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Abstract

Objectives Photo- and dual-polymerized resin—based luting agent was evaluated for elastic moduli effects on ultra-thin
lithium disilicate (LD) glass—ceramic strengthening, structural reliability, and stress distribution.

Materials and methods One hundred-sixty LD discs (IPS e.max CAD, Ivoclar/Vivadent) were produced in ultra-thin thick-
nesses (half with 0.3 mm and the other half with 0.5 mm). The ultra-thin ceramic disks were coated with two different cement
types (Variolink Veneer — V and Panavia F 2.0 — P). Two positive control groups were tested following hydrofluoric (HF)
acid etching (LDt3, LDt5) and two negative control groups were tested for untreated ceramic (LD 3, LD 5). Biaxial flexural
strength (BFS), characteristic strength (c0) and Weibull modulus (m) were the response variables (n =20) at the ceramic/
resin cement interface (z=0). Finite element analysis (FEA) was used to calculate maximum principal stress. Data were
analyzed using two-way ANOVA, and Tukey’s test. Scanning electron microscopy (SEM) was used to analyze the failed
specimens using fractography and surface morphology.

Results The BFS of LD at either thickness was not affected by cement types, as also demonstrated by FEA. Structural reli-
ability significantly improved in the positive control group (LDt5).

Conclusion The cementation of ultra-thin LD with a resin-cement of varying elastic moduli did not influence BFS. LD
surface modification by HF acid-etching increased the reliability.

Clinical relevance Ultra-thin anterior veneer designs made from lithium disilicate have been widely proposed and the appar-
ent success of LD ultra-thin veneers was not influenced by the cement choice in the current studies albeit the elastic moduli
luting agents used were of similar values.

Keywords Resin cement - Glass ceramics - Fractography, Flexural strength - Weibull analysis - Finite element analysis

Introduction

Thin restorations, such as laminate veneers, are considered
as a minimally invasive alternative type of restoration for
good clinical outcomes [1-3]. Their most advantageous
characteristic is minimal dental preparation, maintaining
the enamel, and better adhesion of the enamel/cement and
cement/ceramic interfaces [4]. One of the most popular
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used in the treatment of occlusal abrasion or mis-positioned
teeth [10].

In thin or ultra-thin restorations, the reduction in the pro-
portion between ceramic and cement agent thicknesses can
influence the veneers’ stress distribution and longevity [11,
12]. The thinner the material, the higher the bending, lead-
ing to the increase of tensile stresses on the ceramic, which
may lead to fracture [13]. In spite of that, previous studies
have shown that ceramic fracture may also occur due to the
polymerization shrinkage of the cement [14], the substrate
type [15] and ceramic thickness [16]. Concerning thin res-
toration, the elastic modulus of the resin cement plays an
important role in supporting the load generated by mastica-
tory forces and dissipating it to the dental tissue [13]. The
elastic modulus is a measure of the material’s ability to resist
elastic deformation under load, it makes an excellent meas-
ure of a luting materials capacity to transfer a load to a tooth
and allow for stress distribution. Therefore, the resin cement
absorbs stress [16, 17] and must present an intermediate
elastic modulus value, between dentin and the restorative
material [18-20] for stress distribution.

The mechanism of cement layer elastic modulus influence
on ceramics has been widely explored [21-25]. The authors
observed that an increase in the cement elastic modulus can
act as a stress sink, causing a positive effect on ceramics.
However, when considering different restorative material
elastic modulus, the variation between ceramic thickness and
flexural strength should be carefully evaluated to improve
clinical performance [21].

The effect of a dual or light-curing resin cement con-
cerning thin ceramic’s inability to deform when subjected
to masticatory stress is poorly understood. Thus, besides an
examination of the mechanical properties of the materials
involved, because each cement has its own chemical com-
position, the combination of an ultra-thin thickness with
cements of different activation modes indicated for the same
clinical conditions needs to be addressed. In reality, previ-
ous studies have addressed the problem of varying elastic
moduli [21-24, 26], but this concern in clinics could be bet-
ter translated into whether both the dual and photo polym-
erized cements can provide strong restorations. From these
standpoints, one clinically relevant question needs to be
answered: Can cements with distinct elastic modulus (dual
and light-cured modes) and different composition affect the
mechanical behavior of bonded LD glass—ceramic at ultra-
thin thicknesses?

Finite element analysis (FEA) has been widely used as a
mathematical solution to evaluate stress distribution and to
determine stress peaks on the ceramic or the cement [13,
20, 27]. With this mechanical tool, it is possible to iso-
late structures and investigate the biomechanical behavior
in different conditions. This study aimed to evaluate the
influence of resin cement elastic modulus on the flexural
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strength, structural reliability, and stress distribution of
simplified LD ceramic restorations at 0.3 and 0.5 mm
thickness. The hypothesis tested was that the higher the
resin cement elastic modulus/moduli and the thicker the
ceramic, the higher the flexural strength.

Material and methods
Specimens preparation

Lithium disilicate (LD) blocks (12 x 14 x 18 mm) (IPS
e.max CAD, Ivoclar Vivadent, Shaan, Liechtenstein)
were rounded by hand to produce a 12 mm diameter cyl-
inder using a silicon carbide (SiC) abrasive paper (#280,
#400, #600 #1200) in a polishing machine (EcoMet/
AutoMet250, Buehler, USA) under copious water lubri-
cation. The cylinders were sectioned to produce discs
of 0.5 or 0.3 mm thickness using a low-speed diamond
impregnated saw (Isomet 1000, Buehler, Lake Bluff,
Illinois, USA) under constant water cooling. The discs
were manually polished using SiC abrasive (#600, #800
and #1200) papers (Struers, Glasgow, UK) for 60 s until
achieving the final thickness of 0.3 £0.1 mm (n=80) or
0.5+0.1 mm (n=_80) measured using a digital micrometer
(Mitutoyo Corporation, Tokyo, Japan) with an accuracy
of to 0.001 mm.

All discs were cleaned in an ultrasonic bath with dis-
tilled water and crystallized according to the manufac-
turer’s instructions. The discs were placed on a crystalli-
zation tray (groups of six each time) and the firing cycles
were conducted in a Programat EP 5000 (Ivoclar Vivadent,
Shaan, Liechtenstein), using the following programme:
Stand by temperature: 403 °C; Closing time: 6 min; Heat-
ing rate: 90 °C/30 °C; Firing temperature varying from
820 to 840 °C; Holding time: 10 s to 7 min; Vacuum:
550 °C/820 °C); Vacuum off: 840 °C; Cooling: 700 °C to
room temperature.

Two resin cements were chosen for the specimen cemen-
tation in this study. The variation in elastic modulus and
curing mode were the criteria for the resin cement selec-
tion. The cements were Variolink Veneer (Ivoclar Vivadent,
Schaan, Liechtenstein) and Panavia F (Kuraray, Osaka,
Japan). A total of 160 ultra-thin ceramic discs were produced
and randomly distributed into the eight groups (n=20):
Variolink Vener (V), Panavia F (P), negative control (LD)
positive control (LDt). Materials information are summa-
rized in Table 1, although the elastic moduli of the two
cements were provided by the manufacturers. Subsequently
the elastic moduli were determined experimentally using a
non-destructive and dynamic device, based on the impulse
excitation technique.



Clinical Oral Investigations (2023) 27:787-796

789

Table 1 Brand name, manufacturer, composition, filler weight (wt.%) and volume (vol.%), elastic modulus (GPa) and the Poisson ratio of the

cements used

Brand name Manufacturer Composition

Filler loading Elastic modulus (GPa) Poisson ratio

Panavia F 2.0 Kuraray, Osaka, Japan Paste A:

10Methacryloyloxydecyl dihydrogen phos-

78 wt.%
59 vol.%

10.19+0.6 0.30

phate (MDP), hydrophobic aromatic dimeth-
acrylate, hydrophobic aliphatic methacrylate,
hydrophilic aliphatic dimethacrylate,
silanated silica filler, silanated colloidal
silica, DL-camphorquinone, catalysts, initia-

tors, others

Paste B: Sodium fluoride, hydrophobic
aromatic dimethacrylate, hydrophobic
aliphatic methacrylate, hydrophilic aliphatic
dimethacrylate, silanated barium glass filler,
catalysts, accelerators, pigments, others

Variolink Veneer Ivoclar Vivadent,
Schaan, Liechten-
stein ments

Dimethacrylates, inorganic filler, Ytterbium
Trifluoride, Catalysts and stabilizers, Pig-

60.1 wt.%
40 vol.%

8.33+0.9 0.30

Elastic modulus

To investigate the resin cements elastic moduli, three exci-
tations were used to determine the flexional frequency. The
pastes of Panavia were manually homogenized, then both
cements were placed in a rectangular silicon matrix, light-
irradiated with a light-emitting-diode (LED) light curing
unit (LCU) operating at 1100 mW/cm? (Radii Plus, SDI Ltd.,
Bayswater, Victoria, Austrélia) for 60 s at three points along
the bar for a total irradiation time of 180 s. For these meth-
ods, bar-shaped specimens were cut and polished (#600 and
#1200) until the final dimensions of: 40X 10X 2 mm. The
bars (n=2) were positioned on Sonelastic® (Atcp Engenha-
ria Fisica, Sdo Carlos, Brazil), a non-destructive, dynamic
device, based on the impulse excitation technique. The bars
were weighed on an analytical scale (Shimadzu AY220) and
measured with a digital pachymeter (Mitutoyo) and the data
were inserted in the system’s software. The Sonelastic®
uses the sound emitted by the specimen when receiving a
low mechanical stimulation, generating an acoustic response
through natural vibration frequency proportional to the elastic
modulus of the material (ASTM E1876-09) [28]. The Pois-
son ratio, the ratio between axial and transverse deformations,
that is a necessary property for the FEA was also calculated
by the software.

Surface treatment and cementation

Groups (n=20) were distributed according to the ceramic
thickness (0.3 or 0.5 mm) and cement elastic modulus. For
the resin luted specimens, prior to cementation, the ceramic
bonding surfaces were treated with 5% hydrofluoric (HF)
acid etch (Férmula & Acdo, Sdo Paulo, Brazil) for 20 s,

rinsed with distilled water for 40 s and air-dried with oil-
free compressed air for 60 s. In sequence, the specimens
were silane treated (Monobond N, Ivoclar-Vivadent, Schaan,
Liechtenstein), a thin coat of Monobond N was applied with
a microbrush to the surfaces of the pre-treated discs, the
material was allowed to react for 60 s; subsequently, it was
dispersed to remove any remaining excess with a strong
stream of air. Then, the groups were cemented according to
the cementing agent: for Panavia F 2.0, the catalyst and base
were manually mixed in equal proportions and applied onto
the center of the treated ceramic disc. While for Variolink
Veneer, the resin cement was directly applied to the treated
surface. A mylar sheet, whose thickness was previously
measured and discounted, was then compressed against the
cement layer by the plates of a micrometer (Mitutoyo Cor-
poration, Tokyo, Japan) that had been previously reset, to
guarantee 100 um thickness [29]. The excess of the cements
was carefully removed from the sides of the specimen and
the set was light irradiated laterally with the LED LCU at
four points for 20 s from four different directions [29]. Fur-
ther, 20 s irradiations were obtained after the specimen was
removed from the micrometer to ensure the polymerization
of the cement at the center of the disc and stored in distilled
water at 37 °C for 24 h before testing and analysis.

Biaxial flexural strength (BFS)

For the BFS test (ISO 6872) [30], the specimens were placed
in a circular metal base with three balls of 3.2 mm diameter,
equally distant from each other. The device for testing was
placed in the universal testing machine (Emic DL-1000,
Emic, Sao José dos Pinhais, PR, Brazil), aligned with respect
to the piston to ensure that the loading was symmetrical and
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concentric. During the flexural test, the assembly was put in
distilled water at a constant temperature of 37 °C. A flat tung-
sten piston (= 1.6 mm) was used to apply an axial load at a
crosshead speed (1.0 mm/min) until ceramic fracture, the load
for the fracture of the sample was recorded. According to the
guidelines of ISO (6872) [30], the BFS (MPa) of the speci-
mens from the control group monolayers (no cement layer)
was calculated according to the following equation:

X-Y)
- (1

o =—0.2387P

where o is the maximum tensile stress P is the total at frac-
ture (N), X is the Poisson ratio, Y the elastic properties of the
material and b is the specimen thickness at fracture origin.

For cemented samples, the biaxial stress was calculated
according to analytical solutions described and tested by
Hsueh et al. (2006) [31]. Thus, the BFS of the bilayered
luted specimens was calculated at the central z-axis posi-
tions, where z =0 was the ceramic/resin cement interface,
and z =-t2 was the point at which the tip of the device
touches the resin cement, as can be seen in the following
equations, respectively:

z=0
_ —EG-z)P a\ple <2 la (2)
o1 = Sﬂ(ll—ul)D*{l +2in <c> + I+v [1 2(42] Rz}
In which o' is true for (0 < z < t, and r < c).

7z =—t2
_M{1+21n <%)+ﬂ[l_i]i} ©

02 = 87r(l—112)D>:< 140

In which 67 is true for (1, <z <t and r < c). P is the
maximum load to fracture, a is the radium of the supporting
circle, c is the piston radium, R is the specimen radium, r is
the distance on the x-axis of the center of the disk, and z is the
positioning of the interface on the y-axis.

Besides those, z* (Eq. (3)), D*(Eq. (4)) and v (Eq. (5)),
respectively corresponding to the neutral plane, the rigidity
under flexure and the Poisson ratio of the bilayered specimens
were determined.

E 8 E,f 2
.0 iy T Enn/(1-0)
= “
E E,i3
(1-v}) * (1-%)
D e Ef E, Eytity(t, + 1)
3(1-02)  3(1-0%) 1-0?
E P EP NE (®)]
[2(1—12%) 2(1—;5) +Eytity/ (1= DZ)]

Et 2
) +Eyy/(1-0%)
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The elastic modulus (E1) and Poisson ratio (v1) of the LD
glass ceramic and resin cement (E2 and v2) were previously
calculated (Table 1). In addition, t1 represents the ceramic
thickness, while t2 represents the resin cement thickness.

The BFS data were then checked for homoscedasticity
and analyzed through a two-way ANOVA (cement X ceramic
thickness), and paired Tukey test (a=5%). (MINITAB for
Windows, version 17, Minitab, Inc.). In addition, Weibull
analysis [32] was used to evaluate for a calculation of fail-
ure probabilities using maximum likelihood estimation, in
which the overlapping of confidence intervals (IC=95%)
represented no statistically significant differences between
groups.

Finite element analysis (FEA)

The experimental conditions were also analyzed through
FEA. The models were created using a modeling software
(Rhinoceros 5.0—McNeel North America, Seattle, WA,
USA), according to the experimental setup (Fig. 2) and
exported in STEP format for the structural analysis.

Structural static analysis was performed using Ansys
19R2 (ANSYS Inc, Houston, TX, USA) software. The
mechanical properties of Elastic modulus (GPa) and Pois-
son ratio for Stainless steel and IPS Emax CAD were 210
GPa, 0.30 (ANSYS Database), and 95 GPa, 0.23 (Ivoclar/
Vivadent), respectively. For the cements under study (Pana-
via F 2.0 and Variolink Veneer), these values were obtained
using the Sonelastic device (Atcp Engenharia Fisica, Sdo
Carlos, Brazil), as previously described. All materials were
considered elastic, isotropic, and homogenous.

The contact between cement and ceramic was considered
perfectly bonded whereas, between the cement and the metal
base, a coefficient of friction of 0.12 was assumed. The mod-
els consisted of tetrahedral elements, resulting in a total of
280,464 elements and 750,702 nodes, for the 0.5 mm thick
ceramic and 294,877 elements and 530,640 nodes for the
0.3 mm thick ceramic.

The discs were loaded a 75 N load, using a similar tip
used in experimental test, compressing a 0.44 mm? area of
the top of ceramic, and constrained in three axes at the base
of three spheres. A static structural analysis was performed,
and the maximum principal stress was considered as failure
criteria, as usually chosen to brittle materials analysis.

Mode of failure analysis
All failed samples were analyzed under stereomicroscopy

(Discovery V20, Carl-Zeiss, Gottingen, Germany) and
Scanning Electron Microscopy for failure origin inspection.
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Samples were gold-sputtered and inspected under SEM
(Inspect S50, FEI—Tchech Republic) imaging with different
magnifications using a secondary electron detector (ETD).

Results
Elastic modulus

The mechanical properties of Elastic modulus (GPa) of the
two cements analyzed were 8.33 +0.9 for Variolink Veneer,
and 10.19+0.6 for Panavia F 2.0.

Biaxial flexural strength (BFS) and Weibull statistical
analysis

The results are presented in Table 2 for ceramic discs (coated
and without coating) in two thicknesses of 0.3 and 0.5 with
confidence intervals (CI) of 95%. For the bilayered speci-
mens, the values considered were at Z=0 (the ceramic/resin
cement interface).

For the BFS data, a two-way ANOVA revealed that the
type of treatment was associated with ceramic strength
(p=0.000), but the ceramic thickness did not (p =0.214). It
was observed that thickness and treatment interacted signifi-
cantly to influence specimen behavior (p =0.004).

The mean BFS of disc samples tested no-acid etching
(Negative control) LD3 was 412.37 +90.94 MPa and sig-
nificantly different from the thicker unetched group (LD5)
also from positive control groups (LDt3, LDt5) (Table 2).
A notable improvement in mechanical reliability (m) of
15.77 £ 11.24 was observed in the positive control group
LDt3, although flexural strength was not significantly differ-
ent when compared to the thicker positive control group LDt5.

Regarding the cemented groups (V5,V3, P5, P3), a sig-
nificant decrease of the flexural strength in all groups com-
pared with control groups was observed. The P3 group had
the lowest biaxial flexural strength numerically (). The 95%

confidence intervals of the Weibull moduli overlapped, indi-
cating that the reliability of fracture strength data was not
significant for cemented groups. Figure 1 shows the Weibull
graph for all groups.

FEA

Schematic illustrations of the specimens of 3-D FEA replicating
the BES test are represented in Fig. 2. Compressive (negative)
stresses were noticed at the ceramic surface in contact with
the supports for the flexural testing. Higher tensile (positive)
stress concentration occurred on the surfaces of the ceramic
and cement agent that face the bottom ring (on the center of all
the samples), as expected in this type of testing. The ceramic
thickness was the main factor affecting the stresses distribution
numerically. The maximum principal stresses observed were
in the thinner groups (LD3/V3/P3). For the cement factor, the
difference was less than 10%. Figure 2 shows that stress distri-
bution (StD) was concentrated in the center of samples, below
load point and the maximal principal stress peak (MPSp) and
StD at the tension ceramic surface.

Both MPSp and StD were higher to 0.3 mm than 0.5 mm
with or without cement. Although Variolink Veneer has
shown MPSp numerically higher than Panavia F 2.0, the val-
ues were less than the values obtained to mesh convergence.

FEA has not shown similarly in vitro behavior when both
ceramic thicknesses were compared, the effect of the differ-
ent elastic modulus of cements used was similar and unable
to increase the flexural strength of samples.

Bullet Failure mode

Representative images of the SEM fractographic analysis are
shown in Fig. 3. Failure was not induced by contact damage
on the compressive surface. In the non-bonded specimens
(control group), the failures started at the tensile side of the
ceramic. For all bonded samples, the crack started from the
defect at the tensile side of the ceramic, close to the interface

Table 2 Mean biaxial flexural
strength (o), characteristic
strength (o, ), and Weibull

Group

o /+SD strength (MPa)

Gy m
(MPa)

moduli (m) with Confidence
Intervals (CI) of 95% of
monolayers groups (LD3/LD5/
LDt3/LDt5) and cemented

Negative Control LD3
Negative Control LD5
Positive Control LDt3
Positive Control LDt5

412.37 (90.94) A
354.14 (78.06) B
336.00 (26.80) B

4.95 (3.60-6.85) *
5.36 (3.74-7.67) B
15.77 (11.12-22.36) €

447.95 (408.00-491.85)*
383.95 (352.31-420.61)°
347.65 (337.62-357.96)¢

groups (V3/V5/P3/P5) at Axial

position z=0. Numbers in V3
parentheses refer to standard Vs
deviations
P3
P5

315.64 (33.27) B:€
274.22 (46.81) &P
275.00 (51.88) &P
240.52 (38.05) P

274.16 (50.35) &P

329.46 (317.00-342.41)°
294.01 (273.00-316.65)°
296.05 (273.82-320.08)°
256,34 (241.26-272.35)"
293.84 (275.79-313.06)°

11.95 (8.51-16.79) P
6.27 (4.52-8.68) £
5.94 (4.26-8.27) F
7.63 (5.37-10.84) E
7.24 (5.00-10.47) B

ACB Means and Standard deviation in rows followed by the different capital letters are considered statisti-
cally different from each other (p>0.05). Distinct letters and symbols in each column indicate significant
differences between groups
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Fig. 1 Failure Probability
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(LD3/LDS5) and cemented
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peak
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(Fig. 3). In most cases, the cements seemed to have filled
up the irregularities of the ceramic surfaces; however, in the
group with the higher elastic modulus (P3/P5), some gaps
were found between the ceramic and the cementing agent
layer (Fig. 3C).

Discussion

This study evaluated the influence of two resin cements with
varying elastic moduli on the flexural strength, structural
reliability, and stress distribution of LD ceramic restorations
at two ultra-thin thicknesses.

Previous studies [21-24, 26] have demonstrated the
effects of different resin cements with varying elastic moduli
on the flexural strength of various ceramics. However, the
main concern regarding the impact of cementation on ultra-
thin ceramic thickness has hardly been addressed. Although
thinner thicknesses are more prone to deflection, there is, to
some extent, a compensation provided by high elastic modu-
lus cements for preventing fractures [22]. It is also important
to mention that the mode of activation of the cements in
the present study was different, as well as their composition
(microstructure and amount of inorganic load present in the
resin matrix).

In Table 2, the mean BFS and associated standard devia-
tion for the negative controls (polished surfaces) were higher
for the 0.3 mm thick LD specimens compared with the more
voluminous 0.5 mm disc-shaped specimens. This effect is
a result of the increased likelihood for large defects to be
included in the larger specimens in line with the weakest link
in the chain concept proposed by Weibull in 1951 [32]. In
addition, the positive control groups highlight a similar trend
for increasing mean BFS and associated standard deviation
for the 0.3 mm samples compared with the 0.5 mm thick-
ness samples. The reduction in the mean BFS and associated
standard deviation for the positive control compared with
the negative control for all thicknesses was associated with
the HF acid etching the glass in the LD restorative material
manifest as increased surface tortuosity with the associated
reduction in the mean BFS and associated standard devia-
tion. Resin cementation would be expected to increase the
mean BFS and associated standard deviation of the bilay-
ered specimens. However, this effect was not observed in the
current study possibly owing to delamination being evident
following testing the bilayered specimens. A similar result
was produced by Addison et al. [33] when applying resin-
based luting agents to polished surfaces. It is proposed that
a rougher interface would have allowed the resin-ceramic
hybrid layer to become active and produce the expected
increase in mean BFS and associated standard deviation
indicative of resin luting LD ceramics.

In the present study, two commercially available resin
cements with different composition were selected: Variolink
Veneer which is free from adhesive monomers and Panavia
which is a dual cement that contains the adhesive monomer
10-MDP. They behave, therefore, differently in water. After
24 h, there were no significant differences in BFS among the
bilayer groups (V3,V5,P3,P5), suggesting that the greatest
difference should occur immediately after curing, but these
differences tend to disappear after storage in water (which
may be due to residual polymerization or a plasticizing effect
by water absorption) [34]. A thermal-cycling period was
not used in the current investigation (all samples were kept
in distilled water for 24 h before being tested), although the
samples coated with Panavia F (P3/P5) seemed to present
early hydrolytic susceptibility [35].

In addition, to the profound effect of HF acid etching on
the surface modification of glass ceramics, a residence flaw
population has been shown to affect the fracture strength
and reliability of thin laminate porcelain restorations [36].
Despite using a different glass ceramic (lithium disilicate)
and HF at a low concentration (5%) in the current study, a
statistically significant trend towards an increased Weibull
modulus was observed in the uncoated/etched groups (LDt3/
LDt5) showing that acid etching modified surface flaws. In
contrast, the cemented groups (V3, V5, P3 and P5) showed
a different pattern, suggesting that interpenetration of resin
on the surface of the specimens did not affect crack healing
as much as expected, showing a decrease for the structural
reliability.

Regarding the thickness of the specimens, the present
study showed that it did not statistically influence the BFS of
cemented groups (Table 2), agreeing with results highlighted
by De Angelis et al. [3]. These findings contradict the results
obtained by Ge et al. [16] and Sasse et al. [10], in which the
groups with higher thickness presented higher resistance,
adding to the fact that the thicker groups adhered to dentin
also presented superior results when compared to thinner
groups. When one considers the non-cemented specimens,
however, a lower BFS of thicker specimens was observed,
which agrees with the idea that an increase in the volume of
the specimen increases the number of possible defects and
affects the structural homogeneity Weibull modulus of the
material (Table 2).

When the experimental conditions were evaluated
through FEA, it was observed that with a load of 75 N,
the maximum principal stress values of the cement with
the lower elastic modulus (Variolink Veneer) were numer-
ically superior (Fig. 2). From this standpoint, it can be
affirmed that the stresses concentrated in the cement layer
were numerically higher and reduced the stresses transmit-
ted to the ceramic. However, FEA revealed no significant
difference in the flexural strength when varying the resin
cement, which corroborated the laboratory results. Thus,
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«Fig.3 SEM images of fractured surfaces for all groups tested (A) LD
3, (B) LD 5 (C) P3; (D) P 5, (E) V3, (F) V5, (G) LDt3, (H) LDt5
respectively, where the arrows show the fracture origin and letter H
represents Hackles. In all bilayer groups, the origin of the fractures
was in the ceramic

other factors, such as the cement filling of the defects on
the ceramic surface and even the shrinkage of the cement
(which may favor the healing of cracks) could account for
the difference found in other studies because the materials
were considered without defects. Therefore, future studies
should address the evaluation of other cement and ceramics
(at various thicknesses) in thin restorations, especially ones
tailored to receive higher masticatory loads in posterior
teeth.

Failure origin can vary depending on sample geom-
etry, stress circumstances, and material characteris-
tics. This present study has analyzed the influence of
the elastic modulus of the cement layer on the behavior
of a restorative material (LD) in two ultra-thin thick-
nesses (0.3 and 0.5 mm). Fractography analysis provided
additional insight into the description of varying elastic
modulus of the cement, resulting in no difference in the
cemented groups. Even when testing cement agents with
higher elastic modulus, the failure origin was located at
the ceramic structure of the bilayer’s samples rather than
at the cement layer, different from what was expected.
In this scenario, the load required for fracture was not
increased, consequently, the stresses towards the LD have
not been difficult in finding flaws to initiate the crack; it
seems that the cement with higher (E) did not evenly fill
up the etched ceramic surface.

Limitations of the present study are the absence of long-
term and thermal cycling aging for bond degradation (bond
hydrolysis), the use of a simplified model to mimic posterior
restorations (disc-disc set-up), and the absence of sliding
movement during cyclic loading application.

Conclusion

Despite the limitations of this study, it was concluded
that resin cements of varying elastic moduli, photo- or
dual-polymerized, did not lead to increased BFS of LD
glass—ceramic on ultra-thin thicknesses albeit the elastic
moduli employed differed by only 10% (8.33 0.9 for Vari-
olink Veneer, and 10.19 +0.6 for Panavia F 2.0). A signifi-
cant increase in the structural reliability (Weibull modulus)
of an ultra-thin LD ceramic has been demonstrated from
HF acid-etching, showing that greater influence exists of
surface flaw modification after HF acid-etching. Based on
the observed failure modes, the crack origin was always on
the ceramic tensile surface.
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