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Abstract: Aim:Evaluate surface treatments and silane application methods and their effect on shear bond strength

(SBS) before and after aging. Materials and methods. Slices of IPS e.max CAD and Vitablocs Mark II, were embedded
in acrylic resin. The block was randomly assigned to 5 groups; E:etching with hydrofluoric acid (HF), rinsing,
followed by cleaning in ultrasonic bath; E/S:HFetching and cleaned as group E followed by silane application for 20s,
air drying and hot drying; E/S+:HFetching and cleaned as group E, followed by silane application for 60s, air drying
and hot air drying, rinsing with boiling water and hot air drying; S:silane application for 20s followed by air drying and
hot air drying; S+:silane application for 60s followed by air drying, air drying and hot air drying, rinsing in boiling
water and hot drying. Cylinders of composite resin (n=12) were bonded with adhesive. SBS testing was carried out after
24h or after thermocycling for groups E; E/S and E/S+. Results. For 24h SBS showed sign
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1. Introduction

Bonding to tooth hard tissues enables minimally invasive restorative techniques that do not require mechanical
retention principles. This “biomimetic approach” is valid for direct, semi-direct and indirect procedures. In the case of
silicabased ceramic inlays/onlays/veneers, a reliable resin bond depends mainly on two mechanisms. First, the
hydrofluoricacid etching (HF-etching) is a mechanical interlocking through microretentions in the ceramic bonding
surface. Second, the chemical union promoted by a silane coupling agent allows covalent bonding between two
different substrates (organic and inorganic).[20-27.16]

Despite the obvious function of each of these steps, the real necessity of combining micro-mechanical and
chemical bonding have resulted in different conclusions. While some authors revealed that an appropriate silane
application is sufficient to obtain a durable resin-ceramic bonding U821 others claim that HF-etching is
required.343:38441 [n fact, there are some valid justifications trying to eliminate the HF-etching step. First HF acid can

cause potential injury to health, when it is not properly handled, due to its high toxicity.?*3!) Second, HFetching
generates insoluble silica-fluoride salts at the surface of the cermic. Those can negatively influence the

resin-ceramic bond strength unless they are removed by ultrasonic cleaning.?3:1]
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Eliminating the HF-etching step and relying essentially on chemical coupling implies that the most stable and
durable siloxane bond be obtained. Hydrolytic degradation can affect the stability of the chemical bond. It has been
clearly demonstrated that silane efficiency can be enhanced by heat drying (50°C to 100°C), which eliminates water,
solvents and by-products allowing covalent bond, promoting a completed condensation reaction and crosslinking of the
silane film.[1942.25:32371 A further step in the optimization of silane application has been proposed by Hooshmand et al.
(2002)I'81in order to isolate the covalently bound silane monolayer at the ceramic surface. In practice, when a silane is
applied to a substrate, multiple layers are forming: (1) the outermost coat, that present small oligomers, which consist in
weak oligomeric siloxanols, can be removed by organic solvents or water; (2) the middle film consists in a comparable
coat as the first one but also presents some siloxane bonds (covalent) between the silane molecules (loosely bound
oligomers); this coat can be removed by hot water and finally, (3) the inner coat is the chemically reacted region, the
silane monolayer itself, which is more stable and contributes to the bond strength.*!] The optimized silane application
aims at the elimination of all loosely bound oligomers by hot water rinsing and hot air drying.

There is a lack of data about the aging of resin-ceramic bonds generated from this optimized silane application
method and whether there is a substantial benefit to justify the additional steps. Another concern is the omission
HF-etching proposed by some authors as a consequence of the optimized silane application. Hence, in this study, the
effect of various combinations of surface treatments, silane application methods and their effect on the resin-ceramic
shear bond strength (SBS) before and after aging were investigated. The first null hypothesis was that there is equal
contribution of mechanical interlocking and chemical coupling to the resin-ceramic bond and that the optimized silane
coating will not differ from the other groups. Second, simulated aging will not have an influence in the SBS for the
various treatments. Third, the ceramic material (feldspathic porcelain vs. lithium disilicate) will not affect the

performance of the resin-ceramic bond.

2. Materials and Methods

Sixteen 2mm-thick slices (14x16mm) of IPS e.max CAD (EMAX; Ivoclar Vivadent, AG, Schann, Liechtenstein)
and Vitablocs Mark II (VMII; VITA Zahnfabrik GmbH, Bad Sickingen, Germany) were obtained by sectioning
CAD/CAM blocks with a slow-speed diamond water-cooled saw (Isomet, Buehler, Lake Bluff, IL, USA). The EMAX
slices were crystalized in a ceramic furnace (Austromat 624; DEKEMA Dental-Keramikéfen GmgH, Freilassing,
Germany) following the manufacturer’s instructions. All the slices were embedded in an acrylic resin positioning base
(Palapress; Heracus Kulzer, Hanau, Germany) and polished with 400- and 600-grit silicon carbide paper under water
cooling. The surfaces of all slices were then cleaned in an ultrasonic bath in distilled water during 5 min. Five surface
conditioning methods were applied: E - 5% HF-etching (IPS Ceramic Etching Gel, Ivoclar Vivadent) for 20s for EMAX
and 60s for VMII, rinsed for 60s with air/water spray followed by post-etching cleaning in ultrasonic bath in distilled
water for 2 min; E/S - 5% HF-etching as above, silane (Silane, Ultradent, South Jordan, Utah) applied for 20s and air
dried for 20s, hot dried at 60°C for 20s (with hair dryer at 10cm-distance); E/S+ - 5% HF-etching as above, silane
applied for 60s, air dried for 20s and hot air dried 60°C for another 20s rinsed with boiling water for 15s and hot air
dried again for 20s; S — no etching, silane for 20s and air dried for 20s, hot dried at 60°C for 20s or S+ - no etching,
silane applied for 60s, air dried for 20s and hot air dried 60°C for another 20s (with hair dryer at 10cm-distance), rinsed
with boiling water for 15s and hot air dried again for 20s.

Specimens were then placed in a positioning device and a teflon mold (Ultradent Jig) containing a bonding area
0.04448 cm2 was used to build composite resin cylinders. First, the adhesive system (Optibond FL, Kerr Corp, Orange,
California, USA) was applied to the ceramic, then the restorative composite resin Z100 (3M-ESPE) was inserted into
the mold in two increments of approximately 1.8 mm each using a small condensing spatula. Each increment was light
polymerized for 20s (Valo, Ultradent) at 1000 mW/cm?. Six resin cylinders (diameter: 2.4mm) were built onto each
ceramic slice (length: 15mm, width: 4mm, thickness: 2 mm), 3.5mm apart, resulting in 12 specimens per group. The test

was performed after 24h of storage in distilled water. For groups E; E/S and E/S+ additional samples (12/group)
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were built and subjected to simulated aging by thermocycling for 20,000 cycles at temperatures alternating between 5°C
and 55°C with an dwell time of 30s (Thermocycler, SD Mechatronik Gmbh, Feldkirchen-Westerham, Germany) with a
transfer time between baths of 15s. All samples were submitted to SBS testing (Shear Bond Tester; Bisco Inc.,
Schaumburg, IL) with a ramp load of 43.8 kg-force per minute. The failure mode was assessed by macro-photography
(Nikon D60 and Sigma Lens 105mm and a teleconverter x2).

3. Ethics Statement

The mean bond strength and standard deviation were calculated for all groups. Statistical analysis was performed
using multifactorial analyses of variance (ANOVA), in which surface conditioning method; ceramic substrate and aging
served as independent factor. The Tukey HSD test was used for equal variances to test the average values of all groups.
The significance level adopted in all analyses was <0.05 (p<0.05) (MedCalc Software for Windows version 12.3.0,
Mariakerke,

Belgium).

4. Results

According to the two-way ANOVA (used for comparison of the baseline values of the five surface conditioning
treatments before aging), both the ceramic substrate and the surface conditioning method had an influence on the 24 h
SBS values. Tukey HSD test (p<0.05) showed that E/S had significantly higher bond strength (p <0.005), for both
ceramic (EMAX 21,06MPa; VMII 24,27MPa), compared to E and E/S+ (range: 15.50 MPa to 20.96). The silane
application alone (S and S+) resulted in significantly weaker bond strength, independent of the ceramic (EMAX 3,92 to
4,32MPa; VMII 5,69 to 5,91MPa). There were 5 specimens for group S and 3 for group S+ showing pre-test failure,
which were considered as 0 MPa in the statistical analyses. No significant differences were found between E/S and
E/S+ for VMII (p > 0.05).

Groups S and S+ were not subjected to the aging step because of their poor baseline values and pretest failures.
Three-way ANOVA (ceramic substrate, surface conditioning method and aging as factors) confirmed the significant
effect of the substrate and the surface conditioning method. Tukey HSD tests revealed that VMII remained superior to
EMAX after aging (p<.001). For surface conditioning, aging did not seem to have an effect on group E (22MPa vs.
21MPa at baseline for VITA and 14MPa vs. 15MPa at baseline for IPS e.max) (p=.17). There was a decrease of 22-29%
of SBS values due to aging in group E/S (19MPa vs. 24MPa at baseline for VITA and 16MPa vs. 21MPa at baseline for
IPS e.max) (p=.004). Aging had an opposite effect in E/S+ with a 17-31% increase of SBS values (25MPa vs.
19MPaat baseline for VITA and 21MPa vs. 15MPa at baseline) (p=.034). Graphic 1 presents the means and standard

deviations SBS values for each group, before and after thermocycling.
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Figure 1; While the failure mode for IPS e.max CAD was always adhesive, Vitablocs Mark II failed cohesively when etched (unless
aged in E and E/S).
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Table 1- Incidence of failure types in percentage (%) after SBS test.

Silane application Type of failure
EMAX VITA
Adhesive Cohesive Adhesive Cohesive

E 100 0 0 100
E/S 100 0 0 100
E/S+ 100 0 0 100
S 100 0 100 0
S 100 0 100 0
E thermocycling 100 0 25 75
E/S thermocycling 100 0 75 25
E/S+ thermocycling 100 0 0 100

Table 1. Presents the failure mode for each group, before and after thermocycling.

5. Discussion

The microtensile bond strength (MTBS) test is usually preferred to evaluate interfacial adhesives because it
generates uniform stress distribution across the bonded interface,3! limiting the possibility of cohesive failure in the
substrate.[*!] Several other methods (shear, micro-shear, and tensile) can be used to determine in vitro the bond
strength between resin luting agents and ceramics. None of these tests are accepted as a universal method and each of
them have their own advantages and limitations. Several aspects must be taken into consideration when selecting a test
method, such as the technique sensitivity (e.g. MTBS can present a high frequency of premature failures,?* and it
can be affected by cutting speed,*”! shape of the sample and the brittleness of the substrate)!!>!!l and the magnitude of
the bond strength being investigated (strong bonds tend to generate more cohesive failures, which calls for specific
tests). From a practical standpoint, the SBS test is considered a low technique-sensitive test as it avoids the specimen
sectioning and trimming steps that can introduce early micro-cracking of fragile substrates.!>!11 As a result, some
authors concluded that a shear approach was more appropriate compared to a microtensile approach.>%!4 Based on the
above description, the main reason for choosing SBS as a test method was to avoid damage and generate cracks and
defects that could influence the stress distribution in the bond interface. While it proved to be appropriate when using
EMAX as a substrate (100% of adhesive failures), the SBS test generated a high percentage of cohesive failures with
VMII when HF etching was used. This would normally mean that the substrate itself was evaluated rather than the bond.
However, when looking at the results in figure 1, it is clear that the same trend is observed for both EMAX and VMIL.
There is a clear evidence that the use of the silane alone resulted in similar consequences for both materials (low SBS of
4-6MPa and 100% adhesive failures), which is in support of the present methods and data.

The adhesive performance in the course of time can be evaluated by thermocycling, the role of which is not
necessarily to reproduce thermal stresses in the oral environment. Due to coefficient of thermal expansion
differences between resins and ceramics, thermocycling also induces a mechanical fatigue phenomenon and hydrolytic
degradation that accelerate the aging process resulting from many other factors in vivo. The number of cycles,
temperatures and dwell time differ considerably between reports (300 to 1,000.000 cycles; temperatures of 0 to 67°C;
dwell time of 15s to 120s). According to Gale and Darvell (1999 review)['4, 10,000 cycles correlate with approximately
one year of clinical service. The thermocycling protocol proposed in this study was 20,000 cycles and the primary goal
was the simulation of thermally-induced mechanical loading. Only groups E, E/S, and E/S+ were subjected to
thermocycling based on their excellent SBS values after 24h storage in distilled water. The use of silane alone (S and S+)
not only resulted in poor baseline values at 24 h but also featured the only pre-failure test samples. Therefore it was

decided not to proceed with thermocycling with those “silane alone” groups.
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The simulation of aging can affect significantly the SBS values in different ways. For group E, independent of the
ceramic substrate, the values were not statistically different before and after aging, which is in agreement with Roulet,
Séderholm, Longmate (1995),5381 who found no difference in resin-ceramic SBS after 12 months of storage in water.
This reaffirms the importance of surface roughness, which is able to increase contact area, wettability and surface
energy of the ceramic substrate.”*% It also creates mechanical interlocking for the luting agent. Another factor that
should be considered is the composite resin degradation, which is material dependent.[?'33] The luting composite plays
an important role in the final resin-ceramic bond strength.35 In the present study the wetting resin (Optibond FL, bottle
no. 2) is 48% filled and was associated with a highly-filled restorative composite resin. This can explain the high
resistance to thermally-induced mechanical fatigue and hydrolysis even after 20,000 cycles. The use of a restorative
composite as a luting composite is recommended because of the improved physic-mechanical properties, color stability
and working time when compared to dual-cure or flowable composite resins.>) Film thickness, which is normally
limitation with restorative composites resins, can be resolved using preheating,[3-6:13.22.26.46.48]

When using EMAX, group E presented a stable SBS values after aging but was still significantly inferior to that of
E/S+. This emphasizes the synergetic effect of etching and silane on that specific ceramic. Those differences were much
less obvious for VMII possibly because of the cohesive failure mode that may have had a “masking effect” on the data
(in this case the bond strength often exceeded the cohesive strength of the ceramic). Both EMAX and VMII E/S groups
had significantly lower SBS values after thermocycling (15MPa and 19MPa, respectively). The constant contact with
water can induce hydrolysis of the siloxane bond (-Si-O-Si) and accelerate the degradation of the silane coupling
agent.”® The amount of hydrolytic damage is related to the proportion of siloxane bonds within the condensed layers of
silane coupling agent and the amount of siloxane bonds between the monolayer and the ceramic surface. Because the
outmost condensed layers in E/S were not rinsed, those instable chains with small oligomers could explain the
weaker bond between ceramic and composite resin over aging. These findings are in contrast with some previous
studies were the aged groups did not differ from the non-aged group in bond strength.['”) The explanation for this
difference may lie in the aging period, varying between 1h and 5,000 cycles vs. 20,000 cycles in the present work.

For either ceramics, the best resin SBS after aging was obtained through the E/S+ treatment. This optimal silane
application, as defined by Hooshmand et al['® aims at saturating the substrate surface with silane (relatively long
application time of 60 s), securing the siloxane bond of the monolayer (two consecutive heat treatment, one before and
one after hot rinsing) and eliminating the outmost loosely bond silane layers (hot rinsing). It appears from the results
that this optimal application might not have had a tangible effect immediately or at 24h. However, the post-aging results
speak in favor of that technique. In the E/S treatment, the silane was applied only for 20 s in order to prevent the
formation of the loosely bound oligomer layers but this might not have been sufficient to create a dense monolayer able
to withstand the aging process. Rinsing with boiling water in the optimal application technique (E/S+) requires special
care to avoid thermal shock to thin ceramic restorations such as porcelain veneers. If no internal residual stresses (from
the firing process) are present, the ceramic should not suffer from the thermal stress. HF etching, however, significantly
weakens the ceramic® and further research should explore the crack propensity of thin etched porcelain subjected to
thermal stresses during the rinsing of the silane, even though no cracks were observed in the 2-mm thick specimens of
this study. Another parameter to explore would be the difference between CAD/CAM and hand layered ceramics, which
may have different residual stresses from firing and therefore different risk of thermally-induced cracking.

An hypothesis can be the fact that the silane condensation reaction continues with time and can be more resistant to
the effect of long time water exposure, proving the stability of the inner silane layer.

In this study 5% HF-etching was applied during 20s for EMAX and 60s for VMII. This protocol was based on
previous studies showing that overetching can impair the ceramic substrate by producing microporosities and
microcracks.’#471 To confirm this finding a pilot test accomplished by the present authors using EMAX to compare two
HF concentrations, 10% HF and 5% HF followed by silane application and hot air drying. The results showed
significant difference in SBS values: 17MPa with 10% HF vs. 21MPa with 5% HF (p<.01). For the clinician, this
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definitely stresses out the importance of knowing not only the generic name of a product but also the details about
composition and concentration. HF acid is more commonly used as 10% for the porcelain veneer technique,¥ therefore
practitioners would be tempted to use the same product for all types of ceramics.

Based on the results of the present study, the original works of Stangel et al. (1987)*1 still hold true and it
cannot be recommended to omit HF-etching from the conditioning steps. Claims about HF potential injury to health
when not properly handled are limited today because of the gel forms that limit the production of fumes and allow
precise placement without splashing. However, HF generates insoluble silica-fluoride salts that can influence the
resin-ceramic bond strength and must be removed by post-etching ultrasonic cleaning.[>>! Failed attempts to eliminate
the HF-etching step (Groups S and S+) confirm the fundamental contribution of the micromechanical bond. Those
results may seem to be in contrast with Hooshmand et al. (2002),I'81 who found that the optimal silane application was
capable to provide a durable resin-ceramic tensile bond. However, the effect of HF-etching associated with a silane was
not evaluated and HF-etching was not following by post-etching cleaning. Fabianelli ez al. (2010)'% were able to obtain
similar bond strength to IPS Empress when combining HF-etching/ heat-dried silane or when using the heat-dried silane
alone. However, it is know from Della Bona and Van Noort (1998)13¢] that IPS Empress, unlike IPS e.max, is not a
favorable substrate for HF etching. In addition, no postetching cleaning and no aging process were carried out by
Fabianelli et al. (2010).I' Omission of simulated aging probably offer figures that misrepresent the actual contribution
of silane coupling agents to the long-term in vivo bond strengths. 3¢

The failure mode, analyzed by macrophotography, showed 100% of adhesive failure with EMAX (all groups). This
accounts for the high cohesive strength of the lithium disilicate substrate. On the other hand, VMII displayed 100%
adhesive failure only in groups where the HF-etching was omitted (S and S+). When HF-etching was applied to VMII
and aging was simulated adhesive failures were still found except for E/S+, the only group in this study with 100%
cohesive failure after aging. Even though this represents a weakness in the experimental method, it still speaks in favor
of the optimal silane application in combination to HF etching.

The results from this study are limited to an in vitro setup and only one silane coupling agent. Knowing that
ceramic primers including not only silane but also other monomers such as MDP are available on the market and can
vary from one another, further research should focus on those materials, as well as other practical methods for the hot

rinsing step such as the use of steam cleaning.

6. Conclusion

From this in-vitro study, it can be concluded that the silane application method and the simulated aging affected
significantly the SBS values for both feldpathic porcelain and lithium disilicate ceramic. The combination of HF etching
(including post-etching cleaning) and heat-dried silane coupling proved superior to the use of a single conditioning
method. HF-etching as a single treatment proved superior compared to the heat-dried silane coupling alone.
Furthermore, the results showed that the optimal silane application (hot water rinsing) was significant in maintaining a
high resin ceramic CAD/CAM SBS values after simulated aging (20,000 cycles equivalent to 2 years of service).
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