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Effect of zirconia
substructure thickness
on the mechanical
properties and adhesion
of veneering porcelain

Daniel Lungareze', Giovanni Cunha? Eduardo Mariscal
Mufioz?, Renata Garcia Fonseca®, Gelson Adabo®”

Aim: This study investigated the influence of yttrium-stabilized
tetragonal zirconia polycrystals (Y-TZP) thickness on fracture
load of porcelain-veneered crowns (FL), fracture toughness of
porcelain (FT), and the shear bond strength zirconia/porcelain
(SBS). Methods: Artificial first molar was prepared for full
crown (N=45) with different occlusal reduction. Y-TZP cores
were made with different thickness at the occlusal face
{1mm, 2mm and 3mm) (n=15). The cores were veneered with
VM - Vita porcelain with 1.0 mm layer. For FL testing, axial
load was applied to the mesiolingual cusp of the crowns.
For FT testing, flat Y-TZP plates (5X5 mm) with 1, 2 or 3 mm
thickness were veneered with 1.0 mm porcelain layer (n=10).
FT by indentation fracture technique was measured close 1o
the interface and at the top surface. For SBS by knife-edge
shearing rod, cylindrical porcelain with 5 mm in diameter
and 3 mm was applied on flat Y-TZP plates (1, 2 and 3 mm
thickness) (n = 10). Results: Data analyzed by 1-Way ANOVA
for FL of crowns and SBS between Y-TZP and porcelain were
not significant. Two-way ANOVA for FT was significant for
zirconia thickness and measurement area. The post-hoc
test showed higher values for the groups with 2 and 3mm,
and higher values at the interface, irrespectively of Y-TZP
thickness. Conclusion: The zirconia thickness did not affect
the FL of veneered crowns and the SBS between the ceramics,
but FT of porcelain was lower in thinner zirconia substructure
and close to the interface Y-TZP/Porcelain.
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Introduction

The success of yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP) for dental
prosthesis relies on its high mechanical performance, biocompatibility and esthetics,
and its use as substructure has been increased substantially in the last decade. Clin-
ical studies have shown high survival rates of zirconia substructure, but chipping of
veneering porcelain is the most common failure™. The survival rate of 93,2% was
observed in crows and fixed partial dentures, made by Y-TZP framework, for period of
41,5+_31,8 months, the success rate was 81,63% with a minimum framework fracture
of 2,7%3. Conversely, traditional porcelain fused to metal has shown survival rate of

97,6% against 95,2% for zirconia, in a 36,5+-6 months of evaluation®.

It is speculated that a possible cause of porcelain chipping in zirconia-based resto-
rations is related to an improper core support to the porcelain, that is the weakest part
of the system. The CAD-CAM coping design usually is made with a constant thickness
once it is easier to fabricate, and it demands an inhomaogeneous thicknass of porce-
lain to build crown anatomy. However, thicker porcelain should be avoided because it
may decrease the veneer mechanical resistance®*'*. To reduce veneer chipping and
delaminations it has been proposed a modified coping design for zirconia-core to pro-
vide a relatively constant space to the porcelain, improving the clinical performance of
zirconia-based prosthesis*®11+7&

Another issue is the relationship among thermal properties of Y-TZP and porcelain,
which include coefficient of thermal expansion (CTE), thermal conductivity and dif-
fusivity, and thermal tempering residual stress™. It was demonstrated that the CTE
of porcelain must be lower than the substructure, but the mismatch must be mini-
mum?. When the difference between CTE of core and veneer is negative, delamina-
tion of the veneer may occur. On the other hand, if the CTE of porcelain is much lower
than Y-TZP core, cracks may initiate because of residual thermal stresses developed
during cooling?'. Y-TZP balance from temperature sintering to room temperature is
slow, because it conducts heat substantially lower than veneer porcelain®. It results
in temperature gradient during cooling, which is claimed as one of the causes for
porcelain chipping®. These failures incidence is not found at the same rates in por-
celain fused to metal prosthesis, possibly due to the higher thermal conductivity and
mechanical properties of metals. The explanations based on the difference between
properties of Y-TZP and metal substrates makes sense if it is considered that there is
no significant difference among the mechanical properties of porcelain for metal or
Y-TZP substructures?.

The residual thermal stresses exist irrespectively of external load and may be benefi-
cial if it is a compressive tension, once it works against the initiation and the propaga-
tion of cracks. However, the compressive stresses are concentrated up to the deep of
16% of the thickness, while the internal bulk is under residual tension stress?. Thus,
the residual stresses distribution change from the surface to the inner and it is gen-
erated by the thermal gradients that are driven by thermal properties of the ceramic
materials, their thicknesses and cooling rate? 22, A slow cooling allows the relieve
of part of the stresses above the porcelain Tg because of the viscoelastic behavior of
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the porcelain, but in a fast cooling rate the stress relaxation above the Tg is not com-
plete, because the porcelain will stay in the viscoelastic state for a very short period’®.
On the other hand, slow cooling increases the risk of adhesive delamination®.

Taking into account that higher thickness of the anatomical core design may transfer
heat slower than a thinner core, it is speculated if a slower cooling would have some
effect on the veneer porcelain or adhesion between core and veneer. The aim of this
study is to test the null hypothesis that there is no effect of Y-TZP thickness in: frac-
ture load of veneered crowns; fracture toughness of veneer porcelain; and adhesion
between Y-TZP and porcelain.

Materials and Methods

Fracture load of veneered crowns

For the fracture load of veneered crowns, a impression (Impregum F, 3 M ESPE,
Seefeld, Germany) was taken to reproduce an artificial upper first molar as a guide-
line for the toath preparation, and as an index to aid the coping wax-up and porcelain
stratification. To simulate anatomical design, three different occlusal reductions were
made to produce core designs with variables thickness of Y-TZPF in which it would be
applied a fixed thickness of veneer porcelain (1.1 mm). The tooth was prepared with
a reduction with 1.2 mm proximal walls, 6 degrees of convergence angle and 1.0 mm
deep chamfer. The occlusal surface reduction was 2.1 + 0.1 mm, to produce space
necessary for 1,0 mm Y-TZP core and 1.7 mm porcelain veneer. Subseguently, the
occlusal reduction was increased to 3.1 + 0.1 mm (2.0 mm Y-TZP core and 1.1 mm
veneer). Additional T mm occlusal reduction was performed reaching 4.1 £ 0.1 mm
(3.0 mm Y-TZP core and 1.1 mm veneer). After each occlusal reduction it was taken
impressions (Express XT - 3M ESPE) to reproduce the respective tooth preparations.
The impressions were poured with Type IV gypsum (Elite Rock, Zermack) to produce
the master dies for the groups G1 (1 mm occlusal core thickness), G2 (2 mm occlusal
core thickness) and G3 (3 mm occlusal core thickness).

The dies were scanned by Ceramill Map400 (Amann Girrbach AG— Koblach, Austria).
Wax patterns were carved to produce thickness of 0.6 mm in the axial walls, and differ-
entthickness in occlusal area: G1: 1 mm; G2: 2 mm; G3: 3 mm. It allowed 1.0 £ 0.1 mm
of free space for the porcelain on the occlusal face in the three groups. A second
scanning process was performed on the waxed dies to design the cores with different
thickness at occlusal face in the software Ceramill Mind (Amann Girrbach) (Figure 1).
The cores were milled in Ceramill Motion Inhouse machine (Amann Girrbach) in Y-TZP
Ceramil ZI block (Amann Girrbach), which were sintered in Ceramill Therm oven
(Amann Girrbach) according to the manufacturer's directions. Fifteen Y-TZP speci-
mens were fabricated for each group.

The porcelain Vita VM9 (VitaZahnfabrik, BadS&ckingen, Germany) was hand-made
layered. The cores were steam-cleaned and a washbake firing was carried out. The
powder base dentine (VM9) was mixed with Vita Modelling Liquid (VitaZahnfabrik)
and the slurry was applied to the Y-TZP core driven by the silicone index, to standard-
ize the crown anatomy and thickness of the veneer. A second poreelain firing was
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Figure 1. Example of the core with 1.0 mmthickness at occlusal face designed in the Ceramill Mind software

performed to correct the dental anatomy, and the glaze Vita Akzent (VitaZahnfabrik)
was applied after finishing with diamond burs.

The internal part of the crowns was filled with epoxy resin with a 10 mm extension
beyond to the marginal area that was embedded in a PVC ring. The compressive frac-
ture load was applied on the mesiolingual cusp by means of 6 mm diameter stain-
less steel, in MTS Universal Mechanical Testing Machine Model 810 (Material Test-
ing Systems, St. Paul, MN), at a rate of 1 mm/min up to fracture. The failure modes
were examined in stereomicroscope (M80; Leica Microsystems Lid, Heerbrugg,
Switzerland) at x20 magnification, and they were classified as cohesive, adhesive or
combined. Fractured samples were analyzed under scanning electron microscope
(Jeol JSM-7500F-SlI, Sony, Japan).

Apparent fracture toughness of the porcelain

To the apparent fracture toughness of the porcelain by indentation fracture tech-
nigue square plates (5 x 5 mm) of the Y-TZP (Ceramil ZI block - Amann Girrbach)
were cut with 1, 2 and 3 mm thicknesses, and the porcelain was applied with uniform
thickness of 1.1 mm (N=30), following the firing procedures described before. The
specimens were embedded in polymethyl methacrylate (PMMA) with a lateral face at
the top surface. The specimens were ground in a polishing machine (Metaserv 2000,
Buehler, Buehler UK Ltd., Coventry, United Kingdom) with sequential SiC paper up to
#4000-grit (Norton Abrasivos, Sao Paulo, SP, Brazil). Three indentations were made
close to de interface Y-TZP/porcelain and three close to the top surface of porcelain,
using a Vickers hardness tester Micromet 2100 series (Buehler, Lake BIuff, IL, USA),
with 9.8 N load and 20 s dwell time. Fracture toughness was calculated according to
the standard ASTM C 1421-99, based on the Vickers hardness number, length of the
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cracks growing from the indentation corners, and porcelain Young's modulus. The
Young modulus of the porcelain VM9 was taken from Belli et al.2%. The crack measure-
ment was performed 30 s after the indentation to standardize the moment of crack
growing. Fracture toughness calculation was carried out according the equation 1,
where K is the fracture toughness (MPa.m'?2), E is the Young modulus (GPa), P is
the hardness test load (N), H is the Vickers hardness number (VHN) and C is half of
diagonal of indentation crack (m). Mean values of three measurements at interface
Y-TZP/porcelain and porcelain surface were calculated for each specimen (N = 30).

K_.=0,016 (£) X (i)
[ H C

Zirconia square samples (5 x 5 mm) with 1, 2 and 3 mm were prepared as described
above. After wash bake layer firing, a cylindrical metal mold (5 mm in diameter and
3 mm in height) was seated on the surface to build the porcelain layer following the
technigue described before (n=10). After firing cycle, the Y-TZP segment of the speci-
men was embedded in PMMA, keeping the Y-TZP/porcelain interface at the resin sur-
face level. The shear bond strength test was performed at the interface by knife-edge
shearing rod. Load was applied parallel 1o the long axis of the specimen in a universal
testing machine (DL 2000, EMIC, S&o José dos Pinhais, PR, Brazil) - 5.0 kN load cell at
a crosshead speed of 1.0 mm/min.

Equation 1

Shear bond strength test

Statistics

Statistical analyses for fracture load of veneered crowns and shear bond strength
were performed by one-way ANOVA (a<0.05). For fracture toughness two-way ANOVA
was performed for the variables Y-TZP thickness and measurement region (a<0.05).

Results

The means and the standard deviations of fracture load of veneered crowns (N) and
shear bond strength (MPa) are shown in Table 1. One-way ANOVA for fracture load of
veneered crowns was not significant (F,;,=0.556, p<0.58). Irrespectively of the core
thickness all fractures were cohesive mode in the porcelain, with cracks initiating
from the contact area (Figures 2, 3 and 4). One-way ANOVA for shear bond strength
(F,,-=0.818, p<0.42), was not significant. The two-way ANOVA for fracture toughness
(Table 2) was significant to the variables Y-TZP thickness and measurement region
(close to the interface Y-TZP/porcelain or porcelain top surface), but it was not sig-

Table 1. Mean and the standard deviation of fracture load of veneered crowns and shear bond strength

G1 G2 G3
Fracture Load 1979 +486.3 N = 2266+ 8169 N® 2316+ 6729 N®
Shear Bond Strength 18.5+2.44 MPa* 15.6 + 3.80 MPa:® 17.1 £3.17 MPa

* Same letter in row indicates no significant difference among groups (p<0.05).
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Figure 2. Scanning Electron Microscope image of fracture surface of veneered crown G1

SH 12k  WD15mm S ' x27 500 pm  S—
Sample 0000 26 Jun 2014

Figure 3. Scanning Electron Microscope image of fracture surface of veneered crown G2

nificant for the interaction Y-TZP thickness X measurement region. For measurement
region, FT at the top surface of porcelain was higher than at close to the interface
Y-TZP/Porcelain. The post-hoc Tukey HSD test showed FT mean values of porcelain
of the groups G2 and G3 were not different, but they were higher than that of the
G1 (Table 3).
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Figure 4. Scanning Electron Microscope image of fracture surface of veneered crown G3

Table 2. Two-way ANOVA for fracture toughness with respect to core thickness and measurement
region variables

Type Il Sum Mean

Source of Squares df Square F Sig.
Y-TZP Thickness 0.876 2 0.438 6.588 0.03
Measurement Region 0.353 1 0.353 5.305 0.025
Interaction 0177 2 0.089 1.334 0.272
Error 3.590 54 0.006

Total 174.340 60

Corrected Total 4.996 59

Table 3. Mean and the standard deviation of Fracture Toughness (MPa.m"?) of porcelain at interface
Y-TZP/Porcelain and at the top surface of porcelain

Interface Y-TZP/Porcelain Top surface of porcelain
Gl 1.53 + 0.19 MPa.m"/2 =& 1.49 + 0.22 MPa.m'/20&
G2 1.90 + 0.30 MPa.m'/224 1.60 + 0.32 MPa.m'/284
G3 1.84 + 0.29 MPa.m'/2:4 1.72 +0.19 MPa.m'/2¢4

Same lowercase letter in row indicates no significant difference, and same uppercase in column indicates no
significant difference (p<0.05).

Discussion

The null hypothesis was partially accepted once the Y-TZP thickness did not influence
the maximum fracture load of veneered crowns and bond strength between Y-TZP
and porcelain. However, it was not accepted with regard to the fracture toughness of
the porcelain because it varied according Y-TZP thickness, and measurement region.
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The expectation was that the different Y-TZP thicknesses could interfere in some
properties of the porcelain because of the low thermal diffusivity and conductivity
of Y-TZP. Mainjot et al.Z commented that during cooling the thermal gradient can
exceed 200°C in samples with a typical thickness (0.7 mm) from the surface to the
crown inner, and it is possible that the temperature may exceed the glass transition
temperature (Tg) of the veneer in some area, locking stresses into the porcelain?.

Non-anatomical core designs were not evaluated in this study, but the disadvantages

A thicker porcelain layer may generate more intense residual stresses, because
of the thermal properties of core and veneer, and the correspondent no uniform
temperature gradients.

Irrespectively of the effects of those thermal gradients, a thick layer of the por-
celain should be avoiding because it per se reduce the veneer resistance?® 21378,
because if the veneer porcelain is thicker its brittleness may determine the chip-
ping and fracture behavior'. It seems that it is consensual that an anatomical
core design that keeps the porcelain layer uniform and adequately supported by
the core is desirable, but the variation of core thickness introduces some new
concerns, because thermal properties of the ceramics might generate different
residual thermal stresses during cooling.

Few authors investigated the effect of the sub-structure thickness keeping a uniform
porcelain layer 1o isolate this variable. The study of Mainjot et al.**by hole-drilling
method in bilayered disc with a standardized 1.5 mm thick veneering layer and vari-
able zirconia framework thicknesses observed that the stress profile in the porcelain
varies according to the zirconia thickness and cooling method. A thicker framework
keeps the center of the porcelain hotter, generating tension from the periphery to the
center, but the temperature distribution is complex, once it depends on other variables
as cooling rate, materials thermal properties, firing equipment?. On the other hand,
a computer simulation carried out by Silva et al.’® showed that in modified core design
with higher thickness the stress is driven from the veneer to the core layer.

In the present study, the core thickness of the Y-TZP had no effect on the fracture
load of veneered crowns, but fracture toughness was lower in the thinner Y-TZP
specimens (group G1 -1 mm) and close to the interface porcelain/Y-TZP irrespec-
tively of the Y-TZP thickness. Tholey et al.% studied cooling methods and uniform
or anatomical frameworks by the quantification of the temperature. The authors
commented that anatomical crown created greater thermal differences from the
inner to the outer surface of veneer porcelain, but the differences were lower in slow
cooling till 600°C. It may be assumed that as thicker is the core slower is the cool-
ing. Meira et al.’® showed that during a fast cooling the coefficient of thermal con-
traction of porcelain changes abruptly from the sintering temperature to Tg, gener-
ating residual thermal stresses. Conversely, in a slow cool method, the stresses can
be relieved due to the viscoelastic behavior of the porcelain above its Tg'. It could
explain the differences of FT in the thinner Y-TZP group (G1). Since the cooling rate
adopted in our study was not variable it can be assumed that thermal gradients in
samples with variable volumes might had been different enough to impact in the
residual thermal stresses®® .
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In this study, all core designs can be considered as anatomical cores, and even at the
minor thickness (1 mm) the resistance can be considered enough to support the veneer.
Guess et al.? observed that in crowns with anatomical design the fracture size was remark-
ably smaller likely because of the improvement of the porcelain support and the homoge-
neous core/veneer thickness ratios. In this scenario the veneer layer resistance is driven
by its properties and geometric parameters, and the chipping runs within the porcelain
layer leading a slight thin layer covering the framework®. Concerning to the fracture anal-
ysis, 100% of the fractured crowns were cohesive mode (Figure 2, 3 and 4). This fracture
mode predominance is in agreement with other in vitro and clinical studies™.

As regards to adhesion between core and veneer, if it is considered that as thicker the
core more heat it conserves and get longer to reach room temperature, the impact
expected would be similar to slow cooling rate, but no effect was detected. Goste-
meyer et al.? discussed the negative effect of slow cooling rate on the adhesion
between Y-TZP/porcelain, and explained that under slow cooling regimen a viscoelas-
tic structural relaxation in the veneering porcelain occurs. The nature of the stress
development (tensile or compressive) depends on the viscosity of the glass phase at
a specific temperature and time for structural relaxation.

The contribution of this study is to show that anatomical core design is advanta-
geous, because it guarantees a porcelain support decreasing risks of damage due the
effect of the thermal properties of a thicker zirconia core. However, it is important to
highlight limitations of this study. In spite of the values of fracture loads been higher
those found in chewing function, caution is necessary in interpreting the significance
of the results, once the methods do not reproduce clinical conditions, where mechani-
cal and thermal fatigue phenomenon and chemical environment interact to create the
complex scenario of mouth. Mareover, the study was designed for a unit crown for
fracture load or geometric specimens for adhesion testing and fracture toughness. In
a partial fixed prosthesis with high zirconia volume in the pontic and connectors’ area
may behave differently.

Within the limitations of this in vitro study, the significance of this study is that ticker
Y-TZP core, as found in anatomical core design, does not impair fracture load of the
veneer porcelain or an the adhesion between Y-TZP core and veneer. However, frac-
ture toughness of the porcelain tends to increase when it is applied on thicker Y-TZP
cores. Thus, considering that inhomogeneous veneer layer is not recommendable,
this study reinforces the indication of anatomical core design.
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