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The objective of this study was to evaluate the effects 
of different surface treatments on the microshear bond 
strength (µSBS) of resin cements to zirconia. Twenty-
four zirconia wafers measuring 2.0 × 9.0 × 15.0 mm were 
sintered and randomly distributed into 3 groups based on 
the resin cement (n = 8): Panavia F 2.0, NX3, and RelyX 
Ultimate. The resin cement groups were divided into 4 
subgroups based on the surface treatment: a control 
subgroup (air abrasion with 50-µm alumina particles) and 
3 experimental surface treatments (Alloy Primer, Ea-Z-y 
Primer, and tribochemical silicoating using CoJet Sand). 
Each surface treatment was applied to the zirconia wafers 
according to its manufacturer’s instructions. The resin ce-
ments were mixed and placed in thermoplastic tubes, pro-
ducing cylinders measuring 0.8 mm in diameter × 2.0 mm 
in height. Five tubes containing the resin cements were 
placed on each of the pretreated zirconia wafers, resulting 
in a sample size of 10 specimens per treatment per resin 
cement. The luting agents were allowed to cure chemi-
cally for 4 minutes and then light cured for 30 seconds. 
The thermoplastic tubes were removed after 24 hours, 
and specimens were stored in deionized water (37°C) 
for 24 hours. A shear force was applied using a wire loop 
attached to a universal testing machine with a crosshead 
speed of 0.5 mm/min, and the microshear forces required 
for failure were recorded. The parametric data were 
analyzed with a 2-way analysis of variance with post hoc 
Tukey and Dunnett tests (P < 0.05). The mean (SD) µSBS 
values ranged from 3.6 (0.9) to 9.3 (2.4) MPa. Surface 
treatment with Alloy Primer and Ea-Z-y Primer increased 
the µSBS of the 3 cements compared to their controls, 
but the difference was not always statistically significant. 
CoJet Sand only increased the µSBS of Panavia F 2.0. The 
results suggest that the effects of different surface treat-
ments may be specific for each cement. 
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Zirconia (yttria-stabilized tetragonal zirconia polycrys-
talline) crowns possess high strength, high fracture 
toughness, and acceptable esthetics. However, zirconia 

lacks a glassy ceramic structure due to the absence of a silica 
phase and therefore cannot be etched by hydrofluoric acid.1 After 
the application of a silane agent, the micromechanical retention 
produced in glass-containing ceramics allows infiltration by resin 
cements, producing mechanical and chemical bonds. Therefore, 
to promote adhesive bonding between a resin luting agent and 
zirconia, the surface must be pretreated both mechanically and 
with primers that make it chemically reactive.1 

Air abrasion with alumina (Al2O3) is an acceptable method to 
produce micromechanical retention and is advocated for clini-
cal application.2-4 However, abrasion with alumina may produce 
surface cracks and defects in the zirconia. These defects may lead 
to crack propagation and fracture of the zirconia restoration in 
response to function or parafunctional habits. Additionally, abra-
sion with alumina may cause transformational change within zir-
conia from its stronger tetragonal phase to its weaker monoclinic 
phase.5-9 If resin luting agents can seal these microfractures in 
zirconia, however, the detrimental effects on its physical proper-
ties may be lessened.

The use of functional monomers that have an affinity for 
zirconia has been suggested as a means to promote chemically 
adhesive bonding to resin cements.1 One such monomer is 
10-methacryloyloxydecyl dihydrogen phosphate (10-MDP). The 
10-MDP molecule is the functional monomer most widely used 
for this purpose.1 The phosphate group in 10-MDP has been 
reported to form bonds with hydroxyl groups and oxides on 
zirconium.1 Presently, the bonding strategy for zirconia is to com-
bine alumina abrasion of the zirconia surface with a resin-based 
luting agent containing functional monomers.10,11 

The 10-MDP functional monomer is the basis of the adhesive 
luting agent Panavia F 2.0 (Kuraray America). Panavia F 2.0 is a 
dual-curing fluoride-releasing cement for use with metal alloys, 
ceramics, and metal oxides such as zirconia. If the chosen resin 
luting agent does not contain functional monomers, then the 
zirconia surface must be modified to create chemically reac-
tive groups. Pretreatment of zirconia with primers containing 
10-MDP has been shown to improve the bond strength of 
zirconia to conventional resin luting agents lacking functional 
adhesive monomers.1,10,11 Two such surface conditioning agents 
are Alloy Primer (Kuraray America) and Ea-Z-y Primer (Parkell). 
Alloy Primer contains 10-MDP and 6-(4-vinylbenzyl-N-propyl)
amino-1,3,5-triazine-2,4-dithione (VBATDT). The VBATDT 
molecule is bifunctional; the vinyl group at one end is capable 
of bonding to vinyl groups in resin cements, while the other end 
contains 2 sulfur groups capable of bonding to metallic oxides.12 
In addition to containing 10-MDP, Ea-Z-y Primer contains a 
silane coupler to promote chemical bonding to resin luting agents. 
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Another approach to modifying the surface of zirconia is 
tribochemical silicoating.13 In this technique, air pressure is 
used to spray abrasive alumina particles covered with silica onto 
zirconia surfaces. The silica embedded in the zirconia produces 
additional micromechanical retention and provides a chemically 
reactive group that, after the application of a silane, will bond to 
vinyl groups in resin cements.12 

The objective of this study was to evaluate the effects of differ-
ent surface treatments on the microshear bond strength (µSBS) 
of 3 different resin luting agents to zirconia: Panavia F 2.0, NX3 
(Kerr), and RelyX Ultimate (3M). The surface treatments were 
alumina abrasion (control), Alloy Primer, Ea-Z-y Primer, and 
tribochemical silicoating with CoJet Sand (3M). The first null 
hypothesis was that there would not be any difference between 
the control and surface treatments. The second null hypothesis 
was that there would not be any difference among the 3 resin 
luting agents and the surface treatments.

Methods
Table 1 lists the materials used in this study as well as their 
compositions. Preshaded zirconia blocks (BruxZir Shaded, 
Glidewell) were sectioned with a water-cooled diamond IsoMet 
saw (Buehler) to produce 24 wafers measuring 2.0 × 9.0 × 15.0 
mm. Following sintering, all of the zirconia wafers were abraded 
for 45 seconds with 50-µm alumina particles applied at 45 psi 

from a distance of 10 mm. The zirconia wafers were rinsed for 1 
minute with deionized water applied with ultrasonic vibration, 
dried, and stored in an air-tight container prior to use. 

The zirconia wafers were randomly distributed into 3 main 
groups (n = 8) according to the resin cement used (Panavia F 
2.0, NX3, or RelyX Ultimate). In each resin cement group, the 
zirconia wafers were randomly distributed into 4 subgroups 
based on the zirconia surface treatment. The control subgroup 
consisted of abrasion by alumina without any further treatment. 
In the experimental subgroups, the zirconia was pretreated with 
Alloy Primer, Ea-Z-y Primer, or CoJet Sand. Alloy Primer and 
Ea-Z-y Primer were applied to alumina-treated zirconia wafers 
according to their manufacturer’s instructions. Tribochemical 
silicoating was accomplished by abrading zirconia wafers for 60 
seconds with CoJet Sand applied at 45 psi from a distance of 10 
mm, applying a silane coupling agent (ESPE Sil, 3M) for 60 sec-
onds, and drying with oil-free air. 

The resin cements, and if required their dentin bonding 
agents (Scotchbond Universal Adhesive [3M] for RelyX Ultimate 
and Optibond Solo Plus [Kerr] for NX3), were mixed according 
to their manufacturer’s instructions. The dentin bonding agents 
were applied to the zirconia wafers immediately before place-
ment of the thermoplastic tubes. The luting agents were placed 
in tuberculin syringes (Vitality Medical) and expressed into 
Tygon thermoplastic tubes (Saint-Gobain) measuring 0.8 mm in 

Table 1. Composition of the materials used in the study. 

Material Category Composition

BruxZir Shaded (Glidewell) Monolithic zirconia block Zirconium dioxide, yttrium oxide, fluoric acid, aluminum oxide

Alloy Primer (Kuraray America) Metal primer Acetone, 10-MDP, VBATDT

Ea-Z-y Primer (Parkell) Ceramic primer Methyl methacrylates, 10-MDP, silane

CoJet Sand (3M) Metal primer Alumina (Al2O3), fumed amorphous silica (SiO2)

ESPE Sil (3M) Silane coupling agent Ethyl alcohol, 3-methacryloxypropyltrimethoxysilane, methyl ethyl 
ketone 

Panavia F 2.0 (Kuraray America) Resin cement Paste A: 10-MDP, aromatic and aliphatic dimethacrylates, silica filler, 
camphorquinone, catalysts, initiators
Paste B: aromatic and aliphatic dimethacrylates, silica filler, catalysts, 
initiators

RelyX Ultimate (3M) Resin cement Base: methacrylates, radiopaque fillers, initiators
Catalyst: methacrylates, radiopaque fillers, initiators, dark-cure 
activators

Scotchbond Universal Adhesive 
(3M)

Dentin bonding agent 10-MDP, dimethacrylates, HEMA, proprietary copolymer, filler, ethanol, 
water, initiators, silane

NX3 (Kerr) Resin cement Base: barium aluminoborosilicate glass, ytterbium fluoride, 
Bis-EMA, UDMA, TEGDMA, HEMA, fumed silica, Bis-GMA, 
ethyldimethylaminobenzoate 
Catalyst: barium aluminoborosilicate glass, ytterbium fluoride, TEGDMA, 
Bis-EMA, UDMA, fumed silica, Bis-GMA, HEMA, peppermint oil

Optibond Solo Plus (Kerr) Dentin bonding agent Bis-GMA, HEMA

Abbreviations: Bis-EMA, ethoxylated bisphenol A dimethacrylate; Bis-GMA, bisphenol A glycidyl methacrylate; HEMA, hydroxyethyl methacrylate; 
10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; TEGDMA, triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate; VBATDT, 
6-(4-vinylbenzyl-N-propyl)amino-1,3,5-triazine-2,4-dithione.
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diameter × 2.0 mm in height. Five thermoplastic tubes contain-
ing the resin luting agents were placed on each of the pretreated 
zirconia wafers, resulting in a sample size of 10 specimens per 
surface treatment per resin cement. The luting agents were 
allowed to chemically cure for 4 minutes and then light cured 
for 30 seconds using SmartLite iQ (Dentsply Sirona). 

The specimens were stored in an airtight container for 24 
hours. The thermoplastic tubes were then removed with a No. 
25 blade, exposing a resin cement cylinder measuring 0.8 mm in 

diameter × 2.0 mm in height. Excess cement around the base of 
the cylinders was removed under ×4.5 magnification using a No. 
25 blade. Specimens were stored in deionized water for 24 hours 
at 37°C. For µSBS testing, a wire loop (0.5 mm in diameter) 
was placed around the base of the cylinder of resin cement and 
attached to a universal testing machine (Figure). A shear force 
was applied at a crosshead speed of 0.5 mm/min until failure 
occurred. All specimens were examined using loupes with ×4.5 
magnification to determine the mechanism of bonding failure. 

Figure. Specimen setup and microshear testing method (diagram not to scale).

Chart. Microshear bond strengths of resin luting agents to zirconia wafers after surface treatment 
(n = 10 per treatment per cement). 

The lines within the boxes indicate the median. The lower and upper bounds of the boxes indicate the first 
and third quartiles, respectively. The lower and upper whiskers indicate the minimum and maximum values, 
respectively. The circle is an outlier.
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The forces required for failure were recorded in pounds and 
converted to megapascals. Parametric data were analyzed with 
a 2-way analysis of variance with post hoc Tukey and Dunnett 
tests at a 95% confidence level using JMP Pro (version 11.0, 
SAS Institute). 

Results
The Chart presents the µSBS values of the resin luting agents based 
on the surface treatments. The 2-way analysis of variance revealed 
statistical significance for the 2 independent factors: cement and 
surface treatment (Table 2). The mean (SD) µSBS values ranged 
from a low of 3.6 (0.9) MPa for NX3 on zirconia surfaces pre-
treated with CoJet Sand to a high of 9.3 (2.4) MPa for NX3 on 
zirconia surfaces pretreated with Ea-Z-y Primer. The resin cement 
group with overall highest mean µSBS was RelyX Ultimate. 

The 2 subgroups with the lowest mean µSBS were CoJet Sand 
surface treatment combined with NX3 (3.6 MPa) and alumina-
only surface treatment (control) combined with Panavia F 2.0 
(4.1 MPa). CoJet Sand was the only pretreatment that had a 
deleterious effect compared to the controls, resulting in reduced 
µSBS for both NX3 and RelyX Ultimate. Alloy Primer and 
Ea-Z-y Primer increased the µSBS for all 3 resin luting agents, 
although the difference was not always statistically significant. 

A Dunnett test was used to compare the control subgroup 
in each luting agent group to the 3 experimental subgroups 
(Table 3). For Panavia F 2.0, surface treatment with CoJet Sand 
produced a statistically significant increase in mean µSBS com-
pared to the control treatment of alumina sandblasting  
(P < 0.0001). For RelyX Ultimate, surface treatment with Alloy 
Primer produced a mean µSBS that was significantly greater 

than that produced by the control treatment (P = 0.04). For 
NX3, surface treatment with Ea-Z-y Primer resulted in a mean 
µSBS statistically greater compared to the control (P < 0.0001). 

Examination of the surfaces after bonding failure indicated 
that all of the specimens failed adhesively. 

Discussion
The first null hypothesis was partially rejected because there 
were statistically significant differences between the control 
treatment and at least 1 of the experimental surface treatments 
in each group of resin cements. The surface treatment that was 
significantly different compared to the control treatment was 
CoJet Sand in the Panavia F 2.0 group, Alloy Primer in the RelyX 
Ultimate group, and Ea-Z-y Primer in the NX3 group. Therefore, 
it appears that the effect of surface pretreatment of zirconia is 
specific to the resin luting agent that is being used. Other studies 
support the same conclusion.3,12,14 In the present study, the most 
effective surface treatment used with Panavia F 2.0 was CoJet 
Sand. However, in a study by Yun et al, Alloy Primer was the most 
beneficial pretreatment for this luting agent.3 

The second null hypothesis was also partially rejected 
because the resin luting agent had a significant influence on 
the μSBS in some cases. Except when combined with CoJet 
Sand as a surface treatment, RelyX Ultimate exhibited the 
statistically highest μSBS. This may be because 10-MDP is 
contained in the dentin bonding agent (Scotchbond Universal 
Adhesive) used with RelyX Ultimate. The dentin bonding agent 
was applied to the zirconia surface prior to cementation with 
RelyX Ultimate. Therefore, the dentin bonding agent may act 
as a surface pretreatment. 

Table 2. Microshear bond strengths of resin luting agents to 
zirconia wafers after surface treatment (n = 10 per treatment 
per cement). 

Cement Treatment Mean (SD), MPa 

Panavia F 2.0 Alumina 4.1 (0.9)b

Alloy Primer 4.8 (1.2)b

Ea-Z-y Primer 4.6 (1.4)b

CoJet Sand 7.4 (1.8)a

RelyX Ultimate Alumina 6.9 (2.0)ab

Alloy Primer 9.0 (1.2)a

Ea-Z-y Primer 7.9 (0.9)a

CoJet Sand 5.1 (2.8)b

NX3 Alumina 4.5 (1.6)bc

Alloy Primer 6.2 (1.7)b

Ea-Z-y Primer 9.3 (2.4)a

CoJet Sand 3.6 (0.9)c

Means followed by different superscript letters are significantly different 
(P < 0.05; 2-way analysis of variance).

Table 3. Dunnett comparison of microshear bond strengths 
in alumina control group vs experimental groups (n = 10 per 
treatment per cement). 

Cement Treatment
Mean 

difference, MPa Pa

Panavia F 2.0 Alumina −1.50 1.00

Alloy Primer −0.77 0.50

Ea-Z-y Primer −1.04 0.79

CoJet Sand 1.80 < 0.0001b

RelyX Ultimate Alumina −2.05 1.00

Alloy Primer 0.08 0.04b

Ea-Z-y Primer −0.99 0.45

CoJet Sand −0.29 0.11

NX3 Alumina −1.89 1.00

Alloy Primer 0.17 0.08

Ea-Z-y Primer 2.92 < 0.0001b

CoJet Sand −1.02 0.54
aDunnett least significance difference test.
bStatistically significant difference.
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When the present study was carried out, the instructions 
for NX3 simply stated that a bonding agent should be applied. 
Optibond Solo Plus was used because it was the standard 
protocol used in the clinics of Virginia Commonwealth 
University, School of Dentistry. Since then, the manufacturer 
has introduced Optibond eXTRa Universal (Kerr). This new 
product contains phosphate dimethacrylates, which, like other 
phosphate groups, may be expected to behave like a primer for 
zirconia substrates. Results may have been better if Optibond 
eXTRa Universal were available for use with NX3. 

In this experiment, ED Primer (Kuraray America), which is 
the dentin bonding agent that accompanies Panavia F 2.0, was 
not applied to the specimens in that group. The instructions 
stated that ED Primer should be applied to enamel and dentin 
surfaces and did not mention placing the agent on zirconia.

Alumina abrasion was used as the control because research 
demonstrated it to be the most convenient and effective way to 
improve adhesive bond strength to zirconia.1,15-18 Additionally, 
it may remove impurities left by milling. However, the micro-
porosities created in zirconia as a result of alumina abrasion 
may lead to transformations in the crystalline structure and 
low-temperature degradation, decreasing the mechanical 
properties.5-9 However, some studies have demonstrated an 
increased strength of zirconia after abrasion with alumina.19,20 It 
is postulated that the use of resin luting agents may reduce the 
detrimental effects of alumina abrasion. With such conflicting 
results, the effect of alumina abrasion may be dependent on the 
size of the alumina particles, the application pressure, and the 
distance from application device to the substrate.21

Alloy Primer and Ea-Z-y Primer both contain 2 functional 
molecules, having 10-MDP in common. However, Alloy 
Primer contains VBATDT, whereas Ea-Z-y Primer contains an 
organosilane. Silanes in primers have been shown to increase 
the surface energy, improve wettability, and provide chemi-
cal bonding to resin luting agents.22 The phosphate group at 
the end of 10-MDP forms chemical bonds with the oxides on 
the surface of zirconia.23,24 The monomer VBATDT performs 
a similar function but using 2 sulfur groups.13 In the present 
study, both Alloy Primer and Ea-Z-y Primer were effective in 
increasing the µSBS of NX3 and RelyX compared to the con-
trols. Panavia F 2.0 contains 10-MDP, which may have limited 
the additional effectiveness of Alloy Primer and Ea-Z-y Primer. 

Alloy Primer and Ea-Z-y Primer provided the most consistent 
results and were the easiest to use. However, their instructions 
are vague, stating and illustrating only that the primer should be 
placed on the adherent surface. Because both agents are clear 
and difficult to observe on a zirconia substrate, the clinician may 
apply excess primer. Whether excessive primer affects bonding 
has not been evaluated. However, studies have demonstrated 
that the combination of abrasion with alumina and metal prim-
ers provides reliable and durable bonding between zirconia and 
resin luting agents.3,25

The use of CoJet Sand as a surface treatment had mixed 
effects. It produced the highest µSBS when used with Panavia 
F 2.0 but the lowest when combined with NX3 and RelyX 
Ultimate. The opposite results were reported by Sciasci and 
colleagues, who found that Panavia F 2.0 benefited the least 
from tribochemical silicoating.26 Differences in methods may 

explain these contradictory results. In the aforementioned study, 
Rocatec Soft (3M) and Rocatec Plus (3M) were used for silicoat-
ing. Additionally, instead of bonding resin cement cylinders to 
zirconia, Sciasci et al cemented composite discs to zirconia.26 
They concluded that pretreating with alumina abrasion was not 
necessary for tribochemical silicoating. 

The results of a study by Inokoshi and colleagues support 
the present findings because they demonstrated that tribo-
chemical silicoating improved the bond strength of resin luting 
agents based on bisphenol A glycidyl methacrylate (Bis-GMA) 
and 10-MDP.27 Melo and colleagues completed an extensive 
literature review and concluded that the use of tribochemical 
silicoating with 10-MDP primers or cements results in more 
durable bonding.28 Tribochemical silicoating creates additional 
micromechanical retention and provides a reactive silica group. 
After application of silane, the silica groups will bond chemically 
to resin luting agents. Silane coupling agents lower the surface 
tension of the treated zirconia and increase its surface energy.22,29 
This allows the hydrophobic resin portion of the luting agent 
to react with the hydrophilic silica surface. Covalent bonds are 
formed between the silane and silica-coated zirconia through 
the formation of silanol groups.29 

The adverse effect of using CoJet Sand with NX3 and RelyX 
Ultimate may have been the result of silica particles obturating 
the microporosities initially created by alumina abrasion. This 
may have inhibited the resin tag formation that is integral to 
bond strength. Another possibility may be the presence of loose 
silica particles on the bonding surface. At present, tribochemi-
cal silicoating may not be a practical surface treatment because 
research has produced mixed results and the process requires 
extra equipment and time.23,24

Because of great variation in testing methodologies, Özcan and 
Bernasconi completed a systematic review and meta-analysis of 
zirconia adhesion studies.1 They concluded that a bond strength 
of 10 MPa was the common denominator among results of 
macroshear and macrotensile tests using Bis-GMA–based luting 
agents.1 Other surface treatments evaluated to modify zirconia 
surfaces have included selective infiltration etching, which relies 
on infiltration by molten silica.30 The selective infiltration etching 
procedure is expensive, time consuming, and technique sensi-
tive. Vitrification of zirconia, or “glass on technique,” uses an 
intermediary coating of a glassy ceramic, which is then etched.31,32 
However, this procedure is time consuming and requires special 
equipment, and the vitrification of the intaglio surface of the 
crown may affect the complete seating of the prosthesis.33

All failures in the present study were adhesive, occurring at the 
zirconia-resin interface; the entire surface of the zirconia substrate 
was void of any resin luting agent. This result indicates that there 
is potential to increase the bond strengths of adherents to zirco-
nia. Some clinical studies have found that the loss of retention of 
zirconia-based crowns is rare.34,35 However, not all crown prepara-
tions result in optimal taper and retention form. Therefore, it is 
important to seek an optimal cementation protocol for zirconia-
based crowns whose preparations are less than ideal. 

The authors of the present study suggest the following 
protocol for cementation of zirconia-based crowns: The labo-
ratory should be asked to pretreat the intaglio surface of the 
prosthesis with 50-µm alumina particle abrasion. The abrasion 
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procedure should be followed by ultrasonic cleaning in deion-
ized water. Clinically, after try-in adjustments and polishing, 
and before cementation, the intaglio surface of the prosthesis 
should be decontaminated with Ivoclean (Ivoclar Vivadent) 
for 20 seconds, rinsed with water, and dried with oil-free air. 
Ivoclean is a superconcentrated solution of zirconia oxide 
suspended in sodium hydroxide. The concentration gradient is 
strong enough to remove contaminants from the intaglio sur-
face of zirconia surface.36 The clinician ideally should choose 
a dual-cured resin luting agent containing 10-MDP or other 
reactive groups capable of bonding to zirconia. If the resin 
luting agent does not contain chemically reactive groups, the 
intaglio surface of the prosthesis should be conditioned with 
a priming agent that is easy to use and requires little special 
equipment (eg, Alloy Primer or Ea-Z-y Primer). After the pros-
thesis is seated, the excess resin luting agent at the crown mar-
gins should be light cured to a tacky consistency that allows 
easy removal. The dual-cured resin luting agent should then be 
allowed to fully chemically polymerize.

Limitations of this study are that it only evaluated 3 of 
at least a dozen available dual-cure resin luting agents. 
Additionally, this study only evaluated the initial 24-hour 
µSBS. Thermocycling of 10,000 cycles potentially represents 1 
year of in vivo function.37 However, there are not any accepted 
standardized thermocycling protocols that allow compari-
son between studies from different laboratories.38 The µSBS 
obtained in the present study may seem low compared to 
those reported in other studies. However, evaluation of the 
magnitude of the effects of the experimental treatments on 
the control groups reveals that the experimental pretreat-
ments increased the µSBS of the controls by 30% to 100%. 

Conclusion
Alloy Primer and Ea-Z-y Primer increased the µSBS of all 
3 resin luting agents compared to the control treatment of 
alumina abrasion. CoJet Sand decreased the µSBS of NX3 
and RelyX Ultimate but increased the µSBS of Panavia F 2.0. 
The results suggest that the effect of surface treatments may 
be specific to the resin luting agent used. An optimal adhe-
sive cementation protocol has yet to be established but may 
involve application of adhesive promotors or the use of resin 
luting agents containing phosphate esters such as 10-MDP.
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