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Abstract

Objective: There is a growing interest for the use of Y-TZP zirconia as core material in veneered
all-ceramic prostheses. The objective of this study was to evaluate the influence of CET on the
stress distribution of a porcelain layered to zirconia core single crowns by finite elements
analysis.
Material and methods: CET of eight different porcelains was considered during the analysis.
Results: Results of this study indicated that the mismatch in CET between the veneering
porcelain and the Y-TZP zirconia core has to be minimum (0.5–1 lm/mK) so as to decrease the
growing of residual stresses which could bring chipping.
Conclusions: The stress state due to temperature variation should be carefully taken into
consideration while studying the effect of mechanical load on zirconia core crown by FEA.
The interfacial stress state can be increased by temperature variation up to 20% with respect to
the relative failure parameter (interface strength in this case). This means that stress due
to mechanical load combined to temperature variation-induced stress can lead porcelain
veneer–zirconia core interfaces to failure.
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Introduction

The increasing aesthetic demand lead to the manufacturing of

prosthetic crowns made up of ceramic cores with layered

porcelain veneers.[1] Such types of restorations were

introduced to improve biocompatibility and aesthetic of

dental prosthetic crowns with respect to conventional metal

core crowns.[2–6] The veneers consist of a glass and a

crystalline phase of fluoroapatite, aluminum oxide or leu-

cite.[2] The core is commonly made up of leucite or lithium

disilicate [7–9] in a glass matrix, diopside or zirconium

oxide.[10–20] Zirconium oxide was introduced as core

material for all the ceramic restorations due to its chemical

and dimensional stability, high mechanical strength and

toughness as well as a Young’s modulus similar to that of

stainless steel.[21] In particular, Yttria-tetragonal-zirconia-

polycrystal (Y-TZP) frameworks provide enhanced

mechanical strength[22–25] and biocompatibility.[26,27]

Accordingly, it is expected that zirconia-core crowns have

an occlusal load-bearing capacity[22] suitable for clinical use

and represent an alternative to metal-core crowns. The

clinical performances of conventionally luted metal-ceramic

and zirconia molar crowns and veneering porcelain do not

significantly differ in survival, success and ceramic fracture

rates.[28] The high strength and fracture toughness of zirconia

have supported its extensive application in esthetic dentistry.

However, the fracturing of veneering porcelains remains as

one of the primary causes of failure.[29] Veneering porcelain

chipping is often observed in metal-free crowns.[30–32] The

mechanical interface between veneering porcelain and zirco-

nium oxide substructure has been identified as a weak point of

metal-free crown.[33] The reliability and longevity of ceramic

prostheses have become a major concern. The existing studies

have focused on some critical issues from clinical perspec-

tives, but more researches are needed to address fundamental

sciences and fabrication issues to ensure the longevity and

durability of ceramic prostheses.[34] Thermocycling during

fabrication can induce crack nucleation and propagation in

porcelain veneered to zirconia core ceramic structures.[35]

The veneering process of frameworks induces residual

stresses and can initiate cracks when combined with func-

tional stresses. The stress distribution within the veneering

ceramic as a function of depth is a key factor influencing

failure by chipping. This is a well-known problem with Yttria-

tetragonal-zirconia-polycrystal-based fixed partial den-

ture.[36] Mismatch in thermal expansion properties between

veneering ceramic and metallic or high-strength ceramic

cores can induce residual stresses and initiate cracks when

combined with functional stresses. Knowledge of the stress

distribution within the veneering ceramic is a key factor for

understanding and predicting chipping failures, which are
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well-known problems with Yttria-tetragonal-zirconia-poly-

crystal-based fixed partial dentures.[37] Various experimental

and theoretical studies indicate the critical importance of

thermal expansion, heat transfer capability of core and veneer

on the temperature distributions and residual stresses in

zirconia core crown.[35,38] Effect of temperature variation on

veneering ceramic and zirconia core stress state due to

mismatch in thermal expansion properties had been addressed

exclusively by studying and simulating their fabrication

thermo-cycling environment. The effect of functional intra-

oral temperatures variation on the interfacial stress state of

porcelain veneered on zirconia cores has still not been

addressed. The aim of the present study is to estimate the

stress state induced by thermal dilatation in different porcel-

ain material veneered on Y-TZP core with particular attention

to veneer–core interface stresses.

Materials and methods

Finite elements model generation

A metal-free prosthetic crown manufactured to restore a right

mandibular molar was sectioned along the frontal plane. The

image of the transversal section in lingual to buccal direction

was digitalized together with a reference unit of measure. The

average thickness of the core ranged from 0.75 to 1.25 mm,

while veneer thickness ranged from 0.5 to 2 mm in the

cervical area and under the cuspids, respectively. The external

profile of the crown, the internal profile of the veneer–core

interface and internal profile of the crown core were marked

and key-points coordinates were recorded with respect to a

reference point. Keypoints coordinates were uploaded in the

2D cad environment of the Finite Elements Analysis software.

2D parametric splines were generated through the keypoints.

Two areas were generated from the splines, one representing

the veneer cross–section and the other representing the core

cross-section. The 2D areas were meshed with four nodes

quadrilateral 2D elements with two degrees of freedom per

node resulting in a finite elements model (FEM) made-up of

700 elements. The crown FEM is showed in Figure 1 with

lines marking the veneer–core interface.

Materials properties

Veneering porcelains and YTZ-P core were considered as

linear elastic isotropic materials. At this step, eight-crown

FEMs were generated by coupling the FEM with the thermal

and mechanical properties of eight different veneering

porcelains (Table 1). In all the models, the elements

simulating the core structure were coupled to the mechanical

and thermal properties of YTZ-P (Young’s modulus: 201.5

GPa, Poisson’s ratio: 0.23 and coefficient of thermal expan-

sion: 10 le/�C).

Boundary conditions

The molar crown was constrained along the internal splines

simulating the core surface interfaced with the abutment.

A series of nodes were generated close to nodes meshing the

internal splines that simulated the core surface interfaced to

the abutment. The nodes were generated with a centripetal

off-set of �0.15 mm and connected to core nodes by 2D beam

elements. X and Y plane constrains were applied to the off-set

nodes. Beam elements connecting the off-set constrained

nodes to the core nodes were coupled to the mechanical

properties of a luting agent (9.5 GPa, 0.25 m). A temperature

gradient from 75 �C to 0 �C was applied to tested models.

Experimental FEM validations

A mandibular extracted molar was stored in physiological

solution for 512 h. It was prepared to obtain a dentine

abutment with dimension comparable to those of the

generated FE model.

A Y-TZP core was created by CAD-CAM technique. The

core was veneered with Triceram according to the veneer

thickness simulated in the 2D model. The final crown was

cemented by a glass-ionomer cement (RelyX, Luting-plus,

3M-ESPE, St Paul, MN).

The restored molar was embedded in wax and a linear strain

gauge (type: C-980204-E, Measurement Group, Inc; Micro-

measurements division; Releigh, NC) was bonded on the

buccal surface of the restoring crown as shown in Figure 2. The

strain gauge is connected to a strain-measuring hardware

especially designed for biomedical applications (Omicron-T,

Battipaglia, Salerno). A thermocouple was positioned in

contact with the crown, close to the strain gauge-measuring

Porcelain veneer

Veneer-core
interface

Core

Figure 1. Finite elements model (FEM) of a crown composed by layers
of quadrilateral elements simulating the core structure (green arrows)
and layers of quadrilateral elements simulating the veneer structure
(red arrows), green arrows indicate the veneer–core interface.

Table 1. Mechanical and thermal properties of simulated veneer
materials.

Model Veneer material
Cet

(me/�C) E (Gpa) Pr

1 Lava Ceram 9.8 71 0.32
2 Ceramco Pfz 9.8 69.2 0.19
3 Vita Vm9 9 65 0.21
4 Triceram 8.9 n.r. 0.25
5 Sakura Interaction 9.7 60 0.265
6 Zirox 8 n.r. 0.22
7 Gc Initial 9.4 65.8 0.17
8 Emax 9.5 65 0.24

The first raw indicate the model simulating the corresponding veneer
material. In each model, the core material was coupled to the
mechanical properties of Yttria-tetragonal-zirconia-polycrystal.

CET, coefficient of thermal expansion; E, Young’s modulus; Pr,
Poisson’s ratio; n.r., not reported from the company.
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area (Figure 2). Cooling and heating systems were set up as

follows. The cooling control was achieved by fixing an ethyle

chloride bottle by an adjustable mechanical support and by

moving the support to vary the distance between the ethyle

chloride spry output and the molar crown. The heating control

was achieved by fixing a 1600-W hot air plastic welder

(Leister, Kagiswill/OW, Switzerland) by an adjustable mech-

anical support and by moving the support to vary the distance

between the hot air plastic welder output and the molar.

The digital temperature-measuring system enables the

researcher to adjust the cooling and heating systems in safety

conditions by a ‘‘try and error’’ approach until an optimal

cooling and heating distance was regulated.

During the test, strain gauge signal was first stabilized at

room temperature (25 �C), the molar was cooled by opening

the ethyle chloride spry to decrease the crown temperature to

�0 �C (Phase A), the cooling gas flux was kept open to

maintain the 0 �C temperature for �10 s (Phase B), the ethyle

chloride spry was closed and the molar left exposed to room

temperature for �50 s to enable its spontaneous heating

(Phase C). After the molar reached the room temperature, the

molar crown was heated to �75 �C (Phase D) by opening the

hot air flux and the heating air flux was kept constant to hold

a 75 �C temperature for �10 s (Phase D). The above-described

procedure was repeated 5 times. The crown strain state was

recorded as a function of time. According to temperature

boundary conditions imposed in the FEA (0–75 �C), the strain

state variation between Phase B (0 �C) and Phase D (75 �C)

was measured and adopted for FE model validation. The

strain state variation was calculated as a mean of the five

performed experimental tests. The corresponding stress state

was calculated according to Equation (1): �y¼E/ey that is

valid for uniaxial stress and strain.

Results

Figure 3 shows a typical strain–time function recorded during

a strain-measuring section by strain gauge technique. The

light blue line represents the strain state variation during time.

The function was divided in five phases (namely: A, B, C, D

and E) to better recognize the relative temperature applied to

the molar. During cooling (Phase A), strain state decreases in

the negative field that stabilizes to approximately

�0.0000075 e (Phase B). The strain-state increase after the

cooling flux is interrupted and the sample was left exposed to

room temperature (Phase C). During heating (Phase D), the

strain state rapidly increases to 0.000014 e.

For all the tested models, the maximum principal stress

and maximum shear stress state were plotted by chromato-

graphic fringes superimposed on the image of 2D models as

usually done in FEA results representation. Figure 4 shows

maximum principal stress values and distribution for

Triceram veneer model.

The higher stress state was estimated along the veneer–

core interface, where the stress state ranged from 4.5 to 4.9

MPa. Peak stress of 6 MPa was estimated along the veneer–

core interface. Stress progressively decreases toward the

boundaries of the models with an exception for the core upper

edges, where stress state increases (red arrows in Figure 4).

The higher maximum principal stress and maximum

shear stress state estimated in each tested model is reported

in Table 2.

Discussion

Neglecting the biological variability

One of the main limits of applying FEA to dental biomech-

anics is the low statistical value of the single ‘‘virtual

sample’’ being tested. Accordingly, the outcomes of the

present investigation should be considered as merely indica-

tive to the setup of further more complex approaches to the

problem. However, FE method has chance to become a testing

procedure accounting also for biological variability since it

can be used with a statistical approach. In this sense, properly

experimentally validated 2D FEAs can represent an alterna-

tive potential approach to study, in a limited manner, some

aspects of the morphological variability characteristic of

Figure 2. FE model validation process. Strain
gauge and temperature gage measuring
systems setup.
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Figure 4. Maximum principal stress values and distribution (a and b) and maximum shear stress values and distribution (b and d) for model 2 Ceramco
PFZ (a and c) and model 4 Triceram (b and d) ceramics.

Figure 3. Strain–time function. Dotted lines divide the temperature phases applied to the molar crown.
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biological structures. With this approach, the more complex

3D FEA can be easily adopted on more restricted populations

of ‘‘virtual samples’’ still maintaining the virtual statistical

approach.

2D model validation

In strain, measuring analysis is important to define the

‘‘undeformed configuration’’ of the object being analyzed.

Strain state is sensible to environment temperature variations.

Thus, the molar crown strain state at room temperature

(25 �C) was assumed as undeformed configuration. The 0

strain state reported in Figure 3 correspond to the strain state

at room temperature. The linear strain gauge was bonded with

its measuring axis parallel to the tooth main axis. In the FE

model, this axis corresponds to the Y axis. Some principal

strains vectors plotting performed during the FE analysis

showed that the principal strain direction on the outer surface

of the crown is closely parallel to the Y axis of the FEA

environment. Accordingly, the adopted measuring direction of

the strain gauge was considered suitable for model validation.

The decreasing temperature (Phase A) produce a shrink of the

material being read by the gauge as a strain decreasing in the

negative field. The room temperature and the hot air flux

(Phases C and D) produce material dilatation and strain state

increase from �0.0000075 to 0.000014 e. This strain range

was selected for FE model validation being determined by a

temperature variation from 0 �C to 75 �C. The corresponding

stress state was calculated according to Equation (1). Thus,

the recorded stress was 1.5 MPa (±0.1 MPa), while the FEA-

estimated stress value estimated in the same area was

1.67 MPa. Thus the presented 2D model slightly underesti-

mate stress state produced by temperature variation.

FEA-estimated data

The average temperature on teeth surfaces measured not

during mastication or swallowing ranged from 30 �C to

35 �C.[36,39] Peak temperatures during chewing and swal-

lowing of hot foods and drinks ranged from 70 �C to

76 �C.[40,41]

The effect of intra-oral peak temperatures on metal-free

crowns stress state has still not been addresses.

In the present study, a temperature gradient from 0 �C to

75 �C was applied to the models. The resulting stress state due

to thermal dilatations of crown materials has been estimated

by finite elements analysis.

Thermal oral environment during function increase the

stress state of veneer ceramic and zirconia core due to strain

induced by materials thermal expansion. In all the tested

models, the higher stress concentrations are estimated along

the veneer–core interface (Figure 4). Interfacial stress

concentration is determined by the discontinuity between

the internal strain state of veneer ceramic and zirconia core.

An analogous behavior occurs during fabrication thermo-

cycling at high temperatures. However, stress concentrations

occurring during fabrication are dissipated due to materials

viscoelastic behavior characteristic of the reaction phase

transition.

During oral function, the internal stress induced by

temperature variation is stored in the system and can generate

crack initiation. The veneer–core interface is the weakest

point of the system. Accordingly, different studies in literature

were addressed to estimate the interfacial strength of porcel-

ain veneers and zirconia cores.[2,42,43]

In the present study, maximum principal stress and

maximum shear stress had been estimated along the veneer–

core interface. Microtensile bond strength tests are performed

to measure the ability of a continuous interface between two

materials to withstand a tensile stress which direction is

normal to the interfacial plane.

Adopting the principal stress analysis theory to describe

the interfacial stress state during a microtensile bond strength

test (MTBS), the orientation of the maximum principal stress

is normal to the interfacial plane. Accordingly, micro-tensile

bond strength test output values can be considered as the

stress-state values at which the interfacial plane fails under

the maximum principal stress that in a MTBS test is normal to

the interface.

Among the phenomenological failure criteria, principal

stress criterion is considered suitable to study interface

failures of brittle materials, since it account for the orienta-

tion of the maximum stress with respect to the interfacial

plane. Accordingly, FEA-computed data can be easily

compared to experimental MTBS data. The maximum

stress criterion assumes that an interface fails when the

maximum principal stress exceeds the uniaxial tensile

strength normal to the interfacial plane. In the present

study, interfacial maximum principal stress were calculated

by FEA for each of the tested model that represent different

combination of porcelain veneer material to yttria-stabilized-

zirconia core. The higher values of interfacial maximum

principal stress for each of tested model are listed in

Table 2. The higher value of interfacial maximum principal

stress of each model was compared to the bond strength

value experimentally determined on the same combination

of materials.

In all the tested models, the temperature variation between

35 �C and 75 �C does not produce maximum principal stresses

in the porcelain–veneer to zirconia–core interface that

overcome the ultimate tensile strength of the interface.

The higher percentage of interfacial stress with respect to

the interfacial strength was estimated for Vita VM9 and Zirox

models (Table 2). The lower percentage of interfacial strength

was estimated for Ceramco PFZ (Table 2).

Table 2. Interfacial maximum principal stress (s-max), ultimate tensile
stress of veneer–core interfaces determined by micro-tensile bond
strength test (s-ult), mismatch between core and veneer CETs (Da) and
interfacial maximum shear stress (s-max).

Model Veneer material
Da

(me/�C)
s-max
(MPa)

s-ult
(MPa)

% of
s-max
to s-ult

s-max
(MPa)

1 Lava ceram 0.2 0.94 34.3 2 0.5
2 Ceramco pfz 0.2 0.95 75.7 1 0.5
3 Vita vm9 1 5.4 23.5 22 2.9
4 Triceram 1.1 6 45 13 3.2
5 Sakura interaction 0.3 1.5 23.8 6 0.8
6 Zirox 2 11 56.1 19.6 5.9
7 GC initial 0.6 3.2 27.1 11.8 1.7
8 Emax 0.5 2.6 15.1 17.2 1.4
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According to our results, temperatures characteristic of

normal oral function do not represent a dangerous condition

to porcelain–veneer zirconia–core interface. Accordingly,

delamination or chipping of porcelain veneer from zirconia

core observed in clinical cases are more likely determined by

functional mechanical loads or a combination of thermal and

mechanical loads.

The stress state due to temperature variation should be

carefully taken into consideration while studying the effect of

mechanical load on zirconia core crown by FEA. Since the

interfacial stress state can be increased by temperature

variation up to 20% with respect to the relative failure

parameter (in this case interface strength).

This means that stress due to mechanical load combined to

temperature variation-induced stress can lead porcelain

veneer–zirconia core interfaces to failure.

In other words, the interfacial stress state due to tempera-

ture variation is not at all dangerous to the interface integrity,

but its intensity is clearly not negligible.
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