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Abstract

Objectives.—To understand the stress development in porcelain-veneered zirconia (PVZ) and 

porcelain-veneered lithium disilicate (PVLD) crowns with different veneer/core thickness ratios 

and cooling rates. To provide design guidelines for better performing bilayer restorations with the 

aid of Viscoelastic Finite Element Method (VFEM).

Methods.—The VFEM was validated by comparing the predicted residual stresses with 

experimental measurements. Then, the model was used to predict transient and residual stresses 

in the two bilayer systems. Models with two different veneer/core thickness ratios were prepared 

(2:1 and 1:1) and two cooling protocols were simulated (Fast: ~300°C/min, Slow: ~30°C/min) 

using the heat transfer module, followed by stress analysis in ABAQUS. The physical properties 

of zirconia, lithium disilicate, and the porcelains used for the simulations were determined as a 

function of temperature.

Results.—PVLD showed lower residual stresses than PVZ. The maximum tensile stresses in 

PVZ were observed in the cusp area, whereas those in PVLD were located in the central fossa. 

The 1:1 thickness ratio decreased stresses in both layers of PVZ. Slow cooling slightly decreased 

residual stresses in both systems. However, the cooling rate effect was more evident in transient 

stresses.
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Significance.—Slow cooling is preferable for both systems. A thinner porcelain layer over 

zirconia lowers stresses throughout the restoration. The different stress distributions between PVZ 

and PVLD may affect their failure modes. Smaller mismatches in modulus, CTE, and specific heat 

between the constituents, and the use of low Tg porcelains can effectively reduce the deleterious 

transient and residual tensile stresses in bilayer restorations.
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1. Introduction

Metal-free bilayer ceramic restorations have been popular over the last decades 

due to the great esthetics results combined with satisfying mechanical properties. 

The pressing technique for glass-ceramics and the Computer-Aided Design/Computer­

Aided Manufacturing (CAD/CAM) technology for milling glass-ceramics or cutting 

polycrystalline zirconia have allowed the fabrication of strong frameworks [1] that, 

combined with a porcelain veneer layer, can reach the most esthetic results. In addition, 

owing to the strength required from a framework material, the most popular and reliable 

options for all-ceramic bilayer crowns are porcelain-veneered zirconia (PVZ) and porcelain­

veneered lithium disilicate (PVLD).

Clinical studies have shown survival rates around 94% to 95% [2, 3] for PVZ in 5 years and 

the most common cause of complications reported is porcelain chipping. A 3-year follow-up 

retrospective study of PVZ single crowns reported 100% survival; however, 30% of the 

restorations needed clinical intervention (e.g. polishing) due to minor chipping of porcelain. 

[4] Sailer et al. [5] pointed out in a systematic review of clinical studies that bilayer crowns 

with zirconia frameworks have a high risk of veneer chipping along with loss of retention. 

On the other hand, the high strength of zirconia allows it to be indicated for a wide range of 

clinical applications.

Porcelain-veneered lithium disilicate crowns have shown survival rates up to 100% in 8 

years [6] and 98% in 11 years. [7] Despite the high survival rates, previous studies have 

described chipping and bulk fracture as the main cause of failure of these restorations. 

Valenti and Valenti evaluated PVLD crowns for over 10 years (survival rate: 95.5%). [8] 

They observed that 66% of the failures were due to major chipping of the porcelain and 

34% were due to bulk fracture. Similarly, Yang et al found that 60% of the failures in PVLD 

crowns were due to major chipping and 20% were bulk fracture among other technical 

complications after 5 years of follow-up (survival rate: 97%). [9]

Clinical failures in ceramic crowns can be originated from contact damage at the occlusal 

surface or from the cementation surface beneath the occlusal contact. [10] The most 

common clinical fracture modes in bilayer restorations are chipping, delamination, and bulk 

fracture, which are sketched in Figure 1. The clinical fractures can be induced by internal 

and surface flaws, stress-corrosion fatigue (slow crack growth), mechanical degradation, or a 
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combination of factors that leads to stress concentration, [11, 12] such as restoration design, 

[13–15] inadequate firing, [16] coefficient of thermal expansion mismatch. [17, 18]

Residual stresses have been described as an important factor for increasing the susceptibility 

of the porcelain layer to fracture. Factors such as the cooling rate, [19–22] layer thickness 

ratio, [23] and framework material [19] have been demonstrated to influence the stress 

profile in bilayer systems. In dental literature, previous studies have demonstrated that the 

cooling rate actually affects more the transient than the residual stresses. [19, 23] Transient 

stresses may exceed the fracture strength of ceramics, which causes micro-crack formation 

and, consequently, increases the susceptibility of ceramic restorations to premature failure. 

Previous investigations have used different methods for measuring residual stresses, such 

as Vickers indentations, [24–27] birefringence, [28–30] and hole-drilling. [31] However, the 

aforementioned approaches cannot capture the entire stress history over time.

Despite the factors influencing the stresses in porcelain-veneered zirconia have been more 

extensively studied, there is a lack of information regarding porcelain-veneered lithium 

disilicate. It is still not clear if the magnitude and distribution of residual stresses can be 

associated with the aforementioned fracture rates of these materials. Accordingly, this study 

aimed to understand the stress development in bilayer metal free restorations comparing the 

use of a glass (lithium disilicate) and a polycrystalline (3Y-TZP) ceramic, as framework. We 

evaluated how the cooling rate (fast or slow), layer thickness ratio (2:1 or 1:1), and materials 

properties affect the stress development in both systems using a Viscoelastic Finite Element 

Method (VFEM). [23, 32, 33] An experimental validation was performed and the material 

properties used in the FEM model were measured as a function of the temperature to ensure 

the reliability of the results. The tested hypotheses were: 1) residual and transient stresses 

would develop differently for PVZ and PVLD, due to their different thermomechanical 

properties, and 2) slow cooling and 3) 1:1 thickness ratio would decrease the stresses in both 

bilayer systems, as pointed out in previous literature. [23] Finally, based on our findings, the 

key material properties as well as crown geometric and processing parameters responsible 

for the formation of the deleterious transient and residual tensile stresses in the bilayer 

systems have been identified.

2. Materials and Methods

2.1. Study Design

Two metal-free ceramic systems were selected for this study: lithium disilicate (e.max 

CAD MO, Ivoclar Vivadent, Schaan, Liechtenstein) as framework and a nanofluorapatite 

ceramic (e.max Ceram, Ivoclar Vivadent, Schaan, Liechtenstein) as veneer (PVLD), and a 

3Y-TZP (Zpex, Tosoh, Tokyo, Japan) as framework and a feldspathic ceramic (Vita PM9, 

Vita Zahnfabrik, Bad Sackingen, Germany) as veneer (PVZ). The materials’ characteristics 

and properties at room temperature are described in Table 1. A Viscoelastic Finite Element 

Method (VFEM) was used to simulate two cooling rates (fast or slow) in symmetrical ¼ 

crown models with two thickness ratios (2:1 or 1:1) for each ceramic system (PVLD or 

PVZ) and evaluate the development of transient and residual stresses.
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2.2. Validation

Lithium disilicate ceramic blocks (e.max CAD) were cut into plates with a diamond blade 

under water cooling. The plates were leveled with a 15 μm polishing pad and crystallized 

at 850°C according to the manufacturer instructions. The final dimensions were 14 × 12 

× 0.7 mm. The lithium disilicate plates were placed into a 2 mm thick polyether mold for 

receiving the porcelain veneer layer. The powder of nanofluorapatite ceramic (e.max Ceram) 

was mixed with the build-up liquid under vibration to form a slurry and was applied over the 

lithium disilicate plate. The excess liquid was removed with absorbent paper. After that, the 

mold was removed and the sample was placed in a furnace (EP 5000, Ivoclar) for porcelain 

sintering. Two firing cycles were performed due to porcelain shrinkage. The porcelain was 

fired at 730°C and cooled with ~40°C/min down to 400°C, when the samples were removed 

from the firing base.

The porcelain surface was grinded and polished to 1-μm finish and a final veneer thickness 

of 1.5 mm. Three bilayer samples were prepared following the same protocol, which were, 

then, embedded in epoxy resin for cross-sectioning into two halves. The cross-sectioned 

surfaces were polished to 1-μm finish and subjected to nine Vickers indentations (4.9 N, 

15 s) throughout the porcelain layer. In addition, six monolithic porcelain samples (14 × 12 

× 2.2 mm) were prepared using the same firing and polishing protocol as a control. The 

porcelain monoliths were also cross-sectioned and polished to 1-μm finish. To confirm that 

fine polishing does not introduce residual stresses into porcelain surface, half of the polished 

specimens were subjected to heat treatments at 50°C below its softening temperature and 

dwelling for 15 mins to remove any residual stresses. Vickers indentation tests (4.9 N, 15 s) 

on porcelain monoliths with and without heat treatments revealed no noticeable difference 

in crack lengths, indicative of no significant difference in surface stress states between the 

as-polished and polished then heat-heated samples.

Crack lengths formed with the Vickers indentations of PVLD bilayers and the monolithic 

control were measured and residual stresses in both normal (perpendicular) and tangential 

(parallel) direction to the interface of the bilayer samples were calculated with the Equation 

1. [34]

σr = k1c
1 − c0/c 1.5

ψc0.5 (1)

where K1c is the fracture toughness of the porcelain (1.3 MPa.m0.5), [35] c0 is the crack 

length of the monolayer sample, c is the crack length of the bilayer sample, and ψ is the 

crack geometry factor, which is assumed to be 1.24 for radial-median cracks. [34]

In the FEM software (ABAQUS), a 3D-bilayer flat plate, of dimension 14 mm × 12 mm × 

2.2 mm, was modeled. It was partitioned to have the porcelain as the top layer with thickness 

1.5 mm and the lithium disilicate as the bottom layer with thickness 0.7 mm, thereby 

replicating the experimental model. The same cooling protocol (40°C/min) from 730°C 

was simulated using a heat transfer analysis, which was then followed by the viscoelastic 

analysis. The analysis was carried out using 369,600 8-node linear bricks. The models 

were then cross-sectioned using the lift-off technology which is one of the “model change” 
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features available in ABAQUS. This feature allows the user to cross-section the model at 

desired locations. Using this feature, PVLD plates were cross-sectioned into two halves 

and residual stresses were measured along the center line of the cross-sectioned half. Such 

measured stresses were then compared against the experimental results. A validation of 

the VFEM method using a porcelain-veneered zirconia structure has been performed and 

reported in a previous publication [32].

2.3. Materials Properties Acquisition

Individual samples of the four ceramic materials (n = 2) used in this study were prepared 

for having its properties measured at room and high temperatures. Bars of 3.5 × 3.5 × 

15 mm were prepared for coefficient of thermal contraction (CTC) measurements. The 

samples were placed in a dilatometer (L75 Platinum Series, Linseis USA, Princeton, 

NJ) and its dimension changes according to the drop of temperature were recorded for 

CTC calculations. Additional bars with the same dimensions were subjected to density 

measurements at room temperature by the water displacement method. [36] The room­

temperature density together with the dimension changes obtained from the dilatometer 

results were used to calculate the density as a function of the temperature. Discs of Ø12 mm 

× 1 mm were prepared for determining thermal conductivity and specific heat by the laser 

flash technique (LFA 457 MicroFlash, Netzsch, Selb, Germany), via a paid service. Bars 

of 5 × 5 × 20 mm were prepared for elastic modulus measurements at room temperature 

using an ultrasonic velocity method, also by a paid service. However, it was not possible 

to obtain elastic modulus values at high temperatures due to the limitations in sample 

dimensions. This kind of tests requires large specimens, which was not possible to prepare 

with the materials selected for this study. Therefore, we assumed similar trends for the 

glassy materials and zirconia, using published data sources. [32] All these properties are 

described in Figure 2.

2.4. Viscoelastic Finite Element Analysis

Two 3D axial-symmetric crown models were created in the FEM software ABAQUS 

(Dassault Systèmes Simulia, Rhode Island, USA) (Figure 3). Both models were 8 mm 

height, had an outer diameter of 12 mm and a total thickness of 2.2 mm. The thickness 

ratios 2:1 and 1:1 were considered between veneer and core layers. Owing to the symmetric 

geometry, only 1/4th of the model was analyzed. To ensure axisymmetry, Y-Z face was 

restrained in the X-direction, X-Y face was restrained in the Z-direction and X-Z face in the 

Y-direction for both translation and rotation (Figure 3). Meshes consisted of 125,000 8-node 

brick elements. Density, CTC, specific heat, thermal conductivity, and elastic modulus as a 

function of the temperature were used to characterize each ceramic system (PVLD or PVZ). 

For each of the four design conditions, simulation was carried out in two steps: heat transfer 

analysis followed by viscoelastic stress analysis. For heat analysis entire model was held 

at an initial temperature of 754°C and then cooled to room temperature by subjecting the 

outer surfaces to heat transfer coefficients of 1.74e−4 W/mm2°C for fast cooling (~300°C/

min) and 1.74e−5 W/mm2°C for slow cooling (30°C/min). The temperature profiles obtained 

(Figure 4) were then used as loads for the subsequent stress analysis. For stress analysis, 

user defined subroutines UEXPAN and UTRS, developed by Kim et al [32], were used to 

accurately capture viscoelastic behavior of the materials. The reference temperature from 

Rodrigues et al. Page 5

Dent Mater. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which cooling begins was considered to be 70°C above the softening temperature (Ts) of 

the porcelains. Cooling protocols simulated in both ceramic systems are described in Figure 

4. The shear stress behavior in a viscoelastic material model when subjected to small shear 

strain considered in this study was described by Kim et al. [32] The viscoelastic parameters 

that were used are provided in Table 2. Same parameters were considered for both the 

material systems with varying reference temperatures. The viscoelastic materials show 

thermo-rheologically simple behavior in which the normalized shear relaxation function 

when plotted against log10t has same shape at each temperature. Hence, it can be shifted 

along the x-axis, thereby resulting in a master curve at that reference temperature [37]. 

Figure 5 shows the thermo-rheological behavior of PM9 using the coefficients described in 

Table 2. UTRS subroutine was used to capture this temperature dependency of viscoelastic 

parameters for both material systems.

The residual stresses and their distribution in each design condition were analyzed and 6 key 

points of the models were selected to analyze the stress history during the cooling phase 

(transient stresses).

3. Results

3.1. Experimental Validation of the VFEM Model

Figure 6 compares the stresses predicted by the VFEM with the experimental results 

obtained from flat samples. The agreement between the VFEM results and experimental 

measurements was considered good with maximum difference of 5 MPa when close to 

the interface. Therefore, this modelling showed the effectiveness of our VFEM codes in 

accurately capturing the viscoelastic behavior of materials.

3.2. VFEM Stress Analysis of Bilayer Crowns

Figure 7 shows the residual stress distribution and the maximum tensile stresses values 

found in both framework and porcelain layers in each simulation. Slow cooling led to 

lower residual stresses in the porcelain of both bilayer systems. However, the difference 

between the stresses developed in the porcelain with slow and fast cooling was as low as 

3 MPa in PVZ. On the other hand, the effect of cooling rate in all simulations is more 

evident in transient stresses (Figure 8). Fast cooling led to an abrupt change in stresses in 

both materials and for the two thickness ratios simulated, as clearly illustrated in Figure 9. 

Taking the results from Figures 8 and 9 together, it becomes apparent that the spontaneous 

fluctuation in transient stress occurred within the first 30 s in fast cooling and 300 s in 

slow cooling. This corresponds to the period where the temperature had the steepest fall. 

Beyond that, the transient stress settled down and reached a plateau while the temperature 

gradually approached room temperature. More importantly, the initial spike of transient 

stress in PVLD was 2 times higher for fast cooling than slow cooling. Such a difference 

became more pronounced in PVZ, where the initial transient stress in fast cooling was over 5 

times greater than that in slow cooling.

The thickness ratio 1:1 led to lower residual stresses in both layers of PVZ. For PVLD 

subjected to fast cooling, the stresses in framework were almost the same; however, the 
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thinner porcelain layer slightly increased the stresses (5 MPa higher). When slow cooling 

was applied, the stresses in 2:1 and 1:1 ratio models were very similar in both layers of 

PVLD.

PVLD showed lower residual stress values in all simulations, compared to PVZ, especially 

in the framework. The lowest stress (best condition) found in the porcelain for PVZ was 24 

MPa (1:1 ratio, slow cooling); while the highest stress (worst condition) found in PVLD was 

also 24 MPa (1:1 ratio, fast cooling). In addition, the maximum tensile stresses in PVZ were 

located in the cusps close to the interface, while PVLD developed the highest stresses in the 

inner central fossa. To better correlate our VFEM results with clinical findings, the direction 

of the maximum principal stress in the veneer layer of both these material systems is shown 

in Figure 10. For PVZ systems, the maximum principal stress at the cusp acts normal to 

the cusp face and is directed towards the core. However, for PVLD systems, the maximum 

principal stresses act tangent to node E (see Figure 7).

4. Discussion

The studied metal-free bilayer systems were differently affected by thickness ratios and 

cooling rates, as well as the stress distribution throughout the crowns were different. Models 

with a lithium disilicate framework developed lower transient and residual stresses than the 

ones with zirconia framework. PVZ crowns showed up to 2.8 times higher residual stresses 

than PVLD in the porcelain layer and 16.4 times higher in the framework when comparing 

the same conditions of thickness and cooling. Thus, the first tested hypothesis should be 

accepted.

Previous researches have argued that the low thermal conductivity of zirconia may be 

an important factor to generate stresses in the porcelain layer. [29, 38, 39] However, the 

thermal conductivity of lithium disilicate is even lower than zirconia and the magnitude 

of stresses observed was much lower. Previous studies have proved that the greater the 

CTE mismatch between porcelain and zirconia, the greater the residual tensile stresses 

throughout the restoration. [32, 40] Given that, we believe rather than thermal conductivity, 

the CTE mismatch between the veneer and core is an important influencing factor in 

residual stresses. In this study, the CTE differences are somewhat similar in the two bilayer 

systems. Therefore, the residual stress will depend more on the elastic modulus difference 

and the glass transition temperature. In fact, the lower elastic modulus of the lithium 

disilicate (103 GPa) framework relative to the zirconia (206 GPa), and the lower glass 

transition temperature of the porcelain overlay for lithium disilicate played an important 

role in the stresses developed, leading to the differences we found. One should note that, 

since the stress is directly proportional to the modulus, a higher elastic modulus leads to 

higher thermal stress. In addition, as e.max Ceram has a lower Tg than PM9, it stays in 

the liquid phase for a longer time during cooling, which allows the eutectic veneer layer 

to accommodate any dimensional change of the framework, resulting in lower stresses, 

especially when slow cooling is applied.

Slow cooling was the best cooling condition for both systems, especially due to the transient 

stresses generated in key points of the crowns, suggesting that the second tested hypothesis 
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could also be accepted. Slow cooling is well known to be the best option to improve 

stress behavior of porcelain-veneered zirconia compared to fast cooling. [41–45] Previous 

literature that used FEM to evaluate residual stresses in PVZ have reported lower values 

in slow cooling, [20, 22, 26] which have been associated with the improved mechanical 

behavior observed in in vitro tests. However, these papers have used linear finite element 

methods (LFEM), which was demonstrated to be less accurate to capture the stress profile 

than the viscoelastic finite element method. [32] In contrast, our findings obtained with 

VFEM showed that residual stresses are very similar comparing slow and fast cooling. The 

main difference was actually found in the transient stresses, which the stresses magnitude 

abruptly changed with fast cooling (Figure 8). As pointed out by Benetti et al (2014), [19] 

the magnitude of transient stresses generated by fast cooling is believed to create crack 

nucleation and fractures of the solid-state porcelain. Moreover, if there are some impurities 

or defects in the porcelain and the transient stress exceeds the threshold for fracture, it might 

lead to premature failure of the restoration.

PVZ showed to be more sensitive to thickness ratio than PVLD, which led the third tested 

hypothesis to be partially accepted. PVZ crowns showed a drop in residual stresses of ~20% 

in both layers when a 1:1 ratio was used. These results are in agreement with in vitro studies 

that found improved mechanical behavior of PVZ when a thicker copping was applied. [45, 

46] On the other hand, residual stresses in PVLD crowns were very similar in 1:1 and 2:1 

models, especially when slow cooling was applied. Thicker porcelain layer has been related 

to strong gradients in stresses. [19] As the specific heat of zirconia is almost half of the 

porcelains and lithium disilicate, it cools down easier. When the zirconia layer and the outer 

surface of porcelain are already at a lower temperature, the inner porcelain is still at a high 

temperature. When the inner porcelain finally solidifies, it creates tensile stresses due to 

glass contraction. In contrast, the specific heat of e.max CAD and e.max Ceram are very 

similar, which makes both layers cool down similarly, regardless of the thickness ratio.

Clinical studies show that minor chipping is a very frequent complication in PVZ crowns. 

[4, 5] Chipping is a type of failure related to contact damage. Besides, our residual stress 

analysis showed that the maximum tensile stresses of the porcelain are located in the cusp 

area. Occlusal contact damage is more likely to form near the cusp area. Once the crack 

forms, it readily enters the tensile stress zone, leading to veneer chipping. On the other hand, 

most studies show higher survival rates for PVLD crowns than PVZ in long-term follow-up 

[2, 5, 6] and, from the failed restorations, major chipping and bulk fracture are the most 

common reason. [7, 9] The maximum stress in PVLD is located in the central fossa, which 

together with the low magnitude of stress; it does not facilitate rapid crack propagation to 

the peripheral areas of the crowns. Therefore, any occlusal contact induced crack would 

have to propagate longer distance in order to cause a chip off fracture. Although it needs 

more effort for a crack to propagate longer distance, once it fractures it forms a major 

chipping.

Contrary to cracks originating from the contact damage at the occlusal surface, [47, 48] 

bulk fracture is related to flexural damage at the cementation surface. [49, 50] As zirconia 

is twice as strong as lithium disilicate, bulk fractures are not common in this system. Thus, 

bulk fracture are more willing to happen in PVLD crowns, originating from the cementation 
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surface by radial cracks underneath the contact area. Interestingly, the veneer-core thickness 

ratio does not interfere with the flexural damage resistance of PVZ and PVLD, especially 

in the thickness ratio between 1:4 and 4:1. [51] However, thick porcelain layer leads to 

strong gradients in stresses, which makes cracks originating from contact damage easy to 

propagate. Therefore, the interaction between thickness ratio and residual stresses is more 

associated with susceptibility to chipping than bulk fracture.

Our findings showed that porcelain-veneered zirconia and porcelain-veneered lithium 

disilicate are differently affected by layer thicknesses and cooling rates, hence leading 

to different transient and residual stress magnitudes and distributions. This difference is 

supposed to have some effect on their clinical behaviors, since areas of high tensile stresses 

contribute to crack propagation. Even though in vivo studies are the best evidence for 

clinical behavior of restorations, isolating each of these factors (material, thickness, cooling 

rate) in a clinical study would be challenging and time-consuming. Therefore, correlating 

VFEM with clinical findings provides a practical option for understanding the implications 

of materials properties and restorations planning on its clinical performance. In addition, 

in vitro studies (e.g. load-bearing capacity, fatigue tests) are encouraged to confirm the 

association between stress distributions and failure modes, as well as planning studies with 

implant-retained crowns and multiple-unit fixed dental prosthesis.

5. Conclusions

Bilayer crowns with lithium disilicate framework develop lower transient and residual 

stresses than porcelain-veneered zirconia. Slow cooling is preferable for both PVZ and 

PVLD, mainly because of its effects on transient stresses. Using a thinner porcelain layer 

over zirconia when possible is preferable to reduce stresses throughout the restoration. 

However, thickness ratio does not play an important role in stresses developed in PVLD 

once a slow cooling protocol is applied. In addition to the above mentioned, crown 

geometric and processing parameters, a small mismatch in elastic modulus, coefficient of 

thermal expansion, specific heat between the veneer and core as well as the utilization of 

low Tg porcelains are key material properties for minimizing the deleterious transient and 

residual tensile stresses in porcelain-veneered all-ceramic restorations.
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Highlights

• PVLD crowns exhibited lower transient and residual stresses than PVZ 

crowns.

• Slow cooling significantly reduced transient stresses but not residual stresses.

• PVZ crowns were more sensitive to layer thickness ratio than PVLD crowns.

• Material properties responsible for the deleterious tensile stresses were 

identified.

• Associations between stress distribution and clinical fractures were made by 

VFEM.
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Figure1. 
Schematic diagram depicting common fracture modes in bilayer crowns: D shows contact 

damage, that may propagate causing delamination or chipping, R depicts radial cracks, 

which lead to bulk fracture or marginal fracture, and C shows edge chipping, originated in 

the cusp area.
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Figure 2. 
Materials properties as a function of temperature.
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Figure 3. 
Models of the 1/4th crowns simulated in both thickness ratios. To ensure axisymmetry, Y-Z 

face was restrained in the x-direction, X-Y face was restrained in the z-direction, and X-Z 

face in the y-direction for both translation and rotation.
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Figure 4. 
Cooling protocols simulated with VFEM.
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Figure 5. 
Normalized shear relaxation function at various temperatures [37].
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Figure 6. 
Residual stresses in PVLD bars. Stress profiles through porcelain thickness showing VFEM 

predictions (solid lines) agreeing with the experimental data (triangles).
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Figure 7. 
Residual stresses distribution and the maximum tensile stresses observed in porcelain (P) 

and framework (F) layers of each condition simulated. A, B, C, D, E, G are the nodes 

selected for the transient stresses analysis (Figure 8).
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Figure 8. 
Stresses development in the six nodes of each condition simulated. Note that the stress 

plateau of each node was reached between 400 s and 600 s during slow cooling and before 

100 s of simulation during fast cooling.
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Figure 9. 
Magnified temperature profile and transient stresses in PVZ and PVLD crowns of 2:1 and 

1:1 thickness ratios upon fast cooling.

Rodrigues et al. Page 22

Dent Mater. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Direction of maximum principal stress in the veneer layer of PVZ and PVLD. For PVZ, the 

maximum principal stress at the cusp acts normal to the cusp face and is directed towards the 

core. For PVLD, it acts tangent to node E (see Figure 7).
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Table 1.

Materials’ characteristics and properties at room temperature

Material 
(manufacturer) Composition

Elastic 
modulus, 
E (GPa)

Density, 
ρ (g/
cm3)

CTE 
(10−6K−1)

Poisson’s 
ratio, υ

Tg 
(°C)

Ts 
(°C)

Thermal 
conductivity 
(W/mmK)

Specific 
heat 

(J/kg K)

Emax Ceram 
(Ivoclar Vivadent) Nanofluorapatite 65 2.51 9.5 0.23 483 530 1.01e−3 846

Emax CAD 
(Ivoclar Vivadent) Lithium disilicate 103 2.48 10.1 0.21 665 820 2.78e−3 852

PM9 (Vita 
Zahnfabrik) Feldspar 60 2.40 9.5 0.21 644 684 1.11e−3 821

Zpex (Tosoh) 3Y-TZP 206 6.10 10.0 0.30 - - 2.92e−3 466
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Table 2

Table 2 provides viscoelastic coefficients for the porcelain veneers at the reference temperature of 700°C [52], 

which are used to define the shear relaxation modulus in ABAQUS, using four-term Prony series.

g 1 g 2 g 3 g 4 τ 1 τ 2 τ 3 τ 4

0.9960 0.0030 0.0006 0.0004 0.0132 0.1000 0.0050 0.0030
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