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Effect of Artificial Aging
and Surface Treatment on
Bond Strengths to Dental

Zirconia

J Perdigdao ® SD Fernandes ® AM Pinto
FA Oliveira

Clinical Relevance

In case the veneering ceramic of a zirconia-based restoration fractures in the mouth to
expose the zirconia coping, a phosphate/carboxylate monomer—based primer may be a good

adhesion enhancer to repair the fracture.

SUMMARY

The objective of this project was to study the
influence of artificial aging and surface treat-
ment on the microtensile bond strengths
(W'TBS) between zirconia and a phosphate
monomer-based self-adhesive cement. Thirty
zirconia disks (IPS e.max ZirCAD, Ivoclar
Vivadent) were randomly assigned to two
aging regimens: AR, used as received, which
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served as a control, and AG, artificial aging to
simulate low-temperature degradation. Subse-
quently, the disks of each aging regimen were
assigned to three surface treatments: NT, no
surface treatment; CO, surface silicatization
with Codet sand (3M ESPE); and ZP, zirconia
surface treated with Z-Prime Plus (Bisco Inc).
Thirty discs were made of Filtek Z250 (3M
ESPE) composite resin and luted to the zirco-
nia discs using RelyX Unicem (3M ESPE). The
specimens were sectioned with a diamond
blade in X and Y directions to obtain bonded
beams with a cross-section of 1.0 = 0.2 mm. The
beams were tested in tensile mode in a univer-
sal testing machine at a speed of 0.5 mm/min to
measure pTBS. Selected beams were selected
for fractographic analysis under the SEM.
Statistical analysis was carried out with two-
way analysis of variance and Dunnett T3 post
hoc test at a significance level of 95%. The
mean pTBS for the three AR subgroups (AR-
NT, AR-CO, and AR-ZP) were significantly
higher than those of the corresponding AG
groups (p<0.0001). Both AR-CO and AR-ZP
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resulted in statistically significant higher
mean bond strengths than the group AR-NT
(p<0.006 and p<0.0001, respectively). Both AG-
CO and AG-ZP resulted in statistically signif-
icant higher mean bond strengths than the
group AG-NT (both at p<0.0001). Overall, AG
decreased mean pTBS. Under the SEM, mixed
failures showed residual cement attached to
the zirconia side of the beams. CO resulted in a
characteristic roughness of the zirconia sur-
face. AR-ZP was the only group for which the
amount of residual cement occupied at least
50% of the interface in mixed failures.

INTRODUCTION

Zirconia is a high-strength and flaw-tolerant mate-
rial”? that has shown potential as a biomaterial in
orthopedics and dentistry.® The high strength of
zirconia is derived from a stress-induced transfor-
mation from the metastable tetragonal form to the
stable monoclinic form (t—m).2* This transforma-
tion enhances the mechanical properties of zirconia
through an increase in crack resistance during the
course of crack propagation, as a result of compres-
sive stresses that form in the vicinity of the crack.*®

Tetragonal zirconia stabilized with 3mol% yttria
(or 3Y-TZP) is the material currently used in
dentistry. Several commercial 3Y-TZP dental mate-
rials are available, including Cercon (Dentsply
Prosthetics, York, PA, USA), IPS e.max ZirCAD
(Ivoclar Vivadent, Principality of Liechtenstein), and
Lava (3M ESPE, St Paul, MN, USA). The advent of
CAD/CAM technology has given clinicians the
opportunity to prescribe complex but precise 3Y-
TZP-based restorations.®’

Acid-resistant ceramics (such as alumina- and
zirconia-based) are not etchable with hydrofluoric
acid because they lack a vitreous phase. In lieu of
etching, clinicians have used airborne particle
abrasion to create micro-retentive features for the
luting agent.®° Chairside air abrasion with 30-um
silica-coated aluminum particles (tribochemical sili-
ca coating, also known as silicatization) has been
recommended to create surface irregularities on
acid-resistant ceramics.®'’ The rationale behind
silica coating is to embed the ceramic surface with
silica particles,'? which are chemically more reactive
to the resin via priming agents.'3

Several recent resin cements, known as self-
adhesive cements, contain phosphorylated methac-
rylate monomers. These materials may interact
chemically with the zirconia surface. With two
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phosphate groups and at least two double-bonded
carbon atoms, self-adhesive cements are expected to
bond to zirconia similarly to other phosphate-based
adhesive materials.!* In addition, new phosphate
monomer—based primers are now available to pro-
mote chemical adhesion between resin materials and
hydroxyl groups present on the zirconia surface.'® "
One of these phosphate-based materials, Z-Prime
Plus (Bisco Inc, Schaumburg, IL, USA), is a primer
that includes a mixture of phosphate and carboxyl-
ate monomers to enhance the bonding to zirconia
and metals, according to the respective manufactur-
er. This primer has been shown to enhance the
adhesion of conventional and self-adhesive resin
cements to air-abraded zirconia.'®

Aging occurs experimentally in zirconia, mostly in
humid atmosphere or in water.'??° The lack of long-
term stability has been a major issue for medical use
and has led to the replacement of several zirconia
femoral heads in orthopedic patients.?! Low-temper-
ature degradation (LTD) has been associated with
several 3Y-TZP-based biomaterials®? but is difficult
to simulate in the laboratory. Consequently, a
standard in vitro hydrothermal accelerated aging
test using steam and pressure has been developed.??
The ISO Standard 13356 recommends that “the Y-
TZP specimens are placed in a suitable autoclave
and exposed to steam at (134 = 2)°C under a
pressure of 0.2 MPa for a period of 5 h.”?3

In addition to studying adhesion to zirconia as
received from the dental laboratory, it is therefore
clinically relevant to study adhesion to aged zirconia,
in case there is a need to repair the fractured
restoration when the zirconia coping becomes ex-
posed to the oral environment. In fact, clinical
studies have reported an incidence of chipping of
the zirconia veneering porcelain as high as 10%-15%
at 3 years.?*?% Veneering zirconia with glass-based
ceramic reduces the fracture resistance of zirconia
copings compared with those copings that are
subjected only to cyclic loading.?® The reduction in
fracture resistance associated with the hydrother-
mal degradation of 3Y-TZP?2 may be responsible, at
least partially, for the clinical failures associated
with chipping of the veneering ceramic.

The null hypotheses to test in this study were 1)
artificial aging of zirconia does not result in a
reduction of microtensile bond strengths (WTBS) of
a phosphate-based self-adhesive resin cement, and 2)
zirconia surface treatment with silicatization or with
a specific primer does not increase pTBS of a
phosphate-based self-adhesive resin cement.
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METHODS AND MATERIALS

Thirty IPS e.max ZirCAD (IPS, Ivoclar Vivadent)
discs (d=13.0 mm; h=3.0) were prepared from CAD-
CAM blocks and sintered following the manufactur-
er’s instructions (Table 1). All disks were cleaned
ultrasonically in distilled water for five minutes
prior to use in this project.!* The disks were
randomly and equally assigned to two aging regi-
mens: 1) AR, as received (control), and 2) AG,
artificial aging to simulate LTD: disks were im-
mersed in distilled water in an autoclave (SANOclav
Las-3-13-MCS-J, Adolf Wolf SANOclav, Hausen,
Germany) for five hours at a temperature of 134°C
under a pressure of 0.2 bar, following ISO recom-
mendations.??

Disks were further randomly assigned to one of
three surface treatments: 1) NT, no treatment; 2) CO,
silicatization with Codet sand (3M ESPE) for 20
seconds, under a pressure of 2.5 bar, from a distance
of 7 mm,?” with a tip inclination of 45°; and 3) ZP, two
coats of Z-Prime Plus (Bisco Inc) were applied with a
microbrush (Microbrush International, Grafton, WI,
USA) to uniformly wet the zirconia surface, followed
by drying with air for three to five seconds.?®

Thirty composite resin disks (d=13.0 mm; h=3.0)
were made of Filtek Z250 shade A2 (3M ESPE) in a
silicone mold. The composite was polymerized with
an Elipar S10 curing light (3M ESPE) in four areas
for 60 seconds each to include the entire disk surface.
RelyX Unicem Aplicaps (3M ESPE) shade A2 was
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activated, mixed for 15 seconds, and applied on the
irradiated surface of the composite disc, which was
seated on top of the zirconia disc. This bonded setup
was loaded with 50N for 60 seconds,'* excess cement
was wiped off, and the specimen was light polymer-
ized from the composite side with the same curing
unit at four different locations for 60 seconds each.

Bonded specimens were sectioned in X and Y
directions with a 0.5-mm-thick diamond disk (Cafro
SRL, Fino Mornasco, Como, Italy) in a Secotom-10
apparatus (Struers A/S, Ballerup, Denmark) to
obtain approximately 20 beams per bonded disk,

with a cross section of 1.0 = 0.2 mm?.

After 24 hours in distilled water at 37°C,'* each
beam was individually attached to a stainless-steel
jig using cyanoacrylate glue (Zapit, Dental Ventures
of America, Corona, CA, USA). The zirconia-resin
uTBS were measured in MPa by applying a tensile
load to the bonded interface using a universal testing
machine (Shimadzu Autograph AG-IS, Tokyo, Ja-
pan) at a crosshead speed of 0.5 mm/min. A digital
caliper (Mitutoyo Corp, Kanagawa, Japan) with an
accuracy of 0.001 mm was used to measure the sides
of the bonding interface and calculate the bonding
area in millimeters squared. The load at fracture and
the bonding surface area of the specimen were
registered and uTBS calculated in MPa. Pretesting
failures (PTFs), which corresponded to spontaneous
debonding that occurred prior to testing, were
computed as zero MPa.?*3! The fractures were
analyzed under a stereo microscope (Leica MZ6,

Table 1: Composition of Materials Used in This Study (Batch Numbers in Parentheses)

Material Manufacturer Batch Number

Composition

IPS e.max ZirCAD? Ivoclar Vivadent  (M40290)

ZrO, (87.0-95.0wt%), Y,0, (4.0-6.0wt%), HfO, (1.0-5.0wt%), Al,O, (0.1-
1.0wt%), Other oxides (<0.2wt%)

CoJet Sand 3M ESPE (433711)

Aluminum oxide, amorphous silica

Z-Prime Plus Bisco Inc (1000003112)

Organophosphate monomer (MDP), carboxylic acid monomer (BPDM);
HEMA, ethanol

RelyX Unicem Aplicap 3M ESPE

(435042), (431825) Powder: glass powder, silica, calcium hydroxide, pigment, substituted
pyrimidine, peroxy compound, initiator; liquid: methacrylated phosphoric
ester, dimethacrylate, acetate, stabilizer, initiator

Filtek Z250 3M ESPE (N234284)

BisEMA, BisGMA, TEGDMA, UDMA, zirconium, silica, pigments,
camphorquinone

Abbreviations: bis-GMA, bisphenol A diglycidyl methacrylate; BisEMA-(6), bisphenol A polyetheylene glycol diether dimethacrylate; BPDM, bipheny! dimethacrylate;
HEMA, 2-hydroxyethyl methacrylate; TEGDMA, triethyleneglycol-dimethacrylate; UDMA, urethane dimethacrylate.
2 Sintering temperature is 1500°C in a program of eight hours divided in three cycles: (1) 90 minutes, (2) two hours 45 minutes, (3) three hours 30 min.
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Leica Microsystems AG, Heerbrugg, Switzerland) at
20X. The mode of failure was classified as adhesive,
mixed, and cohesive. Failures were considered
adhesive if they occurred at the zirconia-cement
interface, which included PTFs; of mixed nature if
there was residual cement at the zirconia side of the
interface; and of cohesive nature if the fracture
occurred solely in composite resin.

Data were submitted to two-way analysis of
variance (ANOVA). As Levene’s statistics showed
that there was an inhomogeneity of variances
(p>0.05), the Dunnett T3 pairwise comparison test
was used for the uTBS data (p<<0.05). Failure modes
were analyzed with chi-square followed by Cramer’s
V. The software PASW Statistics 18.0 (SPSS Inc,
Chicago, IL, USA) was used for the analyses.

SEM Analysis

Randomly selected fractured beams (six for each
experimental condition) were mounted on Al stubs
(Ted Pella Inc, Redding, CA, USA) with carbon
adhesive tape and colloidal silver paint (Ted Pella
Inc). Then, specimens were sputter coated with gold-
palladium by means of an E-5100 sputter coater
(Polaron Ltd, Watford, UK) at 20 mA for 45 seconds
and observed under an S-4700 FESEM (Hitachi
High Technologies America Inc, Pleasanton, CA,
USA) at an accelerating voltage of 5.0 kV and
working distance of 11.8-12.2 mm.

RESULTS

Means, standard deviations, number of beams per
group, and number of PTF's are displayed in Table 2.
Two-way ANOVA found significant differences for
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both factors “aging” and “surface treatment” (both at
p<0.0001). There were no significant interactions
between these variables (p>0.097).

The highest mean uTBS was obtained with group
AR-ZP (17.4 MPa), which was statistically higher
than any other mean pTBS. The lowest mean uTBS
was obtained with group AG-NT (0.7 MPa), which
also resulted in the highest number of PTFs (91.9%
of the beams). AG-CO was the only other group that
had PTF's (36.8% of the beams).

The three groups for which zirconia was used as
received (AR) resulted in statistically higher mean
uTBS than the corresponding AG groups (AR-NT >
AG-NT; AR-CO > AG-CO; AR-ZP > AG-ZP).

Table 3 displays the statistical significance for
each pair of means. For the AR groups, AR-NT
resulted in statistically lower mean pTBS than
either AR-CO or AR-ZP (p<0.006 and p<<0.0001,
respectively). The means for AR-CO were statisti-
cally lower than those of AR-ZP at p<<0.022. For the
AG groups, mean pTBS for AG-NT were statistically
lower than those of either AG-CO or AG-ZP
(p<0.0001). The mean pTBS for AG-CO were
statistically lower than those for AG-ZP at p<<0.009.

Most failures were of adhesive nature (Table 4).
There was a statistical difference for failure modes
among groups (p<0.0001, Cramer’s V). Overall, AR
specimens had a statistically lower number of
adhesive failures (and greater number of mixed
failures) than AG specimens.

SEM Analysis

Adhesive failures displayed residual scratches from
the zirconia manufacturing finishing procedures

Table 2: Means = SD, Number of Bonded Beams, and PTFs
Surface Treatment Mean * SD (MPa) Number of Beams PTFs (%)
As received (AR), n=15 No treatment 92 =47 99 0
CoJet 131+ 72 96 0
Z-Prime Plus 17.4 = 8.8 112 0
Aged (AG), n=15 No treatment 0.7 + 27 99 91.9
CoJet 77 78 114 36.8
Z-Prime Plus 11.0 £ 5.8 101 0
Abbreviation: PTFs, pretesting failures.
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Table 3: Statistical Significance Between Pairs of Microtensile Bond Strengths Means

AR-NT AR-CO AR-ZP AG-NT AG-CO AG-ZP
AR-NT 0.006 0.0001 0.001 0.836 0.325
AR-CO 0.006 0.022 0.0001 0.0001 0.601
AR-ZP 0.0001 0.022 0.0001 0.0001 0.0001
AG-NT 0.0001 0.0001 0.0001 0.0001 0.0001
AG-CO 0.836 0.0001 0.0001 0.0001 0.009
AG-ZP 0.325 0.601 0.0001 0.0001 0.009
The p-values in bold denote a statistical significant difference between the respective pair of means.

(Figure 1). Mixed failures showed residual cement may exhibit significant subcritical crack growth due
attached to the zirconia side of the beams (Figure 2a). to thermal fatigue and the aqueous environment
CO resulted in a characteristic roughness of the during mastication.??

zirconia surface (Figure 2b). AR-ZP was the only
group for which the amount of residual cement
occupied at least 50% of the interface in mixed failures

Veneering of the zirconia coping is usually carried
out at a relatively high temperature (750-900°C).
During this process, the zirconia frameworks are

(Figure 3a). For the same group AR-ZP, areas of the exposed to moisture from the veneering porcelain.
zirconia side of the interface displayed 3- to 5-pm-long The firing process is repeated two to five times.’
neddle-like crystals (Figure 3b). For AG-NT speci- Residual stresses accumulate each time the zirconia
mens, there were no specific morphologic features. is fired at high temperatures followed by cooling to
AG-CO specimens displayed a similar surface rough- ambient temperature during the laboratory process
ness compared with their AR counterparts with areas of making crowns and bridges.?® A study evaluated
showing the zirconia crystals intermingled with the fracture resistance of 3Y-TZP bridge frameworks
others without signs of surface abrasion (Figure 4). after mechanical fatigue, heat treatment similar to
Mixed failures in the AG-ZP group displayed a that used during veneering of the zirconia or after
minimal amount of residual cement at the interface veneering.?® Multiple firings may affect the resis-
compared with AR-ZP (Figure 5). tance of the framework to fracture and the adhesion
of the veneering porcelain to the zirconia coping.?®

DISCUSSION In addition to this reduction in physical properties
The use of toughened ceramics such as 3Y-TZP has from firing, zirconia undergoes a slow transforma-
enabled the use of all-ceramic restorations in tion process under a humid environment (known as
posterior regions where high-strength structures LTD) from the tetragonal phase to the monoclinic
are required. Ceramic materials applied in dentistry phase.?*35 The fracture of the veneering ceramic

Table 4: Type of Fractures per Group (%)

AR-NT AR-CO AR-ZP AG-NT AG-CO AG-ZP
Adhesive 69.7 68.8 70.4 99.0 80.7 89.1
Cohesive 0 0 0 0 0 0

Mixed 30.3 31.2 29.6 1.0 19.3 10.9
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AR-CO-16 5.0kV 12.0mm x100 SE(M)

2.0mm x100 SE(M)

Figure 1. Adhesive failure (zirconia side) of AR-NT specimen. Original magnification = 250X. Figure 2.  (a): Mixed failure (zirconia side) of AR-CO
specimen. RC, resin cement. Original magnification = 100X. (b): Higher magnification of the same specimen showing the zirconia surface roughness
as a result of CO abrasion. Original magnification = 500X. Figure 3.  (a): Mixed failure (zirconia side) of AR-ZP specimen. RC, resin cement. Original
magnification = 100X. (b): Higher magnification of the same specimen showing needle-like deposits (asterisks) on the zirconia surface. Original
magnification = 2500X. Figure 4. Morphological characteristics of the effect of CO on AG zirconia. Original magnification = 2500X. Figure 5.  Mixed
failure (zirconia side) of AG-ZP specimen showing small islands of resin cement (RC). Original magnification = 100X.
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may expose the core framework to the aqueous
environment of the mouth. The long-term lifetime of
zirconia-based bridges is then governed by the
water-assisted subcritical crack growth behavior of
the framework material 3!

The phosphate groups make self-adhesive cements
acidic immediately upon mixing. RelyX Unicem (3M
ESPE) reaches a pH close to neutrality after
mixing.?® Some authors have reported that RelyX
Unicem has the ability to bond to zirconia, regard-
less of the zirconia surface treatment (no treatment,
sandblasting with Al,O, particles, or silicatiza-
tion).>” Other studies have shown that phosphate
monomer—based resins bond better to zirconia than
resins without these monomers.?® We used only one
resin cement in our study; therefore, it is not possible
to generalize to other materials. In agreement with
previous studies,'*3” the resin cement used in our
study has the ability to interact with zirconia
without the need for additional surface treatment,
as observed in the AR-NT subgroup (9.2 = 4.7 MPa).
However, this likely chemical interaction was lost
when RelyX Unicem was applied on aged (AG)
zirconia, for which the majority of the bonds failed
spontaneously (0.7 = 2.7 MPa, 91.9% PTFs). The use
of CO improved the bonding ability of RelyX Unicem
to AG zirconia (7.7 = 7.8 MPa), but the number of
spontaneous PTFs was still relatively high (36.8%).
Although ZP was able to restore the bonding ability
to the AG zirconia substrate, the bond strengths
obtained for AG-ZP (11.0 *= 5.8 MPa) were only
62.5% of those measured when ZP was applied to AR
zirconia (17.4 = 8.8 MPa). In addition, mixed failures
for AR-ZP specimens under the SEM displayed wider
areas of residual fractured cement compared to AG-
ZP specimens. This decrease in bond strengths and
the different fracture pattern highlight the negative
effects of artificial aging (LTD) on the bond strength
of the self-adhesive cement to zirconia. The lower
bond strengths to AG zirconia may have been a
result of the structural changes induced by artificial
aging or simulated LTD on the zirconia surface.
When 3Y-TZP disks were implanted in a denture
and worn for 24 hours/day for one year, the material
underwent a degradation process in which the
increase in the percentage of monoclinic phase was
similar to that of zirconia aged in an autoclave at
134°C for six hours.?® Aging through LTD has been
reported to activate the transformation from the
tetragonal to the monoclinic phase (#—m), which is
always accompanied by a slight volume change
inducing stresses leading to microfissures on the
zirconia surface.?® This phenomenon may have
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clinical relevancy in case a zirconia-based restora-
tion fractures in the mouth and needs to be repaired.

Other studies have investigated the influence of
hydrothermal aging, thermocycling, and mechanical
fatigue on bond strengths to zirconia.***! In general,
thermal and mechanical fatigue result in a reduction
in bond strengths, which is in agreement with our
study. Chevalier and others®® observed nucleation
sites in zirconia crystals with formation of nano-
fissures after the material had been submitted to an
aging regimen similar to that used in our study.

Surface abrasion with a tribochemical silica-coated
alumina (silicatization) has been shown to be an
effective treatment method for zirconia by physically
roughening the surface while also leaving behind
physically bound silica. Silica coating, therefore,
combines micromechanical retention, produced by
airborne-particle abrasion, with chemical bonding,
and the process is well documented.***%*3 However,
the silica content on the Y-TZP surface after silica
coating is too low for effective silanization.!” In
addition, one of the problems associated with the use
of an air brasion method on zirconia has to do with
the possibility of air brasion inducing the t—m
transformation.** The presence of the monoclinic
phase on the zirconia surface may result in surface
alterations that compromise the establishment and
durability of reliable micromechanical adhesion.

Piascik and others?® obtained a mean pTBS of 18.6
MPa to silica-coated zirconia. In our study, the
corresponding condition would be the subgoup AR-
CO, for which we obtained a mean of 13.1 MPa. The
difference may reside in the size of the microtensile
specimens. While the cross section of our specimens
was approximately 1.0 mm?, those of Piascik and
others were 1.5 mm X 1.5 mm.Z-Prime Plus includes
both phosphate monomers and carboxylate mono-
mers. Organophosphate monomers resemble silanes
because their methacrylate groups can copolymerize
with monomers in the resin cement.!” Phosphate
radicals may bond to metal oxides such as zirconia.'®
In the case of ZP, the carboxylate groups may also
enhance the bonding ability of this primer to
zirconia.’® In our study, ZP improved mean pTBS
significantly compared with those to NT and CO
zirconia surfaces for each of the two aging regimens.
Although studies have reported that primers con-
taining phosphorylated monomers improve bonding
to zirconia,'® 7 ZP, in the present study, may have
also acted as a wetting agent for the resin cement,
which would have promoted adhesion as reported for
other phosphate monomers applied to alumina.*
The resistance of this possible chemical bonding to
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hydrolysis and thermal fatigue in the mouth has not
been established.*’

The present study has several limitations, includ-
ing the absence of mechanical fatigue to simulate
clinically relevant loads. Furthermore, we used only
one resin cement for two reasons. First, this specific
self-adhesive resin cement has been shown to bond
better to zirconia than a conventional dual-cured
resin cement.*®*? Second, our experimental hypoth-
eses were not related to the type of resin cement used
but to the effect of artificial aging and surface
treatment of zirconia.

The results of the present study suggest that new
developments in bonding to zirconia may depend on
research on new surface treatments that establish
chemical interaction with both luting cements and
zirconia surfaces. Further studies must test luting
agents and primers that include phosphate mono-
mers and silanes in the same solution.

CONCLUSION

Within the limitations of this study, in which
zirconia was not veneered with glass-based ceramic
as in clinical situations, we have to reject both null
hypotheses, as 1) artificial aging of zirconia resulted
in a reduction of microtensile bond strengths and 2)
zirconia surface treatment with silicatization and
with Z-Prime Plus increased uTBS of a phosphate-
based self-adhesive resin cement to zirconia.
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