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Abstract: Progress and achievements in the field of medical knowledge, technical sciences and 

materials engineering related to the broadly understood aspects of human health and life have 

intensively influenced the development of technologies used in the production of permanent 

prosthetic restorations. Ceramic materials and metal alloys with a wide range of applications in the 

manufacture of prosthetic restorations deserve special attention. The combination of the positive 

features of these two materials, with different chemical and physical properties, made it possible to 

obtain prosthetic structures that meet the strength and aesthetic requirements. Despite the dynamic 

development of more and more new techniques, devices and materials for the production of 

prosthetic restorations, metal-ceramic constructions are still a reliable and dominant method of 

making dental restorations of permanent crowns and bridges. Their quality and durability is largely 

influenced by the method of connecting the ceramic facing material with the metal base. There are 

three types of connections: physical, mechanical and chemical. The basis of the physical connection is 

the selection of appropriate thermal expansion coefficients of both materials. It is related to the 

compressive stresses occurring during the cooling of the fired ceramics.. The formation of depressions 

on the surface of the framework causes retention and microretention, thanks to which the surface of 

ceramic-metal adhesion increases. The chemical connection ensures the formation of a controlled 

oxide layer on the metal base due to the content of elements such as gallium, indium or iron. 

Keywords: metal, ceramics, metal substructure, metal-ceramic connection 
1. Introduction 

The growing interest in aesthetics and biocompatibility in dental prosthetics has resulted in the search 

for new materials for the production of permanent restorations. 

Porcelain is commonly believed to be the best aesthetic material for permanent prosthetic 

restorations. This is due to many features, especially positive ones: indifference to the oral cavity 

environment, good aesthetic properties, low heat conductivity, resistance to body fluids, mechanical 

strength (hardness 7°on the Mohs scale).The glaze surface of the crowns meets the requirements of 

aesthetics, does not tarnish, does not change color and is resistant to plaque deposition. Currently, 

much attention is paid to ceramic materials used to make all-ceramic crowns. Bieniek and Spikermann 

divided the ceramics used today without a metal base. 

Depending on the technique of production, they are divided into: systems with a hard foundation 

(Hi-Ceram, In - Ceram), layered ceramics (Mirage, Optec), pressed ceramics (Empress), cast ceramics 

(Dicor), ceramic systems made with computer support - CAD / CAM system. 

Clinical evaluation of materials is based on parameters such as strength, marginal integrity, 

aesthetics, biocompatibility, abrasion, color stability and applicability. These materials are 

characterized by high mechanical strength. Metal-ceramic restorations are also characterized by high 

mechanical resistance, in which the metal part determines durability, and the fired porcelain ensures 

aesthetics. The use of the Finite Element Meteode (FEM) analysis allows for the design of safe 

structures and the preparation of effective manufacturing processes. Thanks to the MES package, it is 

possible to carry out complex analyzes and simulations of technological processes. An important 

material parameter is the breaking strength of the metal-ceramic connection, as well as the hardness of 
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individual layers of dental ceramics. The characteristics of the mechanical properties are based on the 

research carried out by (Kowalczyk, 2001; Kowalczyk., Dobies,1999). However, the most interesting 

problem is the stress that occurs between the metal-fired porcelain and the metal. Therefore, the main 

emphasis in the study was placed on determining the effect of veneering with ceramics of a 

chromium-nickel alloy on the level of stresses arising in the ceramic-alloy system.I also consider the 

phenomenon of combining ceramics with a suitable metal alloy at high temperature, as well as the 

possibility of firing successive layers of porcelain on top of each other, to be an important problem. 

This issue was discussed on the basis of research conducted by (Kowalczyk , 2001). 

2. Materials and methods 

The Finite Element Method Package (FEM) was used to analyze the metal-ceramic connection. 

2.1. The Finite Element Method package (FEM) 

The finite element method (FEM) is now a commonly used engineering calculation tool. Computer 

programs in which the finite element method is used consist of three main parts: 

1. preprocessor in which the task to be solved is built; 

2. processor, i.e. the computing part; 

3. postprocessor, used for the graphic presentation of the obtained results. 

For users of these programs, the most laborious and time-consuming stage of solving a task is the 

division into finite elements in the preprocessor. It should be mentioned here that wrong division into 

finite elements causes wrong results. 

2.2.1.The essence of the Finite Element method 
The essence of the FEM method consists in dividing a complex area into simple sub-areas, which we 

call finite elements because they have a finite length. A finite element has four properties: shape - sub-

areas can be in the form of a segment point, square, triangle, rhombus, trapezoid, solid; nodes - these 

are points where the sub-areas are interconnected and the vectors under consideration are related to, 

points of application of loads in the form of concentrated forces; quantities data and unknowns 

(analyzed quantities determined by specifying their values in nodes - known quantities, e.g. forces 

and moments loading structures and unknown displacement components), number of degrees of 

freedom of elements (LSSE). 

The number of degrees of freedom of an element is the product of the number of nodes (Lw) and 

the degrees of freedom of a node (ss). 

𝐿𝑆𝑆𝐸 = 𝐿𝑤 ⋅ 𝑠𝑠                                                                         (1) 

and functions approximating Ni (shape functions): 

• Function approximating degree "0" 

𝑇(𝑥) =
𝑇𝐴+𝑇𝐵

2
= 0,5 ⋅ 𝑇𝐴 + 0,5 ⋅ 𝑇𝐵                                                            (2) 

𝑁𝐴 = 0.5,  𝑁𝐵 = 0.5                                                                     (3) 

• Function approximating degree „1” 
𝑇𝐴−𝑇𝐵

𝑙
=

𝑇(𝑥)

𝑥
                                                                             (4) 

𝑇(𝑥) =
𝑥

𝑙
𝑇𝐴 + (

𝑥

𝑙
− 1) ⋅ 𝑇𝐵                                                                  (5) 

𝑁𝐴 =
𝑥

𝑙
,  𝑁𝐵 =

𝑥

𝑙
− 1                                                                    (6) 

where 𝑇𝐴 - temperature at node A, 𝑁𝐴 - shape function (constant), 𝑇𝐵- temperature at node  B, 𝑁𝐵 - 

shape function (constant). 

2.3.   Construction of the FEM model 
2.3.1. Assumption of the task 
The porcelain firing process takes place in a fully automatic, electronically controlled furnace under 

vacuum conditions. Cooling takes place gradually with air access, therefore the convection coefficient 

(thickness of the air layer) is taken into account Convection coefficient = 0.014 at 80 ° C 
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2.3.2.    Geometric model 
2.3.2.1. Introducing keypoints 
2.3.2.2. Spreading continuous curves based on points 

Individual points are connected with each other by lines. (Fig. 1) 

 

Fig. 1. Spread of continuous curves based on model points 

2.3.2.3 Create and glue surfaces (Ai) 

A1 - metal surface; A2 - opaque surface; A3 - porcelain surface (Fig. 2) 

 

Fig. 2. Creation and gluing of the model surface 

2.3.3. Differentiation of material parameters of individual layers 

A1 (metal), A2 (opaque), A3 (dentin) 

2.4 Boundary conditions of the task 
The boundary conditions are defined by: 

a. Initial temperature Ti = 900 ° C 

b. Final temperature Tf= 36 ° C 

These are the extreme temperatures in the cooling process of porcelain fired onto metal. 

2.5. The finite element PLANE13 

The PLANE 13 element is used for two-dimensional (2-D) analysis of coupled fields, i.e. the 

simultaneous analysis of the magnetic, thermal, electric, piezoelectric, structural fields, i.e. the field of 

stresses and strains. Used in structural analysis, PLANE 13 has the ability to analyze stresses and 

    

A3 

  A2 
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strains in the nonlinear ANSYS / Mechanical range. KEYOPT (1) option option is assumed to be 4. 

Then the item has degrees of freedom:  

3. UX, 

4. UY, 

5. TEMP. 

To sum up, the Plane 13 element is used for simultaneous thermal and strength analysis. It enables 

the determination of deformations occurring for systems of various materials characterized by 

different material factors under the influence of changing temperature conditions - cooling process. 

2.6. Division into finite elements (mesh) 
The division into finite elements of individual areas A1, A2, A3 is shown in Fig. 3. 

 

Fig. 3. Division of the model into finite elements 

3.  Results and discussion 

3.1.  The results of the analysis carried out 

The analysis of the above-mentioned model was carried out during the cooling process from the firing 

temperature to room temperature. The tests were carried out for chrome-nickel alloys: Vicron S, 

Wirocer, Wiron 99, Wiron 88, Eversoft, Superbond, Supremcast and ceramics: Vita Omega 900, Vita 

VMK 95, Vita Response, Vita VM 13. (Table 1) 

Table 1. List of types of ceramics and types of alloys used for analyzes 

Analisys 

No 

Layer 

No 
Material 

Thermal expansion 

coefficient 

[10-6 K-1] 

Young Modulus (E) 

[GPa] 

Thermal 

conductivity 

(Axis X) 

1 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Vicron S 13.8 200 1.44 

2 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Vicron S 13.8 200 1.44 

3 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Vicron S 13.8 200 1.44 

4 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Vicron S 13.8 200 1.44 

                         

A3 

   A2 
A1 
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5 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Wirocer 14.0 200 1.44 

6 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Wirocer 14.0 200 1.44 

7 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Wirocer 14.0 200 1.44 

8 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Wirocer 14.0 200 1.44 

Analisys 

No 

Layer    

No 
Material 

Thermal expansion 

coefficient 

[10-6 K-1] 

Young’s Modulus (E) 

[ GPa] 

Thermal 

conductivity 

(Axis X) 

9 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Wiron 99 13.8 205 1.44 

10 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Wiron 99 13.8 205 1.44 

11 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Wiron 99 13.8 205 1.44 

12 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Wiron 99 13.8 205 1.44 

13 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Wiron 88 13.9 200 1.44 

14 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Wiron 88 13.9 200 1.44 

15 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Wiron 88 13.9 200 1.44 

16 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Wiron 88 13.9 200 1.44 

17 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Eversoft 12.83 200 1.44 

18 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Eversoft 12.83 200 1.44 

19 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Eversoft 12.83 200 1.44 
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Analisys 

No 

Lajer 

No 
Material 

Thermal expansion 

coefficient 

[10-6 K-1] 

Young's modulus(E) 

[ GPa] 

Thermalconductivity 

(Axis X) 

20 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Eversoft 12.83 200 1.44 

21 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Superbond 14.07 200 1.44 

22 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Superbond 14.07 200 1.44 

23 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Superbond 14.07 200 1.44 

24 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Superbond 14.07 200 1.44 

25 

A3 Vita Omega 900 (dentyna) 13.6 91 1.1 

A2 Vita Omega 900 (opaker) 14.4 91 1.2 

A1 Supremcast 13.4 200 1.44 

26 

A3 Vita VMK 95 (dentyna) 13.5 91 1.1 

A2 Vita VMK 95 (opaker) 13.6 91 1.2 

A1 Supremcast 13.4 200 1.44 

27 

A3 Vita Response (dentyna) 15.3 91 1.1 

A2 Vita Response (opaker) 15.7 91 1.2 

A1 Supremcast 13.4 200 1.44 

28 

A3 Vita VM 13 (dentyna) 13.3 91 1.1 

A2 Vita VM 13 (opaker) 13.7 91 1.2 

A1 Supremcast 13.4 200 1.44 

3.2.   Results of the conducted analyzes 

The results of the analyzes are illustrated in the drawings which show: 

• stresses along the X axis fibers (SX); 

• stresses running along the fibers of the Y axis (SY); 

• stress intensity, material stress (SINT); 

• reduced stresses (SEQV), equivalent stresses, which also speak 

• about the effort of the material; 

• model deformations along the X axis (UX); 

• model deformations along the Y axis (UY). 

In order to present the results of the analyzes, the most interesting models representing the above-

mentioned stresses were selected.(Fig. 4 to Fig. 6) 

3.3.  Influence of the thermal expansion coefficient on the connection between porcelain and metal 

The quality of the bond between metal and porcelain is influenced by the thermal expansion 

coefficient (TEC). In the absence of a combination of metal and porcelain (Fig. 8a), on cooling from the 

firing temperature to room temperature, the metal contracts more than porcelain because the TEC of 

the metal is greater than the TEC of porcelain. When metal and porcelain are joined (Fig. 8b), the 

shrinking metal part exerts compressive stresses in the porcelain, which prevents fractures. If the 
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shrinkage of the metal is lower than that of porcelain, it will result in tensile stresses in the porcelain. 

Due to the brittleness of the ceramics, these stresses can damage it. 

 

Fig . 4.  Stresses  UY  forVita VM 13 and Vicron S 

 

Fig. 5.  Stresses SX for Vita VMK 95 and  Wiron 88 

 

Fig. 6.  Stresses SX for Vita VM 13 and Superbond 
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Fig. 8. The influence of the thermal expansion coefficient (TEC) of metal and porcelain on the quality of the 

connection between these components: (a) in the absence of a combination of metal and porcelain (b) when 

joining metal and porcelain 

3.4.   Results summary 
The results are summarized in Table 2. 

Tab. 2 Summary of the analysis results 

Analisysy 

No 

Type of 

Results 
Smin Smax 

4 

UX -.005399 .001775 

UY -.001452 .003727 

SX -.140E+07 .132E+07 

SY -542351 .108E+07 

SINT .436E+08 .100E+09 

SEQV .434E+08 .995E+08 

14 

UX -.005626 .00179 

UY -.001684 .004268 

SX -.147E+07 937504 

SY -785473 .138E+07 

SINT .443E+08 .101E+09 

SEQV .441E+08 .100E+09 

24 

UX -.005435 .001794 

UY -.001413 .003826 

SX -.224E+07 .192E+07 

SY -923609 .217E+07 

SINT .436E+08 .103E+09 

SEQV .433E+08 .102E+09 

By analyzing the obtained results, it was found that there are differences in the values of 

compressive and tensile stresses. These differences result from different values of the thermal 

expansion coefficients (TEC). The greater the difference in the TEC values of metal and porcelain, the 

greater the stresses and deformations of the model. This dependence can be easily explained using the 

formula for stresses (σ): 

𝜎 = 𝐸 ∙ 휀                                                                             (7) 

where: σ – stress,  - deformation, E  - Young’s Modulus. 

a) 

 

TEC = 13.3x 10 -6K-1 

 

 

TEC = 14 x 10-6K-1 

b) 

 

 

 

 

 

 

P P 

M M 

P P 

M M 

Firing temperature Room temperature 

P – porcelain 

M – metal  
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The formula shows that the stresses are directly proportional to the strains. The deformationsare as 

follows: 

휀 =
Δ𝑙

𝑙
                                                                                  (8) 

where: 𝑙 - sample length, Δ𝑙 - increase in length, while the thermal expansion coefficient is equal to: 

𝛼 =
Δ𝑙

𝑙⋅Δ𝑡
.                                                                                 (9) 

where: 𝛼 - thermal expansions coefficients, Δ𝑡 - temperature change 

After the transformations and substitutions, we have: 

𝛼 = 휀 ⋅ Δ𝑡                                                                           (10) 

휀 =
𝛼

Δ𝑡
                                                                               (11) 

𝛿 =
𝛼

Δ𝑡
⋅ 𝐸                                                                          (12) 

Thus, the formula shows that the stresses are directly proportional to the coefficient of thermal 

expansion. The greater the coefficient of thermal expansion, the greater the stress. 

3.5.  Discussion of the results 
28 analyzes were performed and the presence of compressive and tensile stresses was found in 

individual layers of the model (metal, opaque, dentin).The presence of compressive stresses in the 

dentin layer is a result of greater metal shrinkage during the cooling process. These stresses are 

desirable for the ceramic-alloy system, as they have a positive effect on the quality of the porcelain-

metal bond. Due to the compressive stresses, the connection is permanent. The occurrence of 

compressive stresses is present in models where the thermal expansion coefficient of the metal is 

greater than the thermal expansion coefficient of porcelain. The presence of tensile stresses in the 

dentin layer was also found. They appear when the metal has a lower thermal expansion coefficient 

than porcelain. These stresses are the result of less shrinkage of the metal layer than of the ceramic 

layer. They are unfavorable for the porcelain-metal system as they can damage the ceramics. Cracks or 

chipping of the dentine layer are not the desired effect in the performance of prosthetic restorations. 

Tensile stresses indicate a poor connection between porcelain and metal. For a high-quality 

joint between metal and porcelain, compressive stresses must be present in the dentin layer. The 

greater the stress, the more durable and stronger the connection. The amount of stress is influenced by 

the size of the metal's thermal expansion coefficient. It must be greater than the TECof the porcelain 

for compressive stresses to occur. 

4.  Conclusions 

Conclusions regarding the conducted analyzes: 

1. The use of FEM analysis allows for the design of safe structures and the preparation of effective 

manufacturing processes; 

2. FEM is characterized by the possibility of easy use both by process analysts (statisticians) and 

by designers; 

3.  The FEM method allows you to perform the analysis through computer simulations that 

immediately show the end result. The analyst immediately concludes whether the analysis 

required will be applicable in reality; 

4.  MES does not require complicated equipment for conducting research and engineering 

analyzes, which is associated with high costs; -makes it possible to significantly reduce the 

number of experimental tests 

5. Compressive and tensile stresses were found in the conducted analyzes; 

6.  Compressive stress has a positive effect on the joint between porcelain and metal; 

7.  The value of compressive stress is directly related to the value of the thermal expansion 

coefficient (TEC) of the metal; 

8. The compressive stress in the dentin layer TEC of the metal implies a greater value than the 

TEC of porcelain; 
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9. The greater the difference in the assumption in point 8 of the conclusions between the thermal 

expansion coefficients of metal and porcelain, the greater the compressive stress will be; 

10.  The greater the compressive stress, the greater the deformation of the model is also;TEC the 

metal must not be smaller than the TEC of porcelain because then tensile stresses arise in the 

dentine layer; 

11. Tensile stresses have a destructive effect on the metal connection 

with ceramics; 

12. When firing porcelain on metal, it is very important that the thermal expansion coefficients of 

metal and porcelain are properly selected (the difference between the TEC of metal and 

porcelain must be approx. 0.5 - 1.0 10-6K-1).  
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