wt% aqueous solution of  molybdenum 
chloride resulted in significantly improved aesthetics and 
function when compared with conventional non-colored 
zirconia.

Bonding with resin cement is problematic because zirco-
nia does not contain silica,6,7 therefore, various methods 
have been developed to increase the bond strength between 
these two materials. Although air abrasion using alumina 
particles has been shown to improve mechanical bond 
strength,8,9 it can also cause cracking of  the zirconia surface 
and loss of  zirconia particles.10 For this reason, novel meth-
ods that do not lead to mechanical changes to the zirconia 
surface have been sought. Plasma is one of  the new treat-
ments and is currently being tested as a dental biomaterial 
for direct/indirect application in the oral cavity.11-13 To 
improve bond strength, plasma treatment increases wettabil-
ity and surface adhesion without changing the material 
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itself, producing a thin film of  polymer with a functional 
end-group by activating and deactivating steps.14,15 Derand et 
al.12 reported that plasma treatment increased the bonding 
strength between resin cement and zirconia, and Canullo et 
al.13 reported that argon plasma cleaning improved the wet-
tability of  the zirconia surface and increased the bond 
strength of  methacryloyloxydecyl dihydrogen phosphate 
(MDP)-based resin cement. In contrast, studies involving 
colored zirconia are still lacking, although a number of  
experiments have been conducted that used plasma for 
improving bonding strength between non-colored zirconia 
and resin cement. 

In this study, we have evaluated the effect of  non-ther-
mal atmospheric pressure plasma (NTAPP) treatment on 
the shear bond strength (SBS) of  fabricated colored zirco-
nia using a metal chloride solution and resin cement. The 
first null hypothesis is that NTAPP has no effect on the 
SBS between colored zirconia and resin cement. The second 
null hypothesis is that there is no significant difference in 
the SBS between the NTAPP-treated colored zirconia and 
the NTAPP-treated non-colored zirconia.

MATERIALS AND METHODS

Table 1 describes the specimens used in this study. Among 
60 zirconia specimens, the control group consisted of  non-
colored zirconia specimens, whereas the experimental group 
included colored zirconia specimens by commercial 5.4 wt% 
yttrium-stabilized tetragonal zirconia powder (KZ-3YF type 
AC, KCM, Nagoya, Japan)5 immersed in a 0.1 wt% aqueous 
chromium chloride solution or a 0.1 wt% aqueous molybde-
num chloride solution. Fig. 1 shows the representative zir-
conia specimens used in this experiment.

Zirconia powder was placed in a cylindrical metal mold 
and was then pressed and transformed into 20 mm diame-
ter, 2.75 mm thick zirconia specimens. After heating the 
specimens in a furnace (Ovmat 2009, Manfredi, Italy), 
increasing the temperature from 25°C to 1040°C at a rate 

of  1°C/min, pre-sintering was completed by cooling for 90 
minutes. One-third of  the pre-sintered zirconia specimens 
(n = 20) underwent final sintering (Kavo Therm, Kavo, 
Biberach, Germany) and constituted the non-colored zirco-
nia control group (group N). The remaining 40 specimens 
were put in to a furnace for coloring, with the temperature 
increased from room temperature to 500°C at a rate of  
10°C/min. The experimental specimens were held for 3 
minutes at this temperature before the temperature was 
increased to 600°C for 5 minutes, after which they were left 
to cool at room temperature for 10 minutes. These speci-
mens were immersed for 3 minutes in 2 solutions, 0.1 wt% 
aqueous chromium chloride solution (group C) and 0.1 wt% 
aqueous molybdenum chloride solution (group M), and 
were then dried and sintered for 20 minutes at a tempera-
ture of  up to 1000°C. After raising the temperature to 
1450°C and maintaining it for 120 minutes, we allowed the 
specimens to reach room temperature. The sintered zirconia 
specimens had a final diameter of  15 mm and a thickness 
of  2 mm and were polished under water using 600 SiC pol-
ishing paper on a polishing instrument (LaboPol-5, Struers, 
Ballerup, Denmark).6

An NTAPP generator (Model PGS-200, Expantech, 
Suwon, Korea) was used to treat the zirconia surfaces. Plasma 
gas (100% argon) was applied at a rate of  10 standard liters 
per minute (slm) while each specimen was rotated to the left 
at 300 rpm, evenly exposed for 30 seconds. The zirconia 
groups with NTAPP were indicated as groups NP, CP and 
MP (Table 1). Table 2 shows the experimental conditions.

Table 1.  Experimental groups

Group (N = 10) Coloring liquid NTAPP

N None No

C
0.1 wt% aqueous chromium 
chloride solution

No

M
0.1 wt% aqueous molybdenum 
chloride solution

No

NP None Yes

CP
0.1 wt% aqueous chromium 
chloride solution

Yes

MP
0.1 wt% aqueous molybdenum 
chloride solution

Yes

Fig. 1.  Experimental groups. (A) Uncolored zirconia, (B) 
0.1 wt% chromium coloring liquid, (C) 0.1 wt% 
molybdenum coloring liquid.

A B C

Table 2.  NTAPP parameters and condition

Parameter Condition

Radio frequency (MHz) 900

Treatment distance (mm) 5

Power (W) 300

Treatment time (Sec) 30

Pressure (Torr) 760

Plasma density (/cm3) 1.11 × 1015
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A composite resin (Filtek Z250, 3M ESPE, St. Paul, 
MN, USA) was used to produce a cylindrical metal mold 6 
mm thick and 3 mm in diameter, using an LED polymeriz-
ing device (Elipar FreeLight 2, 3M ESPE, St. Paul, MN, 
USA). The zirconia specimens and composite resin cylin-
ders were bonded with an MDP-based resin cement 
(PANAVIA F 2.0, Kuraray Medical, Osaka, Japan) (Fig. 2A), 
and SBS was measured using a universal testing machine 
(RB Model 301, Unitech M, R&B Co., Ltd., Daejeon, Korea) 
(Fig. 2B). 

Each specimen was attached to a jig and loaded against a 
composite resin cylinder at a crosshead speed of  0.5 mm/
min. SBS was calculated after measuring the maximum load 
at which the composite resin cylinder separated from the 
zirconia.6 The fractured surfaces were observed by field 
emission scanning electron microscopy (FE-SEM: S-4700, 
Hitachi Ltd.) at ×180 magnifications, operating at 15 keV. 

SBS was evaluated statistically with SPSS software ver-
sion 21 for Windows (IBM, Chicago, IL, USA). Two-way 
ANOVA and Tukey’s honest significant difference (HSD) 
tests were used for post hoc comparisons based on the col-
oring liquid used and whether or not the specimens were 
treated with NTAPP. To investigate the effect of  NTAPP 
on each specimen, an independent t-test was used. A P value 
of  less than 0.05 was considered to be statistically significant.

RESULTS

After statistical analysis with two-way ANOVA, both 
NTAPP and coloring were found to have a significant 
impact on SBS (P < .001); however, no significant interac-
tion was observed (P > .05) (Table 3). The mean (± SD) 
MPa values for N group, C group, and M group were 4.24 ± 
0.334, 3.79 ± 0.367, and 5.12 ± 0.181, respectively. One-way 
ANOVA confirmed that the SBS for each group differed 
significantly (P < .001). The post-hoc Tukey HSD test con-
firmed a significant difference between chromium group (P 
< .05) and molybdenum group (P < .001) compared with 
non-colored group (Fig. 3). The SBS values for NP group, 
CP group, and MP group were 6.46 ± 0.372, 5.89 ± 0.237, 
and 7.29 ± 1.082 MPa, respectively, and additional statistical 
analysis indicated significant differences among the speci-
mens (P < .001). Results of  Tukey’s HSD test showed no 
significant difference between non-colored with plasma 
group and chromium with plasma group, whereas molybde-
num with plasma group exhibited a significantly higher SBS 
(Fig. 4). Independent t-tests, to compare SBS values with 
respect to NTAPP in each group, confirmed a significant 
increase in the average SBS for all groups (P < .001) (Fig. 5). 
Fig. 6 shows representative SEM images of  fractured sur-
face. All groups showed adhesive failure mode. 

Fig. 2.  Process of shear bond strength test. (A) Composite resin cylinder cemented on zirconia disc, (B) Universal testing 
machine.

A B

Table 3.  Two-way ANOVA test results of effects between subjects

Source Sum of squares df Mean square F Significance

NTAPP 69.553 1 69.553 254.014 < .001*

Type of specimen 19.407 2 9.704 35.438 < .001*

NTAPP x Type of specimen 0.058 2 0.029 0.107 .899

(*: Significant at P < .05)
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Fig. 3.  Result of Tukey HSD test for shear bond strength 
before plasma treatment (* : significant at P < .05, **: 
significant at P < .001).

Fig. 4.  Result of Tukey HSD test for shear bond strength 
after plasma treatment (* : significant at P < .05).

Fig. 6.  SEM representative image of specimen fractured surfaces (×180 magnification). (A) Non-colored, (B) Non-
colored with plasma, (C) Chromium colored, (D) Chromium colored with plasma, (E) Molybdenum colored, (F) 
Molybdenum colored with plasma (R is composite resin, Z is zirconia specimen).

A B C

D E F

Fig. 5.  Result of Independent t-test for shear bond strength (** : significant at P < .001).
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DISCUSSION

The aim of  this study was to evaluate the effect of  NTAPP 
treatment on SBS between colored zirconia and a type of  
MDP-based resin cement. The results showed that SBS 
increased significantly among the specimens treated with 
NTAPP. Thus, the first null hypothesis could be rejected. 
Moreover, the NTAPP-treated zirconia specimens showed 
statistically significant difference in SBS, independent of  
whether they had been colored or not. However, SBS on 
NTAPP-treated colored zirconia was higher than non-col-
ored zirconia, and so the second null hypothesis was rejected.

Cales16 reported that specific coloring of  zirconia could 
be achieved by adding different metal oxides. On the other 
hand, Oh et al.5 used metal chloride to color zirconia by 
means of  the liquid immersion method. When adding metal 
chloride to color the zirconia, an oxygen vacancy is pro-
duced, replacing zirconium with a transition metal ion. 
Oxide is formed when the disassembled oxygen atom com-
bines with the transition metal.4,17 Oh et al.5 produced chlo-
ride-colored zirconia that showed improved mechanical 
properties and biocompatibility. From among the various 
metal chlorides, we chose 0.1 wt% aqueous chromium chlo-
ride solution and 0.1 wt% aqueous molybdenum chloride 
solution, because they can both simulate natural tooth 
shades but do not cause cytotoxicity.4,5 In a previous study,6 
zirconia specimens that were immersed in aqueous molyb-
denum chloride solution showed significantly higher SBS 
values, compared with other specimens, as aqueous molyb-
denum chloride solution changed the granular boundary of  
zirconia unevenly. This phenomenon that changed zirconia 
particle size and morphology enhanced the abrasion resis-
tance, tensile strength, stability, and bond strength.18-20

Dental cement plays an important role in restoration 
longevity by improving the retention of  the restoration. A 
previous study18 reported that the bond strength of  zirconia 
depended upon the type of  cement used, regardless of  the 
surface treatment. Many researchers have found that the use 
of  Panavia F 2.0 with MDP-based resin cement can increase 
SBS with zirconia;19-21 and for this reason, we used Panavia 
F 2.0 in our study. 

As zirconia lacks a silica component, it is generally not 
subjected to acid etching, which is performed prior to resin 
bonding. In contrast to feldspathic porcelain, zirconia bond-
ing is more difficult, and many methods have been attempt-
ed to improve it. However, our study was not an attempt to 
increase mechanical bonding to determine the distinct 
effects of  plasma treatment. 

Plasma treatment produces a chemically altered surface 
on certain materials to facilitate the formation of  peroxide 
radicals (R-O-O).24-27 The functional groups on the altered 
zirconia surface can combine with phosphate (C=O) in the 
resin cement, thus increasing the bond strength between the 
cement and the zirconia.28 Also, the plasma treatment 
enhances chemical bonding by introducing a secondary 
force, according to the Van der Waals equation.29 In addi-
tion, in the case of  plasma, a previous study30 indicated that 

the decrease in bonding strength, as a result of  polluted 
organic material in zirconia, can be overcome by increasing 
the plasma’s cleansing potential by decreasing the absorbed 
hydrocarbon through severing the bond between C-H and 
C-C. 

Although SBS was higher with NTAPP treatment than 
without it, our subsequent analysis of  the failure modes 
under FE-SEM (S-4700, Hitachi Ltd., Tokyo, Japan) showed 
that all specimens were presented adhesive failure mode. 
Our results here suggest that this phenomenon warrants 
additional study.

Many studies in which zirconia is being treated with 
NTAPP are underway, however the specific application of  
NTAPP to colored zirconia using metal chloride still requires 
investigation. We confirmed that the physical and chemical 
features of  colored zirconia remain stable with such treat-
ment, since there was no significant difference in the 
response of  non-colored zirconia when compared to the 
colored zirconia. In particular, colored zirconia immersed in 
0.1 wt% aqueous molybdenum chloride solution can poten-
tially be utilized in many fields, because SBS is greatly 
increased by the application of  NTAPP. Meanwhile, the 
NTAPP-treated colored zirconia immersed in 0.1 wt% 
aqueous molybdenum chloride solution showed the highest 
standard deviation, which means the mechanism of  this 
phenomenon remains to be determined. Additionally, for 
the best potential clinical applications, future experiments to 
assess the type of  gas used for the plasma treatment, opti-
mum processing times, and combinations with other surface 
treatments, should be undertaken.

CONCLUSION

Within the limitations of  this study, SBS between zirconia 
and resin cement was improved when NTAPP treatment 
was applied to colored zirconia. In particular, colored zirco-
nia with molybdenum showed a higher SBS compared to 
other zirconia types before and after processing with 
NTAPP.
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