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Abstract

Layered ceramic systems are usually hit by residual thermal stresses created during cooling from 

high processing temperature. The purpose of this study was to determine the thermal residual 

stresses at different ceramic multi-layered systems and evaluate their influence on the bending 

stress distribution. Finite elements method was used to evaluate the residual stresses in zirconia-

porcelain and alumina-porcelain multi-layered discs and to simulate the ‘piston-on-ring’ test. 

Temperature-dependent material properties were used. Three different multi-layered designs were 

simulated: a conventional bilayered design; a trilayered design, with an intermediate composite 

layer with constant composition; and a graded design, with an intermediate layer with gradation of 

properties. Parameters such as the interlayer thickness and composition profiles were varied in the 

study. Alumina-porcelain discs present smaller residual stress than the zirconia-porcelain discs, 

regardless of the type of design. The homogeneous interlayer can yield a reduction of ~40% in 

thermal stress relative to bilayered systems. Thinner interlayers favoured the formation of lower 

thermal stresses. The graded discs showed the lowest thermal stresses for a gradation profile given 

by power law function with p=2. The bending stresses were significantly affected by the thermal 

stresses in the discs. The risk of failure for all-ceramic dental restorative systems can be 

significantly reduced by using trilayered systems (homogenous or graded interlayer) with the 

proper design.
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1. Introduction

All ceramic systems are nowadays the aesthetic standard for dental restorations. Dental 

restorations are made usually by a strong framework, responsible for withstanding 

masticatory stresses, and a veneer layer responsible for aesthetics. Zirconia and alumina 

have been used as framework materials due to their excellent mechanical properties, good 

aesthetic and biocompability [1–3]. Porcelain is the material chosen as veneer for both all-

ceramic and metal-ceramic restorations, due to its colour that matches the remaining teeth. 

In the processing of all-ceramic restorations, porcelain is fired onto the framework at high 

temperatures, creating thermal residual stresses upon cooling to room temperature that arise 

mainly at their interfaces due to differences in the CTEs (Coefficients of Thermal 

Expansion) between the framework and the veneering porcelain [4,5]. In addition, the 

mismatch between the Young’s moduli creates stress fields upon the mastication that can 

lead to crack formation [5,6]. Tensile residual stresses formed in multimaterial prostheses 

have been pointed one of the major causes of catastrophic failure [5–11]. Failure types 

typically reported for alumina-based restorations are the core and the veneering ceramics 

fracture, while for the zirconia-based restorations is the chipping of the veneering ceramics 

[12–15]. Alumina crowns tend to present a catastrophic fracture with the cracks propagating 

through the core [15,16]. In zirconia crowns, chipping in the veneer layer prevails over other 

failure types, with cracks growing parallel to the interface [17,18]. Changes in design (layer 

thicknesses) and fabrication variables (cooling rates) have been shown to play a critical role 

in crack initiation and propagation in bilayered ceramic structures, with fast cooling leading 

to thermal fracture [19].

A solution to overcome this problem is using a composite interlayer with intermediate 

properties between the framework and the overlay that will reduce the mismatches in 

materials properties. An intermediate layer can account for a significant decrease of thermal 

and mechanical stresses arising from the mismatch between properties of the two materials. 

Studies have shown that gradation of properties across the two materials present excellent 

results related to residual stresses for dental restorations [20–26]. While several studies have 

demonstrated that graded prosthetic systems exhibit superior load-bearing capacity, 

improved damage resistance [23,24] and enhanced bond strength resistance [27], to the 

author’s best knowledge, little work has been reported on modeling thermal stresses in 

functionally graded restorations [22,25,28]. Functionally Graded Materials (FGMs) consist 

in a gradual change in the volume fraction between two phases [29]. Its design allows a 

smooth transition in thermal expansion coefficients, decreasing their mismatch and 

minimizing residual thermal stresses [30]. FGMs building parameters, such as the thickness 

and the transition configuration of the graded layer, can have great influence in the stress 

field and magnitude, thus it is important to optimize such parameters and minimise stresses 

in critical locations.

The standard methods to evaluate flexural strength of dental materials are the biaxial tests, 

such as piston-on-three balls and piston-on-ring tests. Biaxial tests generated a multiaxial 

stress state near the centre of the specimen, eliminating edge failures that occurs in uniaxial 

tests, resulting in a more accurate estimate of strength [31]. Besides, restorations are usually 

subjected to multiaxial loading due to the occlusal force, thus the biaxial test data are more 

Fabris et al. Page 2

Ceram Int. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



meaningful for material design [32]. In biaxial tests, the sample, usually a disc, is supported 

on its lower surface and a load is applied on its upper surface. The load can be applied 

through either a ball, a ring or a piston, while the support usually is a ring or rigid balls.

The aim of this study was to determine the thermal residual stresses at different ceramic 

multi-layered discs and evaluate their influence on the bending stress distribution. Three 

different multilayered disc configurations were studied: a conventional bilayered design; a 

trilayered design, with an intermediate composite layer with constant composition; and a 

graded design, which has an intermediate layer with gradation of properties. Functionally 

graded materials can have different geometries or material distributions. The study of these 

parameters is important to optimize the residual stress state considering the component 

properties and its application. In this work, finite elements method was used to simulate the 

cooling of discs with different material distribution configuration and simulate a piston-on-

ring test. The simulations were performed for discs made by both porcelain and zirconia, 

and porcelain and alumina. Different layer thicknesses and compositions were evaluated to 

minimize the residual tensile stresses. The results were compared to evaluate the influence 

of these parameters (thickness and composition of the interlayer) on the thermal and 

mechanical stresses.

2. Materials and methods

2.1. Material properties

In this study, zirconia (Y-TZP) and alumina were used as framework materials while 

feldspar-based porcelain was used as veneering material. In order to increase the accuracy of 

simulation, the temperature dependent properties of these homogeneous and isotropic 

materials where adopted from literature [19].

The properties of the composite materials (zirconia-porcelain and alumina-porcelain) used in 

the composite interlayers and graded interlayers, as presented ahead in the text, were 

estimated by Voigt’s rule of mixtures. Voigt’s rule of mixtures is given by:

(1)

where Pi is the calculated property value of the intermediate layer, Pf and Pv are the property 

values of the framework and veneer materials, and Vf and Vv are the volume fraction of the 

materials in the composite.

2.2. Models and finite method analysis

2.2.1. Thermal residual stresses—The geometry chosen for the FEM analysis was a 

2.7 mm layered disc with a radius of 4 mm, modelled with two or three layers, which 

mimics the three components of a dental restoration: the framework, the veneer and the 

interlayer with intermediate properties. The disc is subjected to a cooling simulating 

manufacturing process of dental restorations. The disc is cooled from 500°C to 20°C during 

950 seconds. Three different situations were simulated (Figure 2): a classic sharp interface 

between zirconia/alumina and porcelain, a disc with an intermediate layer with constant 
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composition between the two materials and an intermediate layer with a gradient of 

composition. The discs with residual stress are then subjected to a piston-on-ring biaxial test.

The bilayered discs (sharp transition) were made from a 2 mm thick top layer of feldspar-

based porcelain and a 0.7 mm thick bottom layer of alumina (or zirconia (Y-TZP)).

The trilayered discs consist in a bottom layer of pure alumina (or zirconia) with 0.7 mm of 

thickness, a interlayer with varying thickness and a top felsdspar-based layer. Interlayers 

with 0.25 mm, 0.5 mm, 0.75 mm and 1 mm were simulated, decreasing the porcelain layer 

thickness with the increasing of interlayer thickness. Aditionally, five different interlayer 

compositions were simulated, consisting of different porcelain contents (10%, 30%, 50%, 

70% and 90%, vol.%) in the zirconia-porcelain (or alumina-porcelain) composites.

The graded discs also have three layers; however, the intermediate layer has a gradient of 

composition between the alumina/zirconia and the porcelain layers. In this study, the 

gradient was considered as continuous. The gradient profiles studied were based on a power-

law function (Eq. 3) and on a sigmoid function (Eq. 4).

(3)

(4)

where fporc is the volume fraction of porcelain, z is the distance from the bottom layer, zmean 

is half of the interlayer thickness and t is the thickness of the graded region. p and k are the 

parameters that change the function shape, meaning that different values of p and k lead to 

different material distribution. In this study, k was considered as one tenth of the thickness of 

the graded region, and p was considered as 0.5, 1 and 2. Figure 3 shows the change in 

composition according with these functions for a 1 mm graded layer.

Figure 4 and Figure 5 shows the evolution of CTE and Young’s modulus across discs with 

the different configurations used in this paper.

2.2.2. Bending stress distribution considering thermal stresses—The influence 

of the thermal residual stresses in the bending stress distribution was determined for the 

classic bilayered and trilayered (with a homogeneous or graded interlayer) discs. The 

simulation procedure is described as follows.

Finite elements method was used to simulate the conditions of cooling and calculate the 

residual stress on the discs and use these results in the simulation of the piston-on-ring test. 

A two dimensional axisymmetric model was used to simplify and speed up the calculations. 

At the beginning of the simulation, the entire disc is considered to be at 773.15 K (500°C). 

The temperature on the disc walls then decreases from the initial temperature to 273.15 K 
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(20°C) in 950 seconds. The generated stress state is then inserted as initial condition for the 

biaxial test simulation. In this test, the ring is considered fully constraint, supporting the 

disc, and the force is applied directly on the disc surface. The layers were considered fully 

bonded during the simulation. A fine free-triangular element size mesh was used, ensuring 

the accuracy of the simulation. The maximum size of each element was 0.148 mm in the 

superior and inferior layers and 0.08 mm in the intermediate layer. A finer mesh was used in 

the interlayer to increase the accuracy of composition gradient in the graded discs. The 

convergence analysis was performed in order to examine the sensitivity of the results to the 

size of the mesh. Differences in maximum principle stresses were found to be lower than 3% 

for consecutive mesh refinements. The FEA was conducted using the commercial finite 

element software COMSOL Multiphysics (Comsol Inc, Los Angeles, USA).

The piston-on-ring test consists of a disc supported by a rigid ring on its bottom surface, 

while a piston applies a perpendicular force at the centre of the disc top surface. The applied 

force generates a biaxial moment throughout the disc thickness, creating higher stresses at 

the centre of the disc. A schematic drawing of the piston-on-ring test is shown in Figure 6. 

In this work, the radius of the disc R is 4 mm, the radius c is 0.5 mm, the distance between 

the ring and the disc centre (a) is 3.4 mm and the applied force P is 500N.

3. Results

3.1. Bilayered discs

The three principal stresses were simulated on the disc. For the sharp transition, the 

maximum and minimum stresses for the zirconia-porcelain and alumina-porcelain discs are 

shown on Table 1. The maximum tensile stress is the first principal stress, which will be 

used as reference in the following studies involving trilayered discs. The maximum first 

principal stress is located at the centre of the disc, in the interface between layers.

3.2. Trilayered discs with homogeneous interlayer

The resulting maximum principal stress is shown in Figure 7 for the interlayer with 0.25 mm 

(a), 0.5 mm (b), 0.75 mm (c) and 1 mm (d) thicknesses.

The alumina-porcelain discs present much smaller residual stress than the zirconia-porcelain 

discs. The stresses are minimized when the volume fraction of porcelain is 0.3 (30%, vol.%). 

A reduction in stress magnitude by 40% was observed on the results modifying the 

interlayer composition for both zirconia and alumina discs. The maximum stress is located 

at the framework layer, at the interface with the interlayer, except for the discs with 10% of 

porcelain in the composite layer, which presented maximum stress in the interface between 

the interlayer and the veneer. This creates a great mismatch in the thermal residual stress, 

with one layer presenting high tensile stress and the other presenting compressive stress. 

Figure 8 shows the maximum tensile stress as function of the interlayer thickness for the 

porcelain volumetric fraction of 0.3 (30 vol.%). The stresses decrease with increasing layer 

thicknesses, however they tend to stabilise for thicknesses greater than 0.75 mm. Further 

calculations for thickness of 1.1 mm and 1.25 mm were also performed to confirm this 

tendency.
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3.3. Trilayered discs with graded interlayer

Results for the power law function for different p values are shown in Figure 9 for 

interlayers with the following thicnesses: 0.25 mm (a), 0.5 mm (b), 0.75 mm (c) and 1 mm 

(d).

The best situation is when the exponential parameter p is equal to 2, which is slightly better 

than a linear transition (p=1). For graded discs, increasing the graded interlayer thickness 

results in a reduction of maximum stresses. The interlayer with composition distribution 

based on the sigmoid function was also simulated. The lowest stresses found were 18 MPa 

(alumina disc) and 31.3 MPa (zirconia disc) for 1 mm thick graded interlayer and p=2, 

which is smaller than the best results seen before for discs with homogeneous interlayers 

(19.5 MPa and 41.9 MPa, respectively). The sigmoid function showed a slightly higher 

maximum stress than the power law function. However it shows the same tendency, 

decreasing the maximum stress as the graded layer thickness increases. While in the latter 

situation (discs with homogeneous interlayer) the maximum stress was localized at the 

interface between layers, in graded discs, the maximum stress region is located in a larger 

area, which involves the inferior region of the graded layer and the superior region of the 

framework layer. The results, comparing the power law function when p=2 and the sigmoid 

function and showing the maximum tensile stress as function of interlayer thickness, are 

shown on Figure 10.

3.4. Piston on ring test with and without considering thermal stresses on discs

The piston-on-ring test was simulated using disc with the design corresponding to best result 

for each condition previously reported (i.e the test was simulated with a disc with sharp 

transition, a disc with 0.75 mm interlayer with 30% of porcelain content, and a disc with 

0.75 mm thick graded layer (p=2)) and incorporating the thermal residual stresses as initial 

stress condition. Figure 11 shows the first principal stress distribution at the centre of the 

disc, comparing zirconia and alumina discs for all situations, including a thermal stress free 

condition for comparison purposes. The upper 0.5 mm had been omitted from the results for 

presenting high compressive stresses due to the contact between the disc and the applied 

force, which are not of interest in this case. The results showed the benefits of using the 

interlayer, either homogeneous or graded, in the reduction of maximum stresses in the discs. 

The maximum stresses seen in the tensile surface (bottom surface) of the trilayered discs 

were lower than bilayered ones, with the graded disc displaying the lowest stress values. 

Aditionally, as expected, the bending stress distribution were different in discs where the 

thermal stresses were considered from those seen in the thermal stress free discs. The stress 

mismatch at the intefaces of bilayered and trilayered (homogeneous interlayer) discs were 

lower when the thermal stresses were considered. On the other hand, the maximum stresses 

at the tensile surface (bottom surface) were decreased up to 20% in trilayered discs, when 

thermal stresses were considered in the calculation of bending stresses. No significant 

differences was observed in this case for bilayered discs.
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4. Discussion

Catastrophic fracture and porcelain chipping have been reported as the most common 

failures of multilayered ceramic restorations [33–35]. This has been attributed to materials’ 

thermal and mechanical mismatch and occurrences goes from laboratorial fabrication to in-

mouth incidents. Recently developed graded structures have been proposed to address 

thermal and mechanical coupling in dental restorations with significant improvements in 

load-bearing capacity, adhesion, wear resistance and aesthetics [23,24,27,36,37]. However, 

to the authors’ best knowledge, no studies are available on the residual thermal stresses in 

graded dental ceramic systems. Henriques et al. [22,28] has addressed that topic for metal-

ceramic restorations. Therefore, with this study we intend to analyze the influence of the 

constructive parameters such as type of framework material, interlayer composition, 

interlayer thickness and type of gradation profile on the thermal residual stresses formed in 

multilayered dental ceramic systems. The influence of thermal stresses on the bending stress 

distribution in multilayered discs was also investigated.

The thermal stress analysis in bilayered discs revealed higher stresses being formed in 

zirconia based systems than in alumina based systems, which is accordance to literature 

[18,38]. Due to the higher flexural strength of zirconia relative to alumina (about twice as 

strong as alumina), it has been shown to be more adequate, from the reliability and aesthetic 

point of view for using as framework in dental restorations [3,39].

The highest thermal stresses were reported to occur at the interface of the bilayered discs, 

which according to literature, is the critical site where cracks are nucleated and propagated 

[18,40]. Zhang et al. [18] reported that crack consistently initiated and ran tangentially to the 

porcelain–zirconia interface within the porcelain and in some samples, propagated 

completely through the porcelain layer and caused chipping.

The presence of an intermediate layer of constant composition showed great influence on the 

maximum tensile stress in zirconia-porcelain and alumina-porcelain discs. A stress reduction 

in the magnitude of 40% was observed when the interlayer was 0.75 mm thick and had 

constant composition of 30% of porcelain. This substantial decrease can account for a 

reduction in the probability of crack nucleation and growth due to thermal stress and, 

therefore, increase the restoration lifetime. High stresses at the interfaces could also cause 

delamination if layers are not properly bonded in the manufacturing process. When the 

volume fraction of porcelain is 0.1 (10 vol.%), the maximum stress region moves from the 

bottom alumina or zirconia disc to the interlayer, which is more brittle, and therefore this 

situation must be avoided. The maximum stress must be localized in the framework, which 

is designed to withstand higher tensile stresses.

The variation of the interlayer thickness resulted in a significant resduction in maximum 

thermal stresses in trilayered discs (with homogeneous and graded interlayer composition). 

A decrease up to 30% could be seen in thermal stresses when thicker interlayers were used. 

The stress reduction seen with increasing interlayer thickness tended to stabilise for 

thickness greater than 0.75mm for the alumina-porcelain discs and 0.5 mm for the zirconia-

porcelain discs.
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Regarding the graded discs, a slight reduction of thermal stress was seen relative to the 

trilayered discs with an interlayer of constant composition. The lower thermal stresses was 

seen for discs with a composition profile of the graded interlayer given by p=2 in the power 

law function, i.e., the disc with higher alumina/zirconia phase content within the graded 

interlayer. The discs exibiting a sigmoidal transition between framework and venner 

presented a great thermal stress reduction relative to bilayered discs, but they were slightly 

higher than those seen in discs featuring a power law function. Sigmoidal gradient shapes 

are typical profiles resulting from the interdiffusion of two materials [41]. A continuous 

change in composition was adopted in this study, however this structure is fairly complex to 

manufacture, thus stepwise transition using several layers has been often adopted in the 

production of graded materials. Ravichandran [42] showed that a stepwise approach having 

several layers (typically at least 11) presents similar results regarding thermal stress to that 

of continuously graded structure.

Residual thermal stresses are inevitable in multilayered systems due to high temperature 

processing routes used in their manufacturing, with significant impacts on the component 

performance and life time. Therefore, processing thermal residual stresses must be taken in 

account when designing new multimaterial components processed at high temperatures. We 

have shown that bending stresses in multilayered ceramic discs can be underestimated when 

thermal stresses are not considered in the study. In bilayered discs, the underestimation of 

the stress mismatch at the interface can result in unexpected crack and delamination 

occurences of the veneering porcelain. On the other hand, maximum tensile stresses at the 

bottom surface of the framework were overestimated by not considering thermal stresses in 

the calculation of bending stresses. This fact can inflence on the design of dental 

restorations, allowing a reduction in the thichness of the ceramic framework.

It must be pointed out that graded systems have showed a smoother transition when 

subjected to the biaxial test, showing almost a linear change in the maximum stress across 

layers when the residual stresses are disregarded. Even considering the thermal stresses, the 

disc with graded layer presented a mild transition compared with the abrupt change in stress 

that the other discs showed.

The model used in this study incorporates some simplifications that may be considered as 

limitations. First, it was assumed a symmetric cooling pattern, which may contrast to 

eventual asymmetric thermal gradients occurring in real discs cooling. Additionally, a 

perfect coupling between layers was also assumed, which might be distinct from a real 

scenario. Finally, currect model did not take into account the viscoelastic behavior of 

porcelain at the temperature above its Tg. Therefore, the true stress profiles might not be 

captured accurately. Despite the limitations, this study provides general insights as regard to 

the influence of multilayers design in the formation of thermal stresses in graded dental 

ceramic systems.

5. Conclusion

In this work, thermal residual stress in multilayered discs were succesfully calculated using 

finite elements method. From the results, the following conclusions can be drawn:
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• The presence of an interlayer with intermediate properties between two materials 

can markedly reduce residual thermal stresses. Reductions in the thermal stress 

magnitude could go up to 40%.

• The composition and the thickness of the interlayer (constant or graded 

composition) have a significant influence on the residual stresses in trilayered 

ceramic discs. For the constant composition interlayer, the residual stress is 

minimized when the porcelain content of the interlayer is 30%. The thermal 

stress start increasing for interlayer thicknesses bellow 0.75 mm.

• The graded interlayer showed to reduce the maximum thermal stress by 50% 

relative to bilayered discs. The stress reduction is maximized for a graded profile 

with a power function p=2 and for thicker interlayers.

• The bending stress distribution is greatly influenced by the presence of thermal 

residual stresses in multilayered discs. Without accounting for them, can 

underestimate the stress mismatch at the interface in bilayered discs and 

overestimate the maximum stresses at the tensile surface of trilayered discs.
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Figure 1. 
CTE and Young’s modulus of the zirconia/porcelain and alumina/porcelain composites 

plotted as function of temperature and porcelain content in the mixture.
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Figure 2. 
Three different situations simulated: sharp disc, a disc with an interlayer, and a disc with 

gradation of composition
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Figure 3. 
Change in porcelain volume fraction throughout the graded region for the power law and 

sigmoid functions.
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Figure 4. 
Evolution of the coefficient of thermal expansion (CTE) and Young’s modulus for the 

alumina/porcelain and zirconia/porcelain discs with sharp transition and an intermediate 

composite layer at 298 K.
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Figure 5. 
Evolution of the CTE and Young’s modulus for graded alumina/porcelain and zirconia/

porcelain discs at 298 K.
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Figure 6. 
Schematic of a piston-on-ring biaxial test. P is the applied force.
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Figure 7. 
Simulated maximum tensiles stress for an interlayer thickness of (a) 0.25 mm, (b) 0.5 mm, 

(c) 0.75 mm and (d) 1 mm.
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Figure 8. 
Influence of layer thickness on the maximum residual stresses for the interlayer composition 

of 30 vol.% of porcelain for the zirconia and alumina discs.
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Figure 9. 
Maximum tensile stress for the graded disc, with the graded layer thickness of (a) 0.25 mm, 

(b) 0.5 mm, (c) 0.75 mm and (d) 1 mm.
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Figure 10. 
Influence of the graded layer thickness in the maximum stress for the power law function 

when p=2 and the sigmoid function for the alumina and zirconia discs.
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Figure 11. 
Stress distribution in a piston-on-ring test for zirconia/porcelain (left) and alumina/porcelain 

(right) discs for the different disc configurations studied in this paper, and considering and 

not considering (W/O) thermal residual stresses.
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Table 1

Maximum and minimum principal stresses on the discs with sharp transition

First principal stress (zirconia/
alumina)

Second principal stress (zirconia/
alumina)

Third principal stress (zirconia/
alumina)

Maximum 72.4/35 MPa 62.1/31 MPa 8/4 MPa

Minimum −5/−1.7 MPa −39/−17 MPa −63/−35 MPa
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