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Abstract: This study aimed at evaluating the shear bond strength (SBS) of modern self-adhesive resin
cements and resin-modified glass ionomer cements applied to different prosthetic substrates. Zirconia,
lithium-disilicate glass-ceramic and a noble metal alloy were used as bonding substrates. They were
all sand-blasted with alumina, while LD was further etched with 9.6% hydrofluoric acid (10 s).
A light-curing resin-modified glass ionomer cement (3M-GIC: Ketac Cem Plus) and a self-curing
resin-modified glass ionomer cement (GC-GIC: FujiCEM 2) were compared to self-adhesive resin
cements (PAN: Panavia SA Universal) and (3M-RES: Rely X Unicem 2). Ten specimens for each
substrate were produced and up to five cylinders of each cement were bonded to each substrate.
The shear bond strength (SBS) was evaluated after 24 h or after thermocycling (TC) aging (5000 cycles).
The data was statistically analysed by two-way ANOVA and Student–Newman–Keuls test (α = 0.05).
Failure modes were analysed through stereoscopic microscopy. The greatest SBS was attained with
PAN, whilst 3M-GIC showed the lowest SBS and failed prevalently in adhesive mode. No difference in
SBS was observed between GC-GIC and 3M-RES. After TC aging, all cements showed significant drop
(p < 0.05) in SBS, but PAN showed the greatest SBS. Reliable bond strength to prosthetic substrates can
be achieved with specific universal resin-luting cements and may be an alternative to glass ionomer
cements when luting alloy substrates.

Keywords: self-adhesive cements; resin cements; resin-modified glass ionomer cements; shear bond
strength; thermocycling

1. Introduction

Nowadays, a great assortment of prosthetic materials is available on the market such as silica-based
ceramics (e.g., feldspathic, leucite-reinforced and lithium disilicate ceramics) and polycrystalline
silica-free ceramics (e.g., zirconia and alumina). Moreover, noble metal alloys based on Ag-Pd-Cu-Au
are widely used for cast restorations (e.g., porcelain-fused-to-metal or full metal crowns and bridges)
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as an alternative to ISO type-III or -IV alloys containing gold; in some countries such as Japan,
insurances cover the cost for such alloys for restorative and prosthodontic treatments [1,2].

Luting procedures represent a crucial step in restorative dentistry so as to achieve long-lasting
performance by indirect restorations. Nowadays, a large number of luting cements and prosthetics
substrates are available on the market with specific biological, physicochemical and aesthetic
properties [1]. Luting cements are generally classified as temporary and permanent materials. This first
class of materials, also known as “provisional luting cements” can be identified in two main types:
calcium hydroxide and zinc-oxide cements. Conversely, permanent or “definitive” luting cements
include those materials characterised by adhesive properties to different dental and/or prosthetic
substrates. For instance, this latter class of materials can be classified into low (zinc phosphate
and silicate cements), medium (polycarboxylate cement) or high (glass ionomer and resin cements)
strength luting materials. In particular, the high strength luting cements, which can set either via
chemical/self-activation, light-curing or dual-activation process [2,3] were investigated in this research
project. However, high strength resin cements are also categorised based on the bonding strategy
employed for their application: (i) luting resin cements; (ii) self-adhesive resin cements. Conventionally,
luting resin cements require the application of a primer or a surface pretreatment of the bonding
substrates. Conversely, self-adhesive resin cements are advocated for direct bonding on substrates,
as the retention is provided by specific adhesive functional monomers (i.e., 10-MDP) and/or silanes
contained within the formulation of such materials [3]. They represent the most innovative simplified
class of resin cements, which rapidly reached a great popularity due to their user-friendly clinical uses.
Indeed, substrate pretreatments through acid etching and/or application of adhesive primers would
not be necessary anymore [4,5], although general practitioners are still confused regarding the bonding
protocols when employing such materials [6].

It is important to highlight that when using such permanent luting cements, in particular those
reinforced with resin (e.g., resin-modified glass ionomer cements and resin-based cements), one can
have numerous clinical advantages, in primis, a reduction of secondary caries due to low cement
solubility, with consequent reduction of the risk for pulp harm [7–9]. Moreover, it has been advocated
that when cast post and- core build-ups are cemented using such materials, it is possible to attain
an important drop of the risk for root fractures [9,10]. It was also reported that the use of adhesive
resin-based cements may increase the fracture resistance and extend the durability of aesthetic ceramic
and composite indirect restorations [11–13].

However, it is a common view that the accomplishment of an ideal bonding to both dental [14–16]
and prosthesis’s surfaces [17–21], some specific pretreatments should be employed. The effectiveness of
surface pretreatments depends not only on the operators’ skills and experience but also on the quality
of specific equipment, along with their sensitive manipulation, used to accomplish such procedures.
During the last ten years, a rapid development of new resin cements with specific properties has been
observed, which may allow clinicians to provide adequate bond strength but with simplified and
user-friendly surface treatments [22–24]. Nevertheless, there is limited evidence on the bond strength
of newer self-adhesive resin cements compared to that of conventional or self-adhesive resin-based and
resin-modified glass ionomer cements (RMGICs) when bonded to a variety of prosthetic substrates.

Thus, the purpose of this in vitro study was to investigate the bonding performance and the failure
mode of modern universal self-adhesive resin cements and conventional resin-modified glass ionomer
cements applied to different prosthetic substrates. This aim was accomplished by assessing the shear
bond strength (SBS) of the tested self-adhesive cements applied to zirconia, lithium disilicate or a noble
metal alloy (Ag-Pd-Cu-Au) before and after thermocycling aging (5000 cycles). The first null-hypothesis
of this study was that there would be no differences in bonding performance between tested cements
when applied on different substrates. The second null-hypothesis was that the thermocycling aging
would induce no significant reduction on SBS of the tested cements when applied on different substrates.
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2. Materials and Methods

2.1. Specimen Preparation

Three different prosthetic substrates were employed in this experimental project:
(1): Zirconia (KAT: Katana HT blocks, Kuraray Medical Co., Ltd. Tokyo, Japan); (2): Lithium disilicate
glass-ceramic (LD: IPS e.max CAD blocks, Ivoclar Vivadent, Schaan, Liechtenstein); (3): Silver-gold alloy
[AU: Econolloy Au casting alloy (Ag 43.0%, Au 33.0%, Pd 14.8%, In 8.0%, Pt 1.0%, Ir/Nb 0.2%),
DeguDent, Dentsply DeTrey GmbH, Konstanz, Germany]. Rectangular specimens (20.0 mm in length,
10.0 mm width and 5.0 mm in thickness) of KAT (n = 10/cement) and LD (n = 10/cement) were cut using
a low-speed microtome (Remet evolution, REMET, Bologna, Italy) equipped with a diamond-embedded
saw, under water irrigation. Subsequently these specimens were processed in a dental prosthetic
technician lab at specific temperature ranges as per manufacturer’s instructions. Ingots of AU alloy
were used according to the manufacturer’s instructions to cast a total of ten blocks (15.0 mm in length,
10.0 mm in width and 3.0 mm thickness). All the specimens from each prosthetic group were polished
using abrasive SiC paper (#320-grit) in order to obtain a standardised flat and smooth surface in all
the specimens. Subsequently, these were sand-blasted at 5 mm distance for 1 min using the 59-µm
aluminium oxide at 5-bar pressure (Aquacare Velopex, Medivance Instruments Ltd., London, UK).
The specimens were ultrasonicated in a solution of 96% ethanol and distilled water (ratio 1:1) for 5 min
in order to remove any residual presence of aluminium oxide. The lithium-disilicate specimens were
submitted to a further surface treatment, using 9.6% hydrofluoric acid (Pulpdent, Watertown, MA,
USA) for 10 s. These specimens were then thoroughly rinsed and treated in the ultrasonic bath as in the
case of KAT. Two further specimens were created for each substrate and processed for ultramorphology
analysis through Scanning Electron Microscopy (SEM) before and after surface treatments (i.e., control,
sand-blasting and/or acid-etching procedures). Such specimens were finally gold-sputter-coated and
imaged using field-emission scanning electron microscopy (FE-SEM S-4100; Hitachi, Wokingham, UK)
at 10 kV and a working distance of 15 mm.

2.2. Shear Bond Strength Evaluation (SBS)

A light-curing resin-modified glass ionomer cements (3M-GIC: Ketac Cem Plus, 3M ESPE, St Paul,
MN, USA) and a self-curing resin-modified glass ionomer cement (GC-GIC: FujiCEM 2, GC Corp.,
Tokyo, Japan) were used in this study, along with two modern self-adhesive resin cements (PAN:
Panavia SA Universal, Kuraray, Tokyo, Japan; 3M-RES: Rely X Unicem 2 Automix 3M ESPE, MN,
USA). All cements were handled as per manufacturer’s instructions and applied onto the specimens
previously created and pretreated with air-abrasion and/or acid etching. Each prosthetic substrate was
bonded with the tested cement using a customised plastic mould for delimitation, with a cylindrical
opening to be placed on top of the prepared substrate (ULTRADENT Inc., Salt Lake City, UT, USA).
Ten specimens per group (n = 10) were used, and up to five cylinders were bonded to every single
ceramic/metal specimen (Figure 1). Each cement was applied and agitated for 5 s using a dental
probe to avoid air bubble formations, followed by application of a standardised constant force of
0.454 kg using a custom-made device for 30 s. Thereafter, the specimens created with light-curing
cements were photo-activated for 30 s using a Radii-Cal LED curing light (SDI, Victoria, Australia)
with a standard mode and energy output of 1200 mW/cm2. In the case of the self-cured resin-modified
cement (GC-GIC), this was left undisturbed in air for 10 min to achieve a proper setting reaction.
Upon removal of the cement cylinders from the mould, any excess cement was removed using a
composite spatula. Before the test, the ceramic/resin cylinder interfaces were checked under an optical
microscope 20× (Olympus, Tokyo, Japan) for bonding defects. The cement cylinders that showed
apparent interfacial gap formation, bubble inclusion or any other defects were excluded and replaced
by fresh ones. The bonded specimens were then placed in a plastic container along with paper soaked
in distilled water and stored at 37 ◦C for 24 h. Half of the specimens from each group were tested after
24 h (baseline) incubation at 37 ◦C in wet environment (distilled water) for SBS, while the other half
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part of the specimens was first submitted to thermocycling aging with 5000 thermocycles (5–55 ◦C)
in distilled water. The SBS evaluation was accomplished with a shear bond testing machine (Bisco,
Schaumburg, IL, USA) at a crosshead speed of 0.5 mm/min until the failure occurs. Maximum stress
values in Newton (N) were obtained. The values were converted into megapascal (MPa) by considering
bonding surface area of the resin cements (4.45 mm2). The specimens unit was the prosthetic substrate.

[MPa] =
[N]Force

[mm2]Area
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Figure 1. Schematic representation of the specimen preparation and shear bond strength test.

Data were analysed statistically by two-way ANOVA including interactions between factors, using SBS
as a dependent variable. Type of cement and aging method (24 h vs. TC) were considered as independent
variables. Post-hoc multiple comparisons were performed using the Student–Newman–Keuls test.
Statistical significance was set at α = 0.05.

2.3. Failure Mode Analysis

After shear bond strength testing, the fractured surfaces of all the specimens with and without
thermocycling aging were analysed using 30×magnification stereoscopic microscopy. Failure modes
were classified as adhesive failure (A), cohesive failure (C) or mixed failure (M) by examining the



Appl. Sci. 2020, 10, 8157 5 of 15

fracture surfaces. In details, adhesive failure was determined when debonding occurred at the interface
between cement and either disk surface. Cohesive failure was observed when the fracture occurred
within the cement layer. Mixed failure was observed when the specimen exhibited a combination of
adhesive and cohesive failures.

3. Results

Shear bond strength mean and standard deviation values (±SD) are expressed in MPa in Table 1.
Type of cement and aging (thermocycling) influenced the SBS results (p < 0.01). Interactions between
factors were also significant (F = 78.05; p < 0.05). In brief, the use of alumina for sand-blasting procedures
increased the roughness of the zirconia surface (Figure 2A,B). The baseline (24 h) results showed that the
greatest bond strength (p < 0.05) in KAT zirconia was attained when using the universal self-adhesive
resin luting cement PAN (20.3 MPa), whilst the RMGIC luting cement 3M-GIC showed the lowest
SBS values (2.5 MPa); in this latter group, all the specimens failed in the adhesive mode. Conversely,
25% of specimens created on zirconia with PAN failed in the mixed mode and 75% in adhesive mode.
There was no significant difference (p > 0.05) between GC-GIC and 3M-RES in terms of bond strength
to KAT; both of them failed prevalently in adhesive mode (>90%). After thermocycling aging (TC),
all the cements showed a significant drop (p < 0.05) in bond strength when compared to their relative
groups at 24 h (baseline results). However, also in this case, the greatest bond strength (p < 0.05)
was attained by PAN (11.3 MPa), whilst the 3M-GIC had the lowest values (0.7 MPa). All groups failed
prevalently in adhesive mode after TC, and only PAN showed 5% of the specimens that failed in the
mixed mode. The situation was quite different in lithium disilicate ceramic (LD) as the baseline values
obtained by all the tested cements were higher than those observed in any other prosthetic substrate.
Indeed, the use of HF etchant, subsequent to air-abrasion pretreatment, caused the removal of the glass
phase with consequent exposure of lithium disilicate crystals (Figure 2C,D). In terms of bond strength,
once again, the greatest bond strength (p < 0.05) was attained with PAN (29.4 MPa), while the 3M-GIC
showed the lowest SBS values (6.5 MPa). The 3M-GIC failed in the adhesive mode, while 30% of the
specimens created with PAN failed in the mixed mode. In addition, the resin luting cement 3M-RES
presented SBS values significantly (p < 0.05) higher (18.1 MPa) than the SBS values obtained with the
resin-modified glass ionomer cement GC-GIC (13.6 MPa); these two groups showed respectively 15%
and 10% of specimens debonded in mixed mode during SBS testing. After thermocycling aging (TC)
all the cements showed a significant drop (p < 0.05) in SBS bond strength compared to baseline results
at 24 h. However, the greatest bond strength (p < 0.05) was attained by PAN (13.4 MPa), whilst the
3M-GIC had the lowest values (0.7 MPa). All groups failed prevalently in adhesive mode after TC,
and only PAN showed 5% of the specimens that debonded in the mixed mode during SBS testing.
Between the two RMGIC luting cements used in this study, GC-GIC (4.1 MPa) showed significant
greater (p < 0.05) SBS values compared to 3M-GIC (1.5 MPa) and both of them failed totally in adhesive
mode. There was a significant difference (p < 0.05) between the SBS values of PAN (29 MPa) and those
obtained with the 3M-RES (18.1 MPa).
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Table 1. Mean ± SD of the SBS (MPa) at 24 h and after thermocycling (TC) of the tested cements to
different substrates (KAT: zirconia; LD: Lithium disilicate; AU: gold alloy). Failure pattern is represented
as percentual (adhesive/mix/cohesive).

KAT KAT LD LD AU AU

24 h TC 24 h TC 24 h TC

3M-GIC
2.5 ± 1.1 A1 0.7 ± 0.6 A2 6.5 ± 3.5 A1 1.5 ± 1.6 A2 5.2 ± 2.1 A1 1.9 ± 1.4 A2

(100/0/0) (100/0/0) (100/0/0) (100/0/0) (100/0/0) (100/0/0)

GC-GIC
7.5 ± 4.5 B1 2.5± 1.9 B2 13.6 ± 2.1 B1 4.1 ± 2.1 B1 6.6 ± 2.7 A1 3.2 ± 1.8 AC2

(95/5/0) (100/0/0) (90/10/0) (100/0/0) (93/7/0) (100/0/0)

3M-RES
8.2 ± 2.9 B1 4.1 ± 2.9 B2 18.1 ± 8.9 C1 7.2 ± 4.1 C1 0.2 ± 0.1 B1 0.0 ± 0.0 B2

(90/10/0) (100/0/0) (85/15/0) (100/0/0) (100/0/0) (100/0/0)

PAN
20.3 ± 5.7 1C 11.3 ± 3.9 C2 29.4 ± 5.5 D1 13.4 ± 6.1 D1 11.9 ± 5.1 C1 4.3 ± 3.2 AC2

(75/25/0) (95/5/0) (70/30/0) (95/5/0) (100/0/0) (100/0/0)

3M-GIC: Ketac Cem Plus; GC-GIC: CG FujiCEM 2; PAN: Panavia SA Universal; 3M-RES: Rely X Unicem 2 Automix.
The same letter indicates no differences in the same column. (p > 0.05). The same number indicates no differences in
the same row for the same cement (24 h vs. thermocycling TC) (p > 0.05).
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Figure 2. SEM micrographs of the bonding substrates (KAT: zirconia; LD: Lithium disilicate;
AU: gold alloy) before and after surface pretreatment. Smooth and flat surface of the KAT after
polishing (A), and after sandblasting (B). LD before surface treatment (C), and sandblasting followed by
etching using hydrofluoric acid at 9.6% (D). Lithium crystals and the presence of microretentions within
such a mineral network could be observed (D). AU surface after polishing with the SiC carbide paper
(E). After sandblasting procedures there was a clear increase in roughness and microretentions (F).
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Regarding the SBS of the tested cements in AU specimens, the surface of the specimens after
air-abrasion with alumina appeared rougher (Figure 2F) than the control specimens (Figure 2E).
Once again, the greatest SBS bond strength (p < 0.05) was attained by PAN (11.9 MPa), whilst the resin
luting cement 3M-RES had the lowest bond strength (0.2 MPa). The two RMGIC cements used in this
study showed comparable results (p > 0.05) (3M-GIC: 5.2 MPa; GC-GIC: 6.6 MPa). The specimens in
all groups failed in the adhesive mode, at 24 h and after TC. However, all the tested cements showed
a significant drop (p < 0.05) in SBS values compared to their baseline groups at 24 h. All specimens
created using the cement 3M-RES prefailed in adhesive mode before performing the SBS test, while the
3M-GIC cement showed very low SBS values (1.9 MPa). There was no significant difference between
SBS of GC-GIC and PAN (p > 0.05).

4. Discussion

In the current in vitro study, important outcomes were obtained when analysing the bonding
performance of two universal self-adhesive resin cements and two resin-modified glass ionomer cements
applied to zirconia, lithium disilicate or a noble metal alloy before and after thermocycling aging.

However, it is important to anticipate before discussing such results that the method of evaluation
and interpretation of the bond strength in vitro are occasionally criticised, but unfortunately there
is still no substitutive methodology that may allow the assessment of the bonding performance of
adhesive materials with similar overall efficiency (e.g., laboratory time and costs) [25]. The main issues
arise usually when using common methods for the evaluation of shear bond strength, and in fact these
are characterised by a large number of cohesive failures during the test [26]. However, the use of
specimens with reduced size results in a drastic decrease of cohesive failure; that is exactly what was
observed in the results of the current study (Table 1). A possible account for such outcomes may be
associated to the rounded morphology of the bonding interface, as a proper distribution of the testing
stress likely occurred along the bonding interface. Moreover, the experimental setup, which required
no cutting or trimming procedures of the specimens, prevented undesirable fracture of the specimens
before the bond strength test [27].

It is clear that the in vitro research is essential to envisage the complex clinical conditions involved in
a possible real oral scenario, which usually compromises the durability of dental restorations. Therefore,
in vitro aging strategies contribute to understand the processes involved in their degradation and
to find some technical conciliations to delay this occurrence [28]. Thermocycling ageing is a typical
strategy where specimens are immersed in water baths at different temperatures between standardised
intervals of time [29]. This method is employed to simulate in in vitro studies the thermal changes
induced by food and drinks daily in people and could increase interfacial degradation in short storage
time [30]. In the present study, thermocycling reduced bond strength in almost all groups, indicating an
important interface degradation.

The establishment of a reliable bonding to zirconia with a proper marginal integrity along the
interface tooth-cement-ceramic remains an actual matter, attributable to the inert characteristic of
the zirconia, as well as to the difficulty in generating consistent micromechanical retentions along
its surfaces [31,32]. However, several researchers have advocated that the use of alumina (Al2O3)
during sandblasting/air-abrasion procedures can increase the bond strength of luting cements to
zirconia [33,34]. Indeed, our results have shown that after sand-blasting with alumina, there was an
apparent increase of micromechanical retentions on the surfaces of the specimens made of zirconia
(KAT). The current study also showed that the modern universal self-adhesive resin luting cement
PAN obtained at 24 h (baseline) the greatest bond strength in KAT, with 25% of specimens failed in
the mixed mode during the SBS test. Whilst the lowest values were observed with the RMGIC luting
cement 3M-GIC, with all the specimens failing in the adhesive mode. Pretty low bond strength was
also observed with the other universal self-adhesive resin luting cement 3M-RES, which presented no
significant difference compared to the GC-GIC; both cements fractured during bond strength testing
prevalently in adhesive mode.
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Although RMGIC does not contain any phosphate-ester monomer, such as 10-methacryloyloxy-
decyl-dihydrogen-phosphate (MDP), this does not prevent them from creating a chemical and
mechanical bonding to zirconia [35]. It has been advocated that the polyalkenoic acid polymers
contained in such materials can react with metal oxides. The current results are in agreement with
previous studies that showed higher bond strengths of resin-based self-adhesive cements compared to
RMGIC when bonded to a variety of prosthetic substrates such as noble and non-noble alloys, zirconia
and other types of glass-based ceramics [36,37]. Further studies [38–40] verified how resin-based
materials containing MDP have the ability to create a strong bond strength to zirconia; such a high
bond strength to zirconia may be attributed to a chemical reaction between MDP with zirconium
oxide [41,42]. Some studies confirmed such a chemical interaction between MDP and zirconia [43]
through contact-angle measurements, secondary ion mass spectrometry (TOF-SIMS) [44] and Fourier
transform infrared spectroscopy [45,46].

In order to explain the difference in bond strength obtained between 3M-GIC and GC-GIC,
it is possible to hypothesise that resin-modified glass ionomer cements that set exclusively through
acid-base reaction may present better bonding performance of some light-curing RMGIC; this latter
class of materials seems to be affected by a sort of inhibition of the setting reaction caused by some
incompatibility at early phases of setting [47,48]. Moreover, it was suggested that the RMGIC acid-base
reaction continues overtime if undisturbed, so producing greater chemical interaction with the substrate
(i.e., maturation), which may result in enhanced bonding performance at 24 h [49,50]

The results of the current study also showed that after TC aging, all the tested cements showed a
significant drop in bond strength and all of them failed in the adhesive mode. One of the reasons why
there is such a reduction in bond strength may be attributed to a mismatch between the coefficient
of thermal expansion of the prosthetists substrates and the cements [51]. Furthermore, a possible
hydrolytic degradation of the ceramic-cement interface may have also occurred and caused a drastic
reduction of the bond strength in all cements [52,53]

However, the self-adhesive resin cement PAN had the greatest bond strength between all groups.
Usually, the sand-blasting procedures performed with alumina improves the immediate adhesion of
cements containing MDP or those that require a preapplication of a MDP primer, but after thermocycling
a significant drop in bond strength is often observed [54,55].

The results obtained with the PAN cement are in accordance with the those of Nagaoka et al., [56],
who demonstrated that in presence of a great amount of MDP there may be more chemical interaction
among different MDP molecules through intermolecular hydrogen bonding with zirconia, as well
as with other P=O groups of adjacent MDP molecules. Indeed, these outcomes are associated to the
unique composition of such a modern self-adhesive cement; PAN seems to have higher amount of
MDP compared to any other current commercial self-adhesive cements, including the 3M-RES cement
tested in the current study [57].

It is well known that the sandblasting pretreatment may decontaminate the surface of the lithium
disilicate ceramic and improve the overall bonding performance of several luting cements [58–60].
Moreover, etching procedures with hydrofluoric acid (HF) can selectively dissolves the glass matrix
and crystals substrate, so creating important microretentions on the surfaces [61]. A study of Lise
et al., [62] demonstrated that a self-adhesive cement bonded on a sand-blasted surfaces of a lithium
disilicate ceramic without previous HF etching had very poor bonding performance. Conversely,
the same authors showed that such bonding performance could be improved when using HF etching.
This is the main reason why in the current study the LD ceramic was both sand-blasted and then
etched with HF; further several studies reported that the only use of sand-blasting performed using
50 µm alumina, without any following HF etching step, may cause a drop in bond strength [63,64].
In particular, Guarda et al. [65], reported that when LD was etched using 10% HF higher bond strength
values were observed compared to when using sandblasting alone. Hereafter, it was decided in this
study to use a standardised sandblasting procedure with alumina for all the prosthetic substrates
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(alumina 50 µm) but also HF etching in LD, since it is a standard pretreatment required during luting
procedures of glass-based ceramics.

The results of the current study showed that the greatest bond strength obtained with all
the tested cements was achieved in LD. This was probably due to the microretention created
by the use of HF etchant, which improved the surface energy for the diffusion, as well as the
chemical interaction of some of such cements with the LD substrate; chemical bonds between the
inorganic matrix (i.e., glass phase) and the silane contained in the self-adhesive resin cements may
have been favoured in such a circumstance [66,67]. Indeed, the innovative self-adhesive cement
PAN “Panavia SA Universal, Kuraray” showed the greatest bond strength and it was the only
cement to show debond during bond strength testing in mixed mode during shear-bond testing
(Table 1). Once more, these outcomes may be due to the particular composition of such a modern
self-adhesive cement. In fact, unlike the self-adhesive resin cement 3M-RES, which contains MDP
and a conventional silane such as methacryloxypropyl-trimethoxysilane, PAN has higher amount of
MDP compared to 3M-RES, along with an innovative long carbon-chain silane coupling agent (LCSI)
that, as reported by Yoshihara et al., [57], can clearly improve the adhesive of self-adhesive cements
and eliminate the need for a separate primer. The LCSI is characterised by a bifunctional adhesion
mechanism: (i) chemical interaction through siloxane bonds with the silica-glass phase in ceramics;
(ii) copolymerisation through vinyl groups in methacrylate groups with the monomers present in the
resin cements [68] However, it is important to highlight that the use of silane-coupling agents in
the etched ceramic surface has been criticised when using conventional luting resin cements [60,69].
Conversely, we believe that the presence of a long carbon-chain silane such as LCSI within the
composition of modern self-adhesive cements can be crucial to achieve a stable bond strength also
after ageing. The current study reported after thermocycling aging, although all the cements showed a
significant drop (p < 0.05) in bond strength values, that the cement PAN had the greatest bond strength
values between all the tested materials. It has been reported that conventional prehydrolysed silane
coupling agents in water-containing and acidic materials are often characterised by issues relative to
short shelf life [70]; this may be one of the key reasons why 3M-RES had such a drastic reduction in
SBS compared to PAN.

Regarding the glass ionomer cements used in this study, if one considers that both GC-GIC
and 3M-GIC showed a bond strength quite low before and after TC, and with a failure mode totally
occurred in adhesive mode, it is possible to suppose that due to their high viscosity there may have
been an issue of infiltration of the cements into the etched LD surface; this impaired the creation of
a proper micromechanical and/or chemical bonding in such a substrate [71]. However, GC-GIC is
a self-curing RMGIC that takes longer than the light-curing 3M-GIC to set; according to what we
previously mentioned in the zirconia substrate, GC-GIC may have created more chemical interaction
with the surface of LD once stored in water environment; this may in part justify the higher baseline
results observed in GC-GIC [72,73]. Conversely, the presence of water during the storage period (24 h)
may have increased the sorption and solubility and hence altered the physicochemical properties
of 3M-GIC [74].

Regarding the use of luting cements for the cementation of metal frameworks, the composition
of the alloy and the type of the cements employed during such a phase play an important role
on their retention, as well as the surface pretreatment of the prosthetic substate before luting
procedures, which usually enhance the interaction between such a prosthetic substrate and cement [12].
Air-abrasion with alumina particles is the most common method used to promote such a retention,
and the results of the current study confirmed that such a pretreatment of the surface of the tested
alloy was able to create important microretentions (Figure 2). Also in this case, the greatest bond
strength (p < 0.05) was attained with the self-adhesive resin cement PAN, whilst the self-adhesive
3M-RES showed the lowest bond strength between all the tested materials (Table 1). In addition, in this
case, all the cements showed a significant drop (p < 0.05) in bond strength after thermocycling aging,
and all specimens created using the 3M-RES cement prefailed before performing SBS testing. It has
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been reported that when Ag-Pd-Cu-Au alloy restorations are cemented using self-adhesives resin
cements, a quick degradation occurs at the bonding interface [14,75]. In clinical studies [76,77], it was
also reported a high incidence of adhesive failure at the alloy-cement interface after a prolonged ageing
period. Nevertheless, PAN showed a robust bonding performance at baseline and a more attenuated
drop in SBS after thermocycling compared to all the others tested materials. This conclusion could find
its support and confirmation in several studies [78,79], which reported that the MDP monomer possess
excellent bonding to alloys such as Ag-Pd-Cu-Au. Indeed, it was possible that the high concentration
of MDP in PAN reacted chemically with Ag present in the AU alloy used in this study, so enhancing
the bonding performance both at baseline and after TC ageing. Interestingly, 3M-RES contains MDP
within its formulation but revealed inferior bonding ability when compared to PAN. This difference
might be attributed to the different quality of MDP as well as a different concentration but also to a
difference in their polymerisation initiation systems [57,70]. Therefore, in conjunction with the MDP
monomer, a possible improved polymerisation may have occurred in PAN, which resulted in superior
in improved bonding performance before and after TC ageing [80].

Conversely, the two glass ionomer cements tested in the current study showed comparable results
and these fractured during bond strength test prevalently in adhesive mode, both at 24 h and after
TC ageing; no significant difference between GC-GIC and PAN was observed after thermocycling.
Conventional GIC cements are characterised by a week tensile strength, fracture resistance and by the
absence of chemical bond with noble metal in alloys [81,82]. Conversely, the mechanical properties of
resin-modified glass ionomer cements (RMGIC) are generally greater than those of a conventional
GIC; the compressive strength of the RMGIC at 24 h after setting is lower than that observed in
conventional resin-free GIC [83]. However, it has been supported that the polyalkenoic acids present
in glass ionomer cements can react and create a chemical bond both with non-noble metals and with
the passive oxide layer that usually forms on the surface of metal alloys [84,85]. Conversely, a possible
explanation for the difference in bond strength between the two tested RMGICs after TC aging may
be attributed to the quality of the polymerisation and water sorption, exactly the same as mentioned
above for the lithium disilicate substrate.

In view of the results obtained in this study, the first null hypothesis of this study (that there
would be no difference in bonding performance between tested cements when applied on different
substrates) must be rejected. Moreover, the second null hypothesis that the thermocycling aging will
induce no significant reduction in the SBS of the tested cements applied on different substrates must be
also rejected.

5. Conclusions

This study demonstrated that there are significant differences in bonding performance between
modern self-adhesive resin cements and conventional resin-modified glass ionomer cements when
applied to prosthetic substrates such as zirconia, lithium disilicate ceramic and Au-Ag alloys.
Furthermore, when such cements are submitted to thermocycling aging a strong reduction in the
SBS occurs in all the tested cements. Hence, it is therefore possible to conclude that in order to
achieve reliable bond strength to different prosthetic substrates that were sand-blasted with alumina,
and etched with HF acid in case of glass ceramics, the use of modern universal resin luting cements
containing specific functional monomers and silane would be appropriate. Such modern cements may
be used for luting procedures in alloys without any metal primer application as an alternative to glass
ionomer cements. However, the dental industry should place further effort in the development of
such types of materials in order to generate luting cements with advanced resistance to degradation
and longevity.
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