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CHAPTER I 
 

Introduction 
 

 

 

___________________________________________________________________________ 
 

1.1 General introduction 

 

Less than 3 % of the early hominid Homo Rubustus, who lived between from 1.8 to 

1.5 million years ago, had caries [1].  

     
Most likely, changing food habits caused that later hominids developed more caries [2, 3] and 

modern humans became in need of prosthetic reconstructions. In the Louvre in Paris a dental 

construction is exposed, which dates from 400-300 years before Christ attributed to the 

Phoenicians, which may be considered as the oldest known fixed partial denture. The 

construction consists of four incisive elements (root portion removed) fixed with gold wire to 

the adjacent elements. Despite the increased effort to prevent dental decay, today many 

patients are in need of prosthetic reconstructions and present crown and bridgework has to 

meet high periodontal, functional, and aesthetical standards. The aesthetical aspect in 

dentistry is becoming more and more important with the improving wealth in the western 

world and there is high pressure on the dental profession to fulfill the demand for long lasting 

naturally looking restorations.  

                                                                                                                                                    9                     
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The recent discussions concerning the biocompatibility of materials used in restorative 

dentistry have reinforced the search for alternative restorative materials. The aesthetical 

properties, the inertness, low thermal conductivity, and low sensitivity for bacterial affixture 

and plaque accumulation, provided it shows a smooth surface [4], make porcelain a very 

attractive replacement material for the natural tooth material.  

Already in 1886 C.H. Land introduced the porcelain jacket-crown to dentistry. With 

his technique all-ceramic crowns could be made providing high esthetic quality. However, 

frequently the dentist had to face the consequences of the brittleness of the ceramic leading to 

fracture.  The introduction of the lost wax technique by W.H. Taggert made first the 

production of metal crowns possible and later the development of porcelain-fused-to-metal 

crowns. The porcelain-fused-to-metal crowns were stronger than all-ceramic crowns but still 

the poor match between framework alloys and veneering porcelain of the thermal expansion 

of these metal-ceramic crowns often led to failures and fractures. Mixing controlled amounts 

of high-expansion leucite (KAlSi2O6) with feldspar glass solved this problem [5]. This 

invention led to considerable improvement in the reliability of metal-ceramic crowns. The 

higher strength made these crowns very popular, resulting in a decreasing use of all-ceramic 

restorations. Nevertheless, the metal substructure of porcelain-fused-to-metal restorations 

influences the esthetic properties of the restoration negatively. The production of restorations 

with high esthetic qualities became more an art than that it was based on a predictable and 

reproducible process.  For that reason much effort has been made to improve the strength of 

ceramic materials to enable a higher frequency of the use of all ceramic application, resulting 

in stronger ceramics, especially stronger core materials for layered all-ceramic crowns.   

Due to the esthetic qualities of all-ceramic layered crowns, which come close to the natural 

tooth [6, 7], many patients prefer these crowns nowadays. The aesthetic qualities of the 

natural tooth are influenced by its structure [8]. Dentin is more opaque than enamel and 

absorbs, and reflects light. Enamel is a crystalline layer over the dentin and is composed of 

tiny prisms or rods cemented together by an organic substance. The indices of refraction of 

the rods and the cementing substance are different, as a result, a light ray is scattered by 

reflection and refraction. As the light ray strikes the tooth surface, part of it is reflected and 

scattered, while the remainder penetrates the enamel and is either absorbed or reflected and 

scattered within the enamel. This produces a translucent effect and a sense of depth when the 

scattered light reaches the eye. To approximate the natural tooth as much as possible, layered 

all-ceramic crowns are applied. These crowns consist of a core, made with production 

techniques and materials, which provide the required strength, veneered with a layer or layers 

of veneering porcelain providing together with the core the aesthetical aspect. 

 10 
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Still all-ceramic restorations are prone to spontaneous fracture, mainly when placed in 

the posterior region, although the most important factor for the longevity of restorations is a 

good seal since analyses of failures of fixed restorations have shown caries to be the most 

frequent cause of failure [9].  Various factors attribute to these phenomena, where the most 

important ones may be the materials used and shape of the restoration and the cement layer. 

Different attacks threaten the restoration; thermal, chemical, mechanical loads. In order to 

make long-lasting restorations it is advisable to have specific design rules for the production 

of all-ceramic crowns.  

For manually produced restorations, design weaknesses can hardly be predicted as the 

design of the all-ceramic restorations with respect to the ceramic layer design as well as the 

outer shape is an operator dependent property. However, for computer designed and 

manufactured restorations (CAD-CAM: Computer Aided Design-Computer Aided 

Manufacturing) these parameters as well as those of the preparation are digitally available, 

making stress analysis and failure prediction possible. Finite Element Analysis might be a 

proper tool to perform such analysis. 

 

1.2 The material properties 

 

Dental ceramics are a compound of metals (such as aluminum, calcium, lithium, 

magnesium, potassium, sodium, tin, titanium, and zirconium) and nonmetals (such as silicon, 

boron, fluorine, and oxygen) that may be used as a single structural component used in the 

fabrication of dental restorations [8]. The production of ceramic restorations can be described 

as a complex sequence of high temperature reactions occurring above the softening point of 

the ceramic and leading to partial melting of the glassy matrix, with coalescence of the metal-

oxide particles. 

The first dental ceramics developed for dental restorations consisted of feldspathic 

(KAlSi3O8) or aluminous (Al2O3) porcelain, which was baked on a thin platinum foil. These 

restorations can be considered the ancestors of all-ceramic crowns.  The introduction by J.F. 

McLean in 1965 of a ceramic core out of sintered aluminum oxide made the production of 

reliable all-ceramic crowns possible [10]. New materials and production techniques such as 

heat-pressed and slip-cast ceramics were developed to produce stronger all-ceramic cores 

[11]. 

 11
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With the pressing technique dry material is pressed and sintered after pressing. Alumina-, 

magnesia-, and zirconia-based porcelains are used with this technique (for example Procera®, 

and Cicero®). The process of heat-pressed ceramics relies on the application of external 

pressure at elevated temperatures to obtain sintering of the ceramic body (for example 

Empress®). Casted ceramics (for example Dicor®) are ceramics that are heated and casted into 

a mold. Slip casting involves the condensation of an aqueous porcelain slip on a refractory 

die, fired on the refractory and the fired porous core is later glass infiltrated (for example In-

Ceram®). For layered all-ceramic crowns these core materials are veneered with veneering 

porcelain layers. The mechanical properties of ceramics are determined by the shape, 

sharpness, size and depth of surface flaws as well as by internal flaws [12]. The failure of 

ceramics being a brittle material is attributed to the propagation of a large system of densely 

distributed cracks, rather than to a single precisely defined fracture [13]. Loading of the 

restoration will cause wear [14], reshaping the surface, which will introduce surface flaws. 

These flaws influence the mechanical properties. 

For the luting cement used to retain the restoration, and to fill and seal the gap between 

tooth and restoration materials, cements that show good adhesive properties are becoming 

increasing popular[15]. A variety of cements have been used in dentistry through the years to 

retain restorations in a fixed position within the mouth [16]. The required properties for dental 

cements equal those of other restorative materials. As a result, the general use of cements for 

restorations exposed to the oral environment is quite limited. Zinc phosphate is the oldest of 

the cements and thus is the one that has the longest track record. Actually a number of 

materials are available for cementation purposes. These include zinc phosphate, zinc 

silicophosphate, zinc polycarboxylate, glass ionomer, zinc oxide-eugenol and resin-based 

cements. Resin-based cements have become the luting cement of choice recently. Resin-based 

cements are virtually insoluble [17], and their fracture toughness is higher than that of other 

cements. They bond to dentin by means of a dentin bonding agent, and can form a strong 

attachment to enamel as well as to ceramics via the acid-etch technique. From a biological 

standpoint, the cements may irritate to the pulp [18]. Thus pulp protection via a calcium 

hydroxide or glass ionomer liner [19] is important when one is cementing an indirect 

restoration that involves bonding to dentin with insufficient dentin thickness.  
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1.3 CAD-CAM 

 

Cicero® is one of the more modern CAD-CAM systems [20] that consists of optically 

digitizing the preparation, its immediate surroundings, and the antagonists with a laser surface 

scanner; indirect by scanning of a gypsum model. Some other systems use scanning directly 

in the mouth. The digitized information is read into a computer aided design program to 

design the crown with the different layers (CAD). The crown is designed by selecting the 

proper tooth from a library, modeling the crown on the screen to fit in with the remaining 

dentition, and making final adjustments to the proximal contacts with the computer. Like in 

most modern programs the occlusal surface is formed by the program itself where the 

functional relationships are ensured for both dynamic and static conditions. After the interior 

and exterior tooth surfaces have been designed, several interface surfaces between cement and 

ceramic core and between different veneering porcelain layers are defined. The negative of 

the inside surface of the crown is accurately milled on refractory material. On this material, 

core material is pressed and pre-sintered. Subsequently, the outer surface of the core is 

brought into the desired shape by milling from the pre-sintered material in a computer driven 

milling machine into the desired shape using the CAD information (CAM) and subsequently 

sintered. Hereafter, the veneering porcelain layer or layers are applied on the sintered core by 

pressing on veneering porcelains, which are sintered and subsequently milled in the designed 

shape. 

 

1.4 Finite Element Analysis 

 

Finite Element Analysis (FEA) was originally developed in the aircraft industry and 

has since then been widespread in engineering in the industry, going from accounts of the 

thermal stresses in a reactor vessel to civil engineering. It was also concluded for dentistry 

that finite element analysis proved to give reliable information concerning stress distribution 

in a tooth [21]. The solution method of finite element analysis consists of dividing the 

geometry into a finite number of elements with relatively easy to describe mechanical 

properties, which can be wedges, tetrahedrons or other solid elements. The classical theories 

of mechanics together with the approximation of dividing the geometry into a finite number 

of elements give the possibility to calculate mathematically the stresses in a geometry 

resulting from loads on it. The impressive development of computing capacity even with 

standard personal computers makes it nowadays possible to calculate accurately stress 

development in complex geometries like a tooth preparation with crown.  
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The use of multi layer ceramics in combination with an ultra thin adhesive layer, whose 

mechanical behavior is so largely associated with shrinkage problems, imply that 3D finite 

element analysis is practically the only way to obtain a meaningful image of al processes, 

which simultaneously take place. 

 

1.5 Scope and contents of this thesis 

 

The aim of the present research project was to evaluate by finite element analysis the 

influence of design parameters of the preparation and the cement layer on the stress 

distribution in CAD-CAM produced all-ceramic crowns and their cement layer. Since certain 

material properties were not available in literature some material properties had to be studied. 

Chapter 2 Chapter 2 deals with mechanical properties of ceramics. The mechanical 

properties are determined by the shape, sharpness, size and depth of surface 

flaws as well as by internal flaws [12, 22]. In order to adjust occlusion, the 

functional surfaces of porcelain restorations are often ground, mechanical 

machining is even an essential part of the CAD-CAM process, and loading of 

the restoration will cause wear, reshaping the surface, which will introduce 

surface flaws. For these reasons the influence of the surface roughness on 

porcelain strength was studied.  

Chapter 3 The bond of adhesive luting cements to the tooth tissues and restorative  

materials is expected to hinder their transverse contraction during setting  

[23, 24] for the layer thickness applied in dental restorations. The hindering of 

the transverse deformation may influence the relation between stress and 

strain, the stiffness, in the direction perpendicular to the substrate surface. In 

Chapter 3 the relation between cement layers with different ratio between 

bonded and free surface (C-factor) [25] and the stiffness of these layers i.e. an 

apparent increase of the Young’s modulus of the dental luting cement was 

investigated.  

Chapter 4 The knowledge of the polymerization shrinkage stress development, 

distribution and height is of main importance for a reliable risk assessment of 

the durability of dental indirect restorations. To reveal this process is hard to 

perform, as the setting of resin composites is a complex time depending 

process, throughout which material properties undergo a dramatic change in a 

relatively short period. Moreover, the complex geometries found clinically are 

rather difficult to imitate in a laboratory setup.  

 14 
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As a consequence the stress found in simplified laboratory test setups may not 

fully mimic the complex clinical cases.  

 In chapter 4 a model for the visualization of the setting stresses caused by the 

time dependent dynamic setting behavior of resin composite luting materials in 

cement gaps with uniform thickness mimicked by a time independent static 

FEA model is described.  

Chapter 5 The obtained material properties were used in a FEA evaluation of the crowns 

of 3 patients. This evaluation resulted in specific design rules, for full ceramic 

crowns in the posterior region, which have to be followed and which are 

presented in chapter 5. 

 

The chapters 2-5 in this thesis can be read independently, as they have been written in a form suited  

for publication in international scientific journals.  
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CHAPTER 2 
 

The influence of surface roughness on porcelain strength 

 

 

 

_________________________________________________________________________ 

 

2.1 Abstract 

 

Objectives:  In order to adjust occlusion, the functional surfaces of porcelain restorations are 

often ground and mechanical machining is even an essential part of the CAD-CAM process for 

these restorations. The aim of this study was to investigate the influence of the finishing procedures 

on the biaxial flexure strength of four commercial porcelains. 

Methods:  Four commercial porcelains of which two are used for metal-ceramic restorations 

(Flexo Ceram Dentine and Vita VMK68) and two for veneers and inlays (Duceram LFC Dentine 

and Cerinate BODY) are used in this study. For each porcelain, sixty discs (ø =22 mm, h = ~ 2.0 

mm) were produced using twelve different finishing procedures. Twenty discs were left untreated, 

twenty discs were milled, using a high-speed diamond disc, and twenty discs were machined in a 

high-speed grinding/polishing device. Half of the samples were glazed. In each of these six groups, 

half of the samples were stored for 16 hrs at 80° C in a 4% acetic acid solution. The biaxial flexure 

strength was determined using the ball-on-ring method. In each group the roughness of the surface 

was determined and examined via SEM.  

Results:  With the exception of Flexo Ceram Dentine, a significant correlation was found 

between the roughness of the surface and the biaxial strength: the smoother the surface, the 

stronger the sample. The differences in biaxial strength may be attributed to the stress concentration 

of an applied load due to the roughness of the surface caused by the mechanical finishing or 

chemical action. The fact that the strength of Flexo Ceram Dentine was not affected by the different 

surface treatments is probably due to the size of the leucite particles, which apparently induce more 

stress concentration than the surface flaws and the roughness of the surface.  

                                                                                                                                              17  
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Significance:  It was concluded that surface roughness determines the strength of a porcelain 

material, except where the inner structure of the material causes greater stress concentration than 

that caused by the combination of surface roughness and surface flaws. 

 

2.2 Introduction 

 

The essential step in CAD-CAM production of porcelain restorations is the 

mechanical machining of ceramic materials. Machining reshapes the surface and 

introduces surface flaws. The roughness produced by the finishing procedure and the 

introduction of surface flaws may be accompanied by a reduction in strength. It is indeed 

customary to expect that, within certain ranges, an increase in surface roughness will lead 

to a decrease in strength. According to the literature, strength is determined by the shape, 

sharpness, size and depth of the surface flaws as well as by internal defects [1]. Various 

techniques such as glazing have been proposed to strengthen the material after the 

introduction of surface flaws. The effectiveness of such strengthening mechanisms is 

disputed. Studies on dental porcelains both support and refute the strengthening effect of a 

glaze layer on porcelains [2-4].  

The objective of the present study was to establish criteria for the influence of the 

surface finishing on the strength of dental porcelain. It was hypothesized that the surface 

roughness obtained by the different finishing procedures will concentrate an applied stress.  

As a consequence of the stress concentration, failure will occur at a lower stress. 

The flaws which cause failure may not occur randomly, but rather may be concentrated 

around points with higher stress, as a result of surface roughness. For this reason, the 

influence of finishing procedures on the roughness and the biaxial flexure strength of four 

commercial porcelains were investigated. 

 

2.3 Material and methods 

 

Four commercial porcelains were investigated. Two of these are used for metal-

ceramic restorations (Flexo Ceram Dentine, Elephant, Hoorn, the Netherlands and Vita 

VMK68, Vita Zahnfabrik H. Rauter GmbH & Co KG, Bad Säckingen, Germany), and two 

for veneers and inlays (Duceram LFC Dentine DA1, Ducera, Rosbach v.d.H, Germany and 

Cerinate Body, Den-Mat Corporation, Santa Maria, CA, U.S.A.). 
For each porcelain sixty discs (ø = 22 mm, h = ~2.0 mm) were produced, using a 

stainless steel die with an internal diameter of 25 mm and a height of 3 mm.  

18   
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The specimens were condensed with the condensing liquid, prescribed by the producer, by 

means of a vibration blotting technique. They were turned during blotting in an effort to 

avoid internal differences in the degree of porosity. All specimens were fired according to 

the manufacturer’s instructions in a programmable vacuum furnace (Austromat 3001, 

Dekema, Freilassing, Germany). The fired discs were randomly divided into six groups: 

Group 1, untreated. Group 2, glazed by heating the specimen to the glazing 

temperature prescribed by the manufacturer and holding it at that temperature for 1 min. 

Group 3, milled in the Celay milling machine (Mikroma Technologie AG, Spreitenbach, 

Switzerland), using a diamond disc with a diameter of 17 mm at a rotation speed of 80,000 

rpm. Group 4, as 3 and also glazed and held at the prescribed temperature for 1 min.  

Group 5, ground/polished using a grinding/polishing machine, (WOCO, Wolfgang Conrad, 

Clausthal – Zellerfeld, Switzerland). Group 6, as 5 and also glazed and held at the 

prescribed temperature for 1 min. 

Finally, half of the samples in each group were stored for 16 hrs at 80° C in a 4% 

acetic solution in accordance with DIN 13 925. The treatment in acetic acid was intended 

to create a surface roughness such as might develop through erosion due to the exposure to 

the different acid fluids in vivo.  

The dimensions of the specimens were measured with a digital micrometer 

(Digimatic, Mitutoyo Corporation, Japan). The diameter of the discs was measured at two 

diametrically opposite points and the nominal mean value was recorded. The thickness of 

the discs was measured at five places in the center of the disc and the lowest value was 

recorded. The biaxial load was determined by means of the ball-on-ring method on a 

servomechanical testing instrument (Instron 6022, Instron Limited, High Wycombe, UK) 

at a cross-head speed of 0.1 mm/min at room temperature (20° C). The loading ball in the 

ball-on-ring device was made of stainless steel and had a diameter of 5 mm. The ring, 

which had a radius of 8.0 mm, consisted of twenty stainless steel supporting balls with a 

diameter of 2.5 mm. The primary virtue of the test fixture used in this study was that the 

lack of perfectly plane and parallel surfaces was compensated for in the fixture design. The 

supporting balls rested on an enclosed silicone ring that responded like a liquid. In this 

way, all the supporting balls provided the same load. The observed fracture loads and 

specimen dimensions were used in the calculation of the stress at fracture, as described in 

the literature [5], and in ASTM Standard [6] for biaxial flexure strength. In the 

calculations, a value of 0.25 for Poisson’s ratio was used. The biaxial flexure strength 

distributions were hypothesized to follow the Weibull distribution.  
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Chapter 2                                                             

The characteristic value of the biaxial flexure strength of each group of five specimens was 

determined. We then turned to the broken specimens of the biaxial flexure strength test. 

Since the roughness of the five specimens of a material with a specific surface 

finishing did not show significant differences, the assumption was made that a single 

sample was characteristic of the whole set. From each group we selected a piece of the disc 

whose biaxial flexure strength was closest to the characteristic level of that group.  

These were used for a roughness determination, by means of a profilometer 

(Perthometer equipped with feeler RHT 6-250, Perthen GmbH, Hannover, Germany).  
The average degree of roughness Ra was determined in accordance with DIN 4768. 

The nominal mean value of five values of Ra was determined, measured at distance of 50 

µm from one another.  

The same samples were evaluated by scanning electron microscopy (SEM, Philips 

XL 20, Eindhoven, the Netherlands), in order to obtain an image of the broken test 

specimens. The images were taken in a standardized manner in the area where tensile 

stresses were highest during loading and perpendicular to the fracture line, i.e. the line 

between the fracture surface and the surface of the highest tensile stress. The surface of the 

highest tensile stress was placed at a 45° angle to the horizontal. In order to describe the 

roughness, characteristic rough spots (typical irregularities) were examined. Since the 

width of all rough spots was less than 50 µm, on the photomicrograph the apparent 

distance between the highest and the lowest point of a characteristic rough spot over a 

distance of 50 µm was measured and compared with the roughness data. This height 

difference was hypothesized as the dominant factor for the stress concentration. 

Using Emrcnisa finite element linear elastic stress analysis (EMRC, Troy, 

Michigan, U.S.A.) the concentration of an applied stress caused by a characteristic rough 

spot on the fired and glazed Duceram LFC specimen was simulated.  

Since the height of the roughness was small in comparison with the thickness of the 

discs, the stress concentration in the vicinity of the rough spot is a local stress 

concentration problem according to Peterson [7].  In the model of the surface layer, the 

tensile stress in the surface layer was considered constant and equal to the maximum 

tensile stress. 
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2.4 Results 

 

Biaxial flexure strength  
 

Table 2.1 shows the nominal mean value, the standard deviation, the Weibull 

characteristic strength and the Weibull shape factor of the biaxial flexure strength for the 

five specimens in each group.  

 

Roughness  

 
Table 2.2 presents the data on the surface roughness Ra. The SEM examination of 

the samples shows characteristic rough spots due to finishing, which occurred at least once 

in each 250 µm by 250 µm square. The apparent height difference over a distance of 50 

µm displayed by a characteristic rough spot when measured by SEM was plotted as a 
function of the roughness Ra for Duceram LFC in Fig. 2.1.  A regression analysis with the 

SSPS package version 8.0 (SSPS, Illinois, U.S.A.) was performed with the roughness Ra as 

the dependent and the difference in height of a characteristic rough spot as the independent 

variable. A linear relation was found to be significant (P < 0.05). 
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Table 2.1          

          

          

  
The biaxial flexure strength of the finished materials. The nominal value, the standard deviation, the Weibull's characteristic level and the Weibu
value; S.F. is the Weibull's shape factor)   
                        

  
 Cerinate BODY 

  
  Duceram LFC 

  
  Flexo C

        
                     
 Mean Standard    Weibull's  Mean Standard    Weibull's  Mean 
            

   

value deviation C.L. S.F. value deviation C.L. S.F. value
 MPa 

 
MPa 
 

MPa 
 

   MPa 
 

MPa 
 

MPa 
 

   MPa 
   

                        
Untreated            

        

            
       

         
          

            

          
       

81.1 23.5 92.8 3.0 42.3 15.4 49.6 2.3 53.5
Untreated, 16 hrs 4% acid 69.5 34.9 81.1 1.6  56.5 4.0 56.2 16.5  60.6 
Untreated, glazed 82.3 9.9 84.7 8.3 25.5 2.0 25.7 23.5 58.3
Untreated, glazed, 16 hrs 4% acid 64.6 4.9 68.3 12.0  79.8 20.4 89.5 3.5  52.8 
Milled 53.3 22.2 62.0 2.0 51.1 7.2 53.8 7.1 61.6
Milled, 16 hrs 4% acid 59.9 7.1 63.4 9.6 66.5 3.9 68.0 23.7 66.5
Milled, glazed 96.2 9.2 100.4 10.5 89.2 15.4 97.3 5.6 57.9
Milled, glazed, 16 hrs 4% acid 104.6 20.0 113.6 5.9 87.7 14.1 94.3 6.4 58.2
Ground/polished 68.1 7.3 72.5 8.9 72.7 11.9 80.1 6.0 68.9
Ground/polished, 16 hrs 4% acid 105.1 18.6 113.3 6.8  96.0 12.1 104.3 7.7  63.7 
Ground/polished, glazed 103.5 34.4 116.5 2.8 106.1 34.8 115.8 3.1 60.7
Ground/polished, glazed, 16 hrs 4% acid 117.6 38.0 136.2 3.0  139.6 26.6 151.6 5.2 59.8
                        

 

 

  
C
hapter 2 

       

       

       

 
ll's shape factor (n=5; C.L. is the Weibull's characteristic 

 
                

 
eram Dentine 
 

 Vita VMK68 
  

 
     

               
Standard    Weibull's  Mean Standard    Weibull's 

        

  

deviation C.L. S.F. value deviation C.L. S.F.
MPa 
 

MPa 
 

   MPa 
 

MPa 
 

MPa 
 

  
 

                
        

    

        
      

      
        
        

    
     

9.0 58.8 5.4 67.5 1.5 66.9 40.9
5.7 62.4 14.2  74.6 10.1 79.9 6.7 
3.9 60.0 13.1 73.0 27.9 83.3 2.1
9.2 56.2 5.0  79.5 7.5 82.3 9.5 
6.7 66.3 7.6 68.3 9.4 71.4 1.6
9.5 71.4 7.8 74.8 15.3 80.9 5.1
3.7 59.3 18.4 77.0 8.2 79.4 13.9
5.1 58.7 13.1 77.1 13.0 81.1 7.0
3.0 70.7 16.6 104.0 9.2 110.3 8.9
6.7 67.4 8.2  94.0 14.9 98.3 9.0 
5.8 62.4 12.0 73.9 6.1 75.9 11.2
9.3 61.8 9.3 87.0 10.5 91.5 10.1
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Table 2.2     

The surface roughness Ra of the finished materials (n=5; Ra is the average roughness height in µm) 
     

     

 Cerinate BODY Duceram LFC Flexo Ceram Dentine Vita VMK68 
 ________________ ________________ _________________ ________________ 
         

 

Mean 
value 
(µm) 

Standard 
deviation 
(µm) 

Mean 
value 
(µm) 

Standard 
deviation 
(µm) 

Mean 
value 
(µm) 

Standard 
deviation 
(µm) 

Mean 
value 
(µm) 

Standard 
deviation 
(µm) 

         

         
Untreated 1.8 0.5 4.5 0.7 2.0 0.6 6.8 6.0 
Untreated, 16 hrs 4% acid 0.8 0.1 5.0 1.0 2.9 0.9 2.5 1.1 
Untreated, glazed 0.5 0.2 4.4 0.1 0.5 0.1 0.9 0.1 
Untreated, glazed, 16 hrs 4% acid 0.8 0.2 2.0 0.4 0.9 0.7 0.8 0.1 
Milled 3.7 0.8 2.4 0.8 2.0 0.2 2.1 0.2 
Milled, 16 hrs 4% acid 1.9 0.3 1.8 0.2 2.0 0.1 1.4 0.2 
Milled, glazed 0.9 0.6 2.9 1.3 1.2 0.2 0.8 0.1 
Milled, glazed, 16 hrs 4% acid 0.8 0.0 1.0 0.6 0.9 0.1 0.6 0.1 
Ground/polished 0.6 0.1 1.0 0.1 0.5 0.1 0.7 0.1 
Ground/polished, 16 hrs 4% acid 0.6 0.2 0.6 0.1 0.5 0.0 0.8 0.1 
Ground/polished, glazed 0.3 0.0 0.5 0.1 0.6 0.2 0.5 0.0 
Ground/polished, glazed, 16 hrs 4% acid 0.5 0.2 0.4 0.1 0.3 0.0 0.3 0.1 
         
         

 

Roughness Ra vs the height of a typical defect
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Fig 2.1  For Duceram LFC, the surface roughness as a function of the height 

difference of a characteristic rough spot. 

                                                                                                                                              23                         



Chapter 2                                                             

Relation between surface roughness and porcelain strength 

 

Biaxial flexure strength as function of the roughness
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Fig. 2.2  The characteristic levels of the biaxial flexure strength as a function of the 
roughness Ra of the different types of finishing of the four materials 

 

In Fig. 2.2, the characteristic levels of the biaxial flexure strength are plotted as a 
function of the roughness Ra of the four groups representing the four materials.  

A regression analysis with the SSPS package version 8.0 was performed for the 
four materials with the biaxial flexure strength as the dependent and the roughness Ra as 

the independent variable.  

Significant correlations were found, except in the case of Flexo Ceram Dentine (P < 

0.05). 
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Effect of glaze on porcelain strength 

 

 

 

Fig. 2.3  A characteristic rough spot of fired and glazed Duceram LFC 

 

Fig. 2.3 is a SEM photomicrograph of a characteristic rough spot on a broken fired 

and glazed Duceram LFC disc. In the samples that were only fired no defects of this kind 

appeared. In this group of specimens the glazing displayed a significant reduction in 

strength.  
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Strength determining factors 

 

 

 

Fig. 2.4 Finite element analysis of the stress concentration of an applied stress 

caused by a characteristic rough spot of a fired and glazed Duceram LFC 

disc. 

 

 

Fig. 2.4 is a finite element analysis plot of the stress concentration caused by a 

characteristic rough spot on a fired and glazed Duceram LFC disc, as shown in Fig. 2.3. 

The applied stress used in the finite element analysis was 75 MPa, resulting in a 

stress of 137.6 to 147.0 MPa at the corner edges of the defect. The Von Mises stress at this 

spot is a tensile stress along the surfaces of the defect. 
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Fig. 2.5 SEM photomicrograph of fired and glazed Duceram LFC with cracks on the 

points with the highest stress concentration caused by glazing defects. 

 

Fig. 2.5 is a SEM photomicrograph of a broken fired and glazed Duceram LFC disc 

with cracks at the points of the highest stress concentration.  

 

                                                                                                                                        27                                



Chapter 2                                                             

 

 

Fig. 2.6 SEM photomicrograph of an etched specimen of a broken Flexo Ceram 

Dentine disc.  
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Fig. 2.7 SEM photomicrograph of an etched specimen of a broken Vita VMK 68 

disc. 

 

A comparison of the photomicrographs in fig. 2.6 and 2.7 clearly shows that the leucite 

particles in the Flexo Ceram Dentine are larger. 

 

2.5 Discussion 

 

The tentative conclusion is that the stress concentration due to the roughness of the 

surface caused by the different surface treatments is responsible for the differences 

between the biaxial flexure strength of the different sample groups. In the literature [8], the 

failure of many materials, including ceramics, has been attributed to the propagation of a 

large system of densely distributed cracks, rather than to a single precisely defined fracture. 

The number of cracks and microcracks is extremely large and, according to the literature, 

their location and orientation are random. Irwin [9] demonstrated that stress intensity is 

related to a crack shape in a particular location with respect to the loading geometry.  
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Microcracks have hardly influenced the measured surface roughness data with the 

method used in this study. The point of the feeler of the profilometer had an angle of 90 

degrees with a radius-tip of 3 µm, too big to detect these microcracks.  

The finishing procedures influence the existence of microcracks and residual stress. For 

example, glazing and treatment in acetic acid could round the crack tip of possibly 

microcracks. The change in crack length and crack tip radius would change the strength of 

the material. The finishing procedures, however, produce also a certain surface roughness. 

Surface roughness will lead to a non-uniform stress distribution and concentrate locally an 

applied stress due to the shape differences in the surface layer, as shown in Fig. 2.4. The 

distributed cracks may not develop or propagate randomly, but occur or propagate at points 

with higher stress as a result of the surface roughness. In Fig. 2.5, the points with the 

highest stress concentration are those with cracks, confirming that crack initialization can 

start at stress concentration points caused by surface roughness. This hypothesis is also 

supported by the work of Mecholsky et al. [10], who loaded samples with grinding grooves 

and gouges both perpendicular and parallel to the loading direction. 

In the case of the samples with the tensile axis perpendicular to the grinding 

direction, this resulted in lower fracture strength and flaws resulting in failure generally 

being situated parallel to the grinding direction.  

Grinding grooves or gouges parallel to the tensile axis will not cause stress 

concentration, while those perpendicular to the tensile axis will do so. This stress 

concentration will result in lower fracture strength and in failure-causing flaws being 

situated on the points with the highest stress parallel to the grinding direction. 

The height difference of a rough spot over a distance of 50 µm will dominate the 

stress concentration.  
The roughness Ra proved to be an indication for the height difference of a 

characteristic rough spot (Fig. 2.1).  

In the dental porcelains studied here the relation between the biaxial flexure 
strength and the roughness Ra - with the exception of Flexo Ceram Dentine - supports the 

hypothesis that surface roughness will concentrate an applied stress, resulting in a lower 

biaxial flexure strength (Fig. 2.2). 

In this study, the biaxial flexure strength of the four commercial porcelains for 

untreated versus untreated glazed, milled versus milled glazed and ground/polished versus 

ground/polished glazed reflects the different effects of glazing (Table 2.1). This is 

supported by studies on dental porcelains that both support and refute the strengthening 

effect of a glaze layer on porcelains [2-4].  
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The glazing of the untreated Duceram LFC samples resulted in a significant 

reduction in strength. Characteristic rough spots (Fig. 2.3) were found in the glazed 

samples and such spots did not appear in the untreated ones.  

Subsurface pores in the untreated samples probably caused these defects. The considerable 

stress concentration caused by these rough spots (Fig. 2.4) may explain the lower biaxial 

flexure strength.  

The glazing of milled and ground/polished Duceram LFC samples did not cause 

such defects, but rather had a smoothing effect on the roughness of the surface, which 

ultimately served to strengthen the material. 

The conclusion that the stress concentration caused by higher or lower surface 

roughness after glazing is the dominant factor may be supported by the findings of Griggs 

et al. [4]. In that study flaws were created by means of a Vickers indenter. The researchers 

found no statistically significant improvement in biaxial flexure strength after glazing, as 

Giordano et al. [3] did, in the case of overglazing.  

This could be due to the slightly lower depth-to-width ratio of the indentation after glazing, 

resulting in an only slightly lower stress concentration.   

The roughness of the surface had no effect on the biaxial flexure strength of Flexo 

Ceram. The fact that the strength of Flexo Ceram Dentine was not altered by the various 

surface treatments may be due to the size of the leucite particles. Flexo Ceram Dentine and 

Vita VMK 68 are good examples of the Weinstein-type feldspar porcelains, which 

sometimes form microcracks upon cooling, due to the differences in thermal expansion 

between leucite particles and the surrounding glass matrix. During cooling, the leucite 

particles contract more than the surrounding glass, and above a critical particle size, the 

stress created during cooling can induce microcracks circumferential to the leucite 

particles. This process has been well described in the literature [11]. A comparison of the 

SEM photomicrographs clearly shows that the leucite particles in Flexo Ceram Dentine 

(Fig. 2.6) are larger than those in Vita VMK 68 (Fig. 2.7).  

Apparently these particles induce more stress concentration than the defects in the 

surface, which may explain the fact that in this study the biaxial flexure strength of Flexo 

Ceram Dentine was independent of the roughness of the surface.  

Fracture surface analysis according to Mecholsky [3] confirmed the hypothesis that 

surface flaws are the failure causing flaws for Vita VMK 68, Duceram LFC and Cerinate 

Body. Flexo Ceram Dentine showed the failure causing flaws, as assumed in the structure 

of the material. 
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The results of this study indicate that surface roughness determines the strength of a 

porcelain material, except where the material has an inner structure which causes an even 

larger stress concentration than that caused by the combination of surface roughness and 

flaws. 

Further research is needed to find a material for the outer layer of the restoration 

which, in combination with surface treatment, produces a surface which remains smooth. 

Given proper surface treatment, such a material would not require crack-stopping 

properties, and in vivo, the surface of the material would remain smooth, resulting in long-

lasting restorations. 

In view of the improved performance recorded for the Duceram LFC Dentine 

ground/polished, glazed specimens using the acetic acid treatment, this is a very real 

possibility. 
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                           CHAPTER 3 
 

            The apparent increase of the Young’s modulus 
                                in thin cement layers. 

 

 

 

_________________________________________________________________________ 

 

 

3.1 Abstract 

 

Objectives: The bond of adhesive luting cements to the tooth tissues and restorative materials is 

expected to hinder their transverse contraction for the layer thickness applied in dental restorations. 

It was hypothesized that the hindering of the transverse deformation will influence the relation 

between stress and strain (the stiffness) in the direction perpendicular to the substrate surface. The 

aim of this study was to investigate the relation between cement layers with different ratio between 

bonded and free surface (C-factor) and the stiffness of these layers, i.e. an apparent increase of the 

Young’s modulus of the dental luting cement. 

Methods: Commercial luting cement RelyX ARC (3M, St Paul, MN, USA) was used in this 

study. The "real" Young’s modulus and the Poisson ratio were determined and these values were 

used in models with layers with different C-factors (0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0) in a three-

dimensional Finite Element Analysis program (FEMAP, E.S.P., Maryland Height, MO, USA).  

The apparent Young’s modulus was measured for layers with thickness of 0.5 mm (C=6.0) and 6.0 

mm (C=0.5) and compared with the results of the Finite Element Analysis (F.E.) analysis. 

Results: The apparent Young’s modulus in the 0.5 mm layer was 20% higher than the 

apparent Young’s modulus in the 6.0 mm layer. This result was confirmed by the results of the F.E. 

analysis. For very thin layers the stiffness will be 25% higher than the Young’s modulus. 
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Significance:  The hindering of the transverse contraction has to be taken into account studying 

the mechanical properties of dental luting cements because it influences the behaviour of these 

luting cements in thin layers. 

 

3.2 Introduction 

 

Despite the increased effort to prevent dental decay, many patients are still in need 

of prosthetic reconstructions. Analyses of failure of fixed restorations have shown caries to 

be their most frequent cause [1]. Nevertheless, technically, its retention is the ‘Achilles 

heel’ of fixed prosthetic work. To fix the restoration luting cement is used, which has to fill 

and seal the gap between tooth and restoration. Besides retention, a good seal of the tooth 

tissues is recognized as an important factor for the longevity of fixed dental restorations 

[2]. Therefore resin composite cements, which show good adhesive properties, are 

becoming increasingly popular. Resin composite cements undergo polymerization 

contraction during setting [3, 4] and as a consequence of the adhesion to the restoration, 

and the preparation, setting stresses arise in the cement [5]. After adhesion is obtained its 

maintenance becomes an issue. It is not only that the developing setting polymerization 

stresses cannot exceed the bond strength or the cohesive strength of the materials involved 

but also the stressed cement has to withstand functional loading forces. As functional 

loading forces are unavoidable one should aim for low polymerization contraction stress 

development. Alster et al. [6, 7] studied the tensile strength and the polymerization 

contraction stress of thin resin composite layers.  With decreasing layer thickness 

(increasing C-factor) the setting stress developed increases. Feilzer et al. [8] even found 

spontaneous cohesive failure of resin-based restoratives tested at higher C-factors (C>2.5) 

in a laboratory setup. Apparently, thin resin cement layers show different behaviour 

compared with thicker resin-based restorative layers. However, the phenomenon of 

spontaneous cohesive failure was not found by others [9].  

This may be explained by the compliance of the test setup used in these studies, as 

the influence of compliance on thin cement layers is relatively high.   

In these studies a laboratory setup was used with a simple geometry existing of two 

parallel discs cemented together with a resin composite restorative or cement.  
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For the prediction of the magnitude of these stresses clinically FEA may be a helpful tool. 

However, for a proper FEA, key properties such as Young’s modulus, yield point, and 

viscosity as function of setting time, should be known. Braem et al. [10] and Dauvillier et 

al. [11] studied the development of Young’s modulus of resin composites during setting. A 

more simple approach is to calculate the relation between normal stress and strain with 

Hooke’s law [12], where the strain in the Z-direction in a tri-axial stress state can be 

described as (Fig. 3.1)                                      
εz  = σz/E - νσx/E - νσy/E                                                (1) 

 

or 

 
E =  1/εz [σz – ν(σx  + σy)]                                              (2) 

where ν is the Poisson ratio, ε is the elastic strain and E the Young’s modulus. 

 

σz

σx

σz

σx

εz = σz/E - νσx/E - νσy/E

σy

 
 

Fig. 3.1 Strain in the Z-direction in a tri-axial stress state. 

 
By uniaxial loading σx and σy are zero. The Young’s modulus can than be 

calculated with Hooke’s law E = ∆σz /∆εz; this equation is also used in most dental studies 

to calculate stresses in dental cements.  
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For thin dental luting cement layers however σx and σy cannot be considered zero.  

As a consequence of the adhesion of the cement layer to the restoration and the preparation 

an amount of strain will cause more stress due to the hindering of the transverse 

contraction in comparison with a not-hindered situation.  

Therefore, the simple use of Hooke’s law in thin cement layers leads to an apparent 

increase of the Young’s modulus. No literature describes the apparent increase of the 

Young’s modulus for dental luting cements applied in thin layers.  

Clearly the simple use of Hooke’s law for the calculation of stresses in thin cement 

layers will lead to an underestimation of stresses. This study aimed to investigate the 

relation between C-factor and stiffness of a luting cement layer by comparing laboratory 

test results with the results obtained by FEA. 

 

3.3 Materials and Methods 

 

Materials 

 

The material used was dual-curing luting cement RelyX ARC (batch AEAE, 3M, 

St. Paul, MN, USA) a two-paste BisGMA-TEGDMA-based resin composite. According to 

the supplier Zirconia/silica filler is used to impart radiopacity, wear resistance and strength. 

Filler loading of the mixed cement is approximately 67.5 % by mass.  

The average particle size for the filler is approximately 1.5 µm. The cement was handled 

and mixed according to the manufacturer’s instructions, no light cure was used. 

 

General 

 

To gather data for stiffness calculations, bonded luting cement discs (Ø 6.0 mm) 

with thickness of 0.5 mm (C = 6.0, n = 5) and 6.0 mm (C = 0.5, n = 5) were, during their 

setting, exposed to stress/strain cycles in a universal testing machine. The 6.0 mm thick 

samples were considered as free of lateral constraint and were used to calculate the "real" 

Young’s modulus and the Poisson ratio. These data were used in seven FEA models, with 

layers with C-factors of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 respectively. With the values of 

the strain caused by a fixed induced stress the apparent increase of the Young’s modulus 

was calculated for each model. The model was validated by comparing the experimentally 

found apparent increase of the Young’s modulus at C-factors 6.0 and 0.5. 
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Test setup  

 

In a test setup in an automated universal testing machine (Hounsfield, Perrywood 

Business Park, Salfords, Redhill Surrey, UK) as described in detail by Alster et al. [6]  

(Fig. 3.2) the luting cement was cured.   

 

 

Fig. 3.2 Test setup with (1) adjustment bolts, (2) sample, and (3) inductive probes. 

 

The surfaces of two steel cylinders (Ø 6.0 mm) one connected to the moving 

crosshead with the load cell and one to the fixed base of the tensilometer were coated with 

a thin silica layer and subsequently silanized (Silicoater, Kulzer GmbH, Wehrheim, 

Germany) to ensure optimal bonding between steel cylinder and the freshly mixed samples 

inserted between the two cylinders. Steel was chosen because the hindering of the 

transverse contraction with steel substrates will be close to the maximum.   

Any axial displacement of the adhesive surfaces was determined with the aid an 

extensometer (LVDT type 1304K, Millitron, Feinprüf Perthen GmbH, Göttingen, 

Germany) consisting of two inductive probes that were fixed as close as possible to these 

surfaces. In this way any possible measuring error caused by canting of the probe holder or 

the contact plane holder was excluded. 
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A data-acquisition console (Instrumat, Raamsdonksveer, the Netherlands) collected 

the data (time, load and displacement) simultaneously during the experiment at a sampling 

rate of 10 /s.  

The change in diameter under stress was registered with the aid of another 

 extensometer (LVDT type 1318, Millitron, Feinprüf Perthen GmbH, Göttingen, Germany) 

consisting of two inductive probes fixed in a device, which was clamped to the cylinder in 

order to ensure the measurement of the diameter always at the same place halfway the 

cured composite cylinder.  

 

Apparent increase of the Young’s modulus 

 

To gather data for the calculation of the development of the Young’s modulus 

during the setting of the material and to establish the final value periodically stress-strain 

cycles were performed. The samples were cured in the hindered condition (strain=0) and 

every 200 s the obtained load was reduced to zero in 15 s, held at zero for 30 s, and in 15 s 

the condition of zero strain was reinstalled. To facilitate the recording of material response 

and the stress-strain cycles, the gearbox of the testing machine was modified to eliminate 

any play when the upward or downward motion of the crosshead was reversed and to 

enable extremely low crosshead speeds. 

 

Determination of the Poisson ratio 

 

To obtain data for the calculation of the Poisson ratio stress-strain cycles, where the 
induced stress varied from σ = 0 MPa  till σ = 14.06 MPa, were performed on fully cured 

6.0 mm samples at a crosshead speed of 200 µm/s during which the change in diameter and 

length was registered continuously.  

 

Compliance of the test setup 

 

In this test setup two inductive probes were fixed as close as possible to the 

adhesive surfaces enabling, in the hindered condition, automatic compensation of any axial 

displacement of the adhesive surface, to maintain the original sample height. Nevertheless, 

a small amount of compliance was inevitable, which may have a relatively large influence 

on the setting stress development in very thin cement layers.  
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In order to determine the compliance of the test setup the two steel cylinders were 

made out of one piece and the test setup was loaded with a crosshead speed of 200 µm/s in 

order to find the compliance of the test setup for every load registered. All displacement 

values measured were corrected for the compliance of the test setup. 

 

All experiments were repeated five times and performed at room temperature (22 ± 

1°C). 

 

Finite element modeling 

 

The finite element modelling and post processing were with FEMAP software 

(FEMAP 8.10, ESP, Maryland Height, MO, USA) while the analysis was done with 

CAEFEM software (CAEFEM 7.3, CAC, West Hills, CA, USA). The models consisted of 

two steel cylinders (L=5.0 mm, Ø 6.0 mm) with composite layers in between with a 

thickness of, respectively, 0.5, 0.6, 0.75, 1, 1.5, 3.0 and 6.0 mm. Each model consisted of 

approximately 25,000 brick solid elements. The distribution of the elements in the axial 

direction was chosen in such a way that the composite layer was three elements high for 

the 0.5, 0.6, 0.75, 1 and 1.5 mm layer, four elements high for the 3.0 mm layer and eigth 

elements high for the 6.0 mm layer. The Young’s modulus and Poisson ratio used were for 

the steel, respectively, 190 GPa and 0.34 [13] and for the composite 4,738 GPa and 0.27. 

The materials were assumed to be homogeneous, linearly elastic and isotropic. All nodes in 

the bottom plane of the lower cylinder were assumed to be fixed, no translation or rotation 

was allowed in any direction. All the nodes in the top plane of the upper cylinder were 

uniformly loaded with suffient load to introduce a stress in the Z-direction of 15 MPa in the 

steel cylinder. 

 

Calculation methods 

 

The normal stress was calculated by means of: 
σ =  F/A, where F is the load response and A is the cross section of the sample. 

The strain in the Z-direction was calculated from:   
εz  = (∆La – ∆Lb) /L0, where εz is the elastic strain, ∆La is the displacement of the 

crosshead in the hindered situation during the cycle of the load to zero, ∆Lb is the 

compliance of the test setup and L0 is the initial sample length. 
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The Young’s modulus according equation (2) is E  =  1/εz [σz – ν(σx  + σy)]                                        

(Fig. 3.1), where ν is the Poisson ratio, ε is the elastic strain and E the Young’s modulus. 

The apparent Young’s modulus was calculated as   
Eapparent = ∆σz /∆εz. 

The apparent Young’s modulus was calculated from the load/ strain cycles up- and down.  

The 6.0 mm thick samples were considered as free of lateral constraint. However, 

based on a trial run with FEA the stiffness found was 3.7 % higher than the Young’s 

modulus. To compensate for this model mismatch a 3.7 % lower value of the Young’s 

modulus was used in all FEA models 

The maximum value of the apparent Young’s modulus with the transverse 

shrinkage completely hindered can be calculated as follows. 

The strain in the X- and Y-direction can be described as; 
εx  = 1/E(∆σx – ν∆σy - ν∆σz)                                                         (3) 
εy  = 1/E(∆σy - ν∆σx – ν∆σz)                                                          (4) 

 for εx = 0 and  εy = 0 equation (3) and (4) can be written as; 
∆σx = ν(∆σy + ∆σz)                                                                          (5)                                                       

∆σy = ν(∆σx + ∆σz)                                                                          (6)   

 ∆σx and ∆σy substituted in equation (2) gives; 
∆σz /∆εz = Eapparent = Er/[1-(2ν2/1-ν)], where Er is the real Young’s modulus and ν is the 

Poisson ratio. 

The Poisson ratio was calculated from:  
ν = εrad/εz , where εrad is the contraction of the diameter and εz is the lengthening in the 

Z-direction. 

 

3.4 Results 

 

 For the load range used in this study the stress-strain relation of the compliance of 

the test setup was a linear relationship. The compliance of the test setup increased with an 
increase of the tensile stress in the samples with 0.113 µm/MPa. 
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Table 3.1      

The means and the standard deviation of the apparent Young's modulus Eapparent and the Poisson ratio of the 
6.0 mm thick sample 
      

 Stress (MPa) Strain (10-3) Radial contraction (10-3) Eapparent (GPa) Poisson ratio

      
Mean value 14.06 2.857 0.796 4.92 0.27 
Standard deviation  0.136 0.041 0.24 0.014 

 

 

Table 3.1 shows the results of the Poisson ratio determination. The axial strain and the 

associated radial contraction of the 6.0 mm thick sample at a load of 300 N (= 14.06 MPa) 

were used to calculate the Young’s modulus and the Poisson ratio. 
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Fig. 3.3 Development of apparent Young’s modulus during the setting of  

the material. 

 

In Fig 3.3 the apparent Young’s modulus, obtained from the load/ strain cycles, as a 

function of time is presented graphically for layers with C-factor 0.5 and 6.0 respectively. 

After 2 h the Young’s modulus had reached the maximum value. The stiffness of the layer 

with C-factor 0.5 was significant lower (p < 0.05) than the stiffness of the layer with C-

factor of 6.0. The load/ strain cycles at the crosshead speed as tested did not show any 

significant visco-elastic behaviour. These data did not differ significantly with the results 

of the FEA as presented in Table 3.2. 
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Table 3.2 

The strain with a stress of 15 MPa of material with Young's modulus of 4,738 GPa and Poisson ratio of 0.27, 
the apparent Young's modulus Eapparent and the percentage of increase compared with 4,738 GPa. 
 

C-factor  Strain (10-3)  Eapparent(GPa)  Increase(%) 

       
0.5  3.049  4.920  3.8 
1.0  2.934  5.112  7.9 
2.0  2.767  5.416  14.3 
3.0  2.675  5.608  18.3 
4.0  2.645  5.672  19.7 
5.0  2.606  5.756  21.4 
6.0  2.588  5.795  22.3 

   

 

In Table 3.2 the apparent Young’s modulus and strain as calculated for different C-

factors by FEA are presented. It can be clearly seen that the apparent Young’s modulus 

increases with increasing C-factor.   
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Fig. 3.4 Relation apparent Young’s modulus and C-factor. The maximum difference 

on the calculated values estimated by the FEA program is indicated in the 

graph. For the test values the standard deviation is indicated. 
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Fig. 3.4 shows the relation between the results of FEA and the test results of the 

apparent Young’s modulus as function of C-factor. The apparent Young’s modulus is 

presented here relative to the real Young’s modulus. The data found with the FEA were as 

expected the same as found experimentally for the 6.0 mm layer (C=0.5) and did not differ 

significantly with the experimentally found results for the 0.5 mm layer (C=6).   

 

3.5 Discussion 

 

This study shows clearly that a determination of the Poisson ratio can be carried out 

with a relatively simple test setup. In dental literature few papers are published in which 

measured Poisson ratio data were reported, while values for specific products are almost 

not available. Whiting et al. [14] used an ultrasound method and found values between 

0.23 and 0.32 for different dental composites. Chabrier et al. [15] in a static compression 

test found values between 0.40 and 0.44.   The value of 0.27 for the Poisson-ratio of RelyX 

ARC, found in this study, measured in tensile at slow loading rate, is in line with the data 

published by Whiting et al. The explanation of Chabrier et al. that the different loading rate 

situation compared to an ultrasound determination causes the differences is not confirmed 

by this study. The compliance of the test setup showed to have a linear relationship for the 

load range tested. This compliance has to be taken into account for stress-strain relations in 

thin layers. Even with the system in this study where compliance was minimized by 

mounting the two displacement transducers as close as possible to the adhesive surfaces of 

the test samples, a small compliance could still be determined, which will have a 

significant influence on the stress-strain data output when testing thin layers.  

Therefore, the apparent Young’s modulus (Fig.3.3) of the samples of layers with 

0.5 and 6.0 mm thickness with a C-value of 6.0 and 0.5, respectively, are calculated with 

the stress and elastic strain data corrected for the compliance of the test setup. From Fig 3.3 

it can be seen that the Young’s modulus increases most during the first 15 min, while it has 

reached nearly it final value after 20 min.  

The apparent Young’s modulus calculated for the 6.0 mm layer was lower than that 

for the 0.5 mm layer. From the results of the FEA (Fig 3.4) it can be seen that the apparent 

Young’s modulus increases quite rapidly with increasing C-factor and approaches a final 

value of approximately 1.25 times the Young’s modulus in very thin layers in line with the 

theoretical value for C>>0.  

                                                                                                                                              45 



Chapter 3 

Findings of for example Alster et al. [9] who demonstrated a relation between layer 

thickness and contraction stress in thin resin composite layers were confounded by the 

error introduced by the apparent Young’s modulus. However, for the layer thickness as 

used in that study the influence was relatively small. 

Another way to determine a Young’s modulus is by carrying out a three- or four-

point bending test. These tests are not influenced by the hindered transverse contraction. 

The Young’s modulus determined with these tests is therefore a real Young’s modulus, 

which can be 80 % of an apparent Young’ modulus determined in a thin layer. The 

hindering of the transverse contraction has to be taken into account studying the 

mechanical properties of luting cements. Moreover, as a consequence severe shear forces 

may develop at the adhesive interfaces of luting cements when they are loaded in tensile or 

compression. Stresses in the cement, like stresses due to bite forces on the cemented 

restoration, will increase the probability of bonding failure not only by compression forces 

but also by shear forces. This study indicates that FEA might be a good tool to study the 

real stresses occurring in the clinical situation. FEA programs calculate with the influence 

of the transverse contraction, while for the simple calculation of stresses by using Hooke’s 

law, one has to take the effect of neglecting the hindering of transverse stresses in the 

sample into account. This effect may be as large as 25% of underestimating the stresses. 

It may be concluded that the hypothesis, that the hindering of the transverse 

deformation will influence the relation between stress and strain, the stiffness of the layer, 

i.e. the apparent Young’s modulus of the material, in the direction perpendicular to the 

substrate surface in thin layers, is true. 
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                                                       CHAPTER 4 
 

    Finite element analysis model to simulate the behavior 
                      of luting cements during setting. 

 

 

 

 

4.1 Abstract 

 

Introduction: Beside the fixation of the restoration, an important function of dental luting 

cements is to seal the gap between tooth and restoration. However, as a result of adhesion, the 

curing contraction is hindered, creating stresses. To maintain the seal these stresses may not exceed 

the bond nor the cohesive strength of the cement. The aim of this study was to evaluate a rather 

simple model, which mimics the setting behavior of luting cements based on the division of the 

setting process into a liquid, visco-elastic and elastic phase, for its suitability to predict in Finite 

Element Analysis (FEA) the magnitude of the setting stresses occurring clinically. 

Material and methods: Commercial luting cement, RelyX ARC, was used in this study.  

In a dynamic test setup the stresses, the elastic strain, and the shrinkage were determined. Two 

layers with different thicknesses and different ratios between bonded and free surface (C-factor) 

were examined.  The parameters, found in these experiments, were used in models in a three-

dimensional FEA program. The experimental contraction stresses were compared with the results 

of the FEA. 

Results: The smallest plastic deformations and contraction stresses were found in the 

thinnest layer. The studied model showed to be reliable for predicting the experimental stresses. 

Significance:  The results of this study may be used for the prediction of the actual stresses 

occurring in dental restorations with FEA. 
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4.2 Notations
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Table 4.1   The variable names and indices used. 
Names: 
F  developed or applied force 
A  area of cross section of the cement layer 

σ  stress 



 A

 F  

h  height  
∆  absolute change of height 

ε  relative change of height, strain 





 ∆

h
 

Ε  stress-strain relationship 



σ  (Young’s modulus) 

 ε

H stress-strain relationship 



σ  (hardening modulus) 

 ε
Indices: 

a∆          the displacement of the crosshead in the hindered condition during the
              cycle of the load to zero 

b∆      the displacement of the crosshead in the unhindered condition 
Subscripts: 

c×      the cement layer 

substrate×    the substrate material between the cement and the strain sensors 

restr×     the restrainment of the test setup 

syst×     the cement layer and the substrate 

0×     the initial value of the cement layer 

shrinkage×   the shrinkage of the cement 

elastic×     the elasticity of the cement 

plastic×     the plasticity of the cement 

liquid×     the liquid phase during the setting of the cement 

elvisco−×    the visco-elastic phase during the setting of the cement 

el×          the elastic phase during the setting of the cement  

p×     the transition point in the stress-strain relations between the Young’s 
               modulus and the hardening modulus 
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4.3 Introduction 

  During the last decade, the popularity of dental resin composite luting cements has 

increased due to their good adhesive properties. Like resin composite restoratives these 

cements contract during setting, which causes stresses in the thin adhesively bonded 

cement layer [1-3]. These stresses may exceed the cohesive or the bond strength, placing 

its longevity at risk [4]. Therefore, knowledge of the polymerization shrinkage stress 

development, distribution and height is of main importance for a reliable risk assessment of 

the durability of dental indirect restorations. To reveal this process is hard to perform, as 

the setting of resin composites is a complex time depending process, throughout which 

material properties undergo a dramatic change in a relatively short period. Moreover, the 

complex geometries found clinically are rather difficult to imitate in a laboratory setup. As 

a consequence, the stress found in simplified laboratory test setups may not fully mimic the 

complex clinical cases.  

Finite Element Analysis (FEA) software has been developed as a tool to reveal the 

magnitude and distribution of stresses in complex geometries. The setting process of resin 

composites is well described in literature [5]. However, an FEA-based algorithm for the 

handling of the setting process is not available and powerful FEA software, applying multi 

step approach, may be required for it, which is not available in standard software.  

In literature many FEA studies are reported where the setting process is simplified 

to a single step process in which the thermal expansion mode of the FEA-software is used 

to mimic the shrinkage, assuming pure elastic behavior of the restorative material [6, 7]. 

Winkler et al. [8, 9] divided the curing process in several steps with increasing curing 

depth also assuming single step elastic behavior for the cured part. For this approach, 

during FEA processing, parts made of the material are simply scaled down in all directions 

(x, y, z) according to its free linear shrinkage. Obviously deformations and stresses will 

occur now, because the shrunk part stays bonded to the fixed surfaces. The single step 

approach assumes that all deformations develop at the same pace, which is certainly not 

true in many dental restorations.   

So the multi step approach requires sophisticated software and difficult material 

property determination, while the single step can only be used in very limited cases. 

Nevertheless, it may be possible to use existing FEA features to mimic the complex 

process of setting stress development in a rather simple way. Much standard FEA software 

has the possibility of dealing with elastic - plastic behavior.  
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This generally means that the material may be characterized by two linear stress - strain 

relations; one giving the angle of the elastic part, the Young’s modulusΕ , and a second one 

to approximate the angle of the more horizontal part beyond the elastic limit the hardening 

modulus H. The transition between these two moduli is marked by an amount of strain 

rather than a point in time marking the progression of the setting process.  

In the case of uniform cement layer thickness, all in-plane shrinkage may be 

assumed to be converted to the direction perpendicular to the gap and will always be 

restrained uniformly resulting in defined shrinkage conditions in the cement layer. 

Consequently, in gaps with uniform layer thickness this amount of shrinkage will be 

representative of the progression of the reaction. With this assumption the setting process 

of a resin composite cement can be expressed as a stress - shrinkage plot, which is time 

independent and exists of a liquid phase where the materials shrinks but no stress develops, 

a visco-elastic phase, where the shrinkage partly leads to stress formation and partly is 

relieved by viscous flow, and an elastic phase where all shrinkage is transferred in to stress.  

The aim of this study was to evaluate the use of such an elastic - plastic FEA 

element for its ability to be used for the visualization of the setting stresses. It was 

hypothesized that time dependent dynamic setting behavior of resin composite luting 

materials in cement gaps with uniform thickness could be mimicked by a time independent 

static FEA model by making use of elastic - plastic element behavior.  

 

4.4 Materials and Methods 
 

The material used was dual-curing luting cement RelyX ARC (batch AEAE, 3M, 

St. Paul, MN, USA) a two-paste BisGMA-TEGDMA-based resin composite. According to 

the supplier zirconia/silica filler is used to impart radiopacity, wear resistance and strength. 

Filler loading of the mixed cement is approximately 67.5 % by mass. The average particle 

size for the filler is approximately 1.5 µm. The cement was handled and mixed according 

to the manufacturer’s instructions, no light cure was used. 
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Methods 

 

To assess the stress - shrinkage relation of the material during the early stage of 

setting, bonded luting cement discs (Ø 9.45 mm) with thickness of 0.140 mm (C = 33, n = 

2x5) (C-factor as described by Feilzer et al. [10]) and 0.250 mm (C = 19, n = 2x5), were 

cured in a simple, straight forward tensilometer test setup (Hounsfield, Perrywood 

Business Park, Salfords, Redhill Surrey, UK) as described earlier by Alster et al. [11]  

(Fig. 4.1).  

 
Fig. 4.1 Test setup with (1) adjustment bolts, (2) sample, and (3) inductive probes 

 

The surfaces of two steel cylinders (Ø 9.45 mm), one connected to the moving 

crosshead with the load cell and one to the fixed base of the tensilometer, were coated with 

a thin silica layer and subsequently silanized (Silicoater, Kulzer GmbH, Wehrheim, 

Germany) to ensure optimal bonding between steel cylinder and the freshly mixed samples 

inserted between the two cylinders.  

Any axial displacement of the adhesive surfaces was determined with the aid of an 

extensometer (LVDT type 1304K, Millitron, Feinprüf Perthen GmbH, Göttingen, 

Germany) consisting of two inductive probes that were fixed as close as possible to these 

surfaces. In this way any possible measuring error caused by canting of the probe holder or 

the contact plane holder was excluded. 
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Two conditions were tested: one in which the curing contraction of the samples was 

hindered (strain=0) and one in which the samples were free to contract in axial direction 

(unhindered condition; load=0). In the hindered condition the moving crosshead 

compensated automatically any axial displacement of the adhesive surface to maintain the 

original sample height, while in the unhindered condition the moving crosshead 

compensated any load recorded by the load cell to maintain a zero load on the sample. In 

this way the sample was free to contract.  

With the unhindered condition linear shrinkage data were obtained, while with the 

hindered condition setting stress data were gathered, both as function of setting time. The 

combination of both data sets enables the visualization of the setting stress - shrinkage 

relationship.   

To obtain the elastic strain as function of setting time periodically load/ strain 

cycles were performed during the test execution in the hindered condition. Every 200 s the 

obtained load was reduced to zero in 15 s, held at zero for 30 s, and in 15 s the condition of 

zero strain was reinstalled.  

In this test setup the two inductive probes were fixed as closely as possible to the 

adhesive surfaces. Nevertheless, a small amount of compliance was inevitable, which may 

have a relative large influence on the setting stress development in very thin cement layers. 

In order to determine the compliance of the test setup the two steel cylinders were made 

out of one piece and the test setup was loaded with a crosshead speed of 200 µm/s in order 

to find the compliance of the test setup for every load registered. All displacement values 

measured were corrected for the compliance of the test setup. 

A data-acquisition console (Instrumat, Raamsdonksveer, The Netherlands) 

collected the data (time, load and displacement) simultaneously during the experiment at a 

sampling rate of 10 /s.   

All experiments were repeated five times and performed at room temperature (22 ± 

1°C). 
The obtained data were used to calculate Young’s modulus cΕ  and the hardenings 

modulus . cΗ
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Calculation methods 

 

The normal stress was calculated by means of:
A
F

=σ , (see table 4.1 for the 

connotation of the abbreviations) 

The elastic strain was calculated from the displacement values to reduce the load to 

zero in the hindered condition 
0h

restra
elastic

∆−∆
=ε . 

The shrinkage during setting was calculated from the displacement values in the 

unhindered condition 
0h
b

shrinkage

∆
=ε . 

The plastic deformation was calculated by subtracting the length of the sample, 

reducing the load to zero in the hindered setting situation, by the length of the unhindered 

shrinking sample 
( ) ( )

restrelasticshrinkage
o

ba
plastic h

hh
εεεε −−=

∆−−∆−
= 00 . 

 

                                                                                                                                              55 



Chapter 4 

Determination of the start of the different phases 

 

The beginning of stress development and the change in stress development in the 

hindered condition were considered as the beginning of the visco-elastic phase and the 

beginning of the elastic phase respectively, see Fig.4.2 and Fig.4.3. 

 
Fig. 4.2 Contraction stress - shrinkage relation during hardening in the hindered 

condition for RelyX ARC in the 0.140 mm layer 
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Fig. 4.3 Contraction stress-shrinkage relation during hardening in the hindered 

condition for RelyX ARC in the 0.250 mm layer 

 
All parameters in the visco-elastic phase and the elastic phase (×  and × , 

respectively) were taken at the time marking the end of these two phases. 

elvisco− el

 
Young’s modulus Ε  and hardenings modulus c cΗ  

 
Young’s modulus  and the hardenings modulus cΕ cΗ  can be calculated as follows: 

In all three phases 

restrplasticelasticshrinkage ∆+∆+∆=∆  

restrplasticelasticshrinkage εεεε ++=                                                                     (1) 

 

During the liquid phase 

 
0=liquidσ                                                                                                        (2) 

 

                                                                                                                                              57 



Chapter 4 

During the visco-elastic phase 

 

With 
ε
σ

=Ε  (for elassticε   and restrε ) the equation (1) can be worked out to:                                        

restr

elvisco
elviscoplastic

elviscoc

elvisco
elviscoshrinkage Ε

++
Ε

= −
−

−

−
−

σεσε ,
,

,  or 

elviscoshrinkagesystelvisco H −− ×= ,εσ ,                                                                         (3) 

where  
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Ε×Ε
×








 −
=

−

−

−

−−

restrelviscoc

restrelviscoc

elviscoshrinkage

elviscoplasticelviscoshrinkage
systH

,

,

,

,,

ε
εε

 

 

During the elastic phase 

 
For the elastic phase with 0, =elplasticε  equation (3) simplifies to: 
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The total contraction stress elviscoshrinkagesystelshrinkagesystc H −×+×Ε= ,, εεσ          (5) 

The material properties can be found with a test setup where the compliance of the 
setup is not influencing the test results, in that case 0=∆ restr  i.e. a setup where crestr Ε>>Ε  
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Equations (6) and (7) have been used to determine out of the experimental results the 
Young’s modulus Ε  and hardenings modulus c cΗ  

58 



                    Finite element analysis model to simulate the behavior of luting cements during setting 

FEA modeling 

 

The data, obtained  in this way, were used as input of a time independent FEA 

model of the tensilometer test setup, where the cement was mimicked by an element with 

an elastic - plastic behavior (finite element modeling and post processing; FEMAP 8.10; 

ESP, Maryland Height, MO, USA; analysis; CAEFEM 7.3; CAC, West Hills, CA, USA).  

Two models were built consisting of two steel bars (Ø 9.45 mm) with a length of each half 

of the length over which the test-setup is complying.  

The length over which the test setup is complying can be calculated by 

σ
substrate

restrsubstrateh
Ε

×∆= , whereΕ  is the Young’s modulus of the steel bolts is 190 

GPa [9] and 

substrate

σ  is the stress giving a strain of restr∆ . In between the two steel bars there is a 

composite layer with a thickness of 0.140 mm and 0.250 mm. respectively 

Each model consisted of approximately 27,000 brick solid elements. The distribution of the 

elements in the axial direction was chosen in such a way that both composite layers were 

four elements high. We assumed four elements to be sufficient to describe accurately the 

stress-development in the cement layer. 

The steel bars were assumed to be homogeneous, linearly elastic and isotropic with 

a Young’s modulus of 190 GPa and a Poisson ratio of 0.34 [12]. The composite layers 
were assumed to be homogeneous, elasto - plastic and isotropic. For Young’s modulus cΕ , 
hardenings modulus and cΗ pσ  the results out of the tests were used. The used value of 

0.27 for the Poisson ratio was found in unpublished experiments with this material and is 

among values for resin based composite cements indicated in literature [13, 14]. All nodes 

in the bottom plane of the lower steel bar and the top plane of the upper steel bar were 

assumed to be fixed; no translation or rotation was allowed in any direction. The composite 
layer was given a linear shrinkage of elshrinkageelviscoshrinkage ,, εεε += − .  

The FEA model was evaluated by comparing the output data with the results of the 

tensilometer study. 
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Statistical analysis 

 

Statistical analysis was carried out using SPSS statistical software package 9.01 

(SPSS Inc., Chicago, IL, USA) on the data with the stress as the dependent and the 

shrinkage or the time as the independent variable. 

 

4.5 Results 

 

The compliance of the test set-up and the length over which the test set-up is complying. 
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Fig. 4.4 Compliance of the test setup 

Fig.4.4 shows the compliance of the test setup, the change of height of the material 

between the cement and the strain sensors, at different stress levels. There is a rather linear 

relation between the deformation and the applied stress. 

 
substrateh  = 48.8 mm 
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Stress-shrinkage relation 

 

Fig.4.2 and Fig.4.3 show the relation between the contraction stress and the 

shrinkage of the 0.140 mm and the 0.250 mm layer. The two different linear relations for 

the two phases were found to be significantly different (p<0.05). The visco-elastic phase 

and the elastic phase started at respectively approximately 60 s and 900 s. 

 

Elastic strain, shrinkage and plastic deformation 

 

 
Fig. 4.5 Elastic strain, plastic deformation and shrinkage development for  

RelyX ARC in the 0.140 mm layer 

 

Fig. 4.5 shows the graph of the shrinkage, the elastic strain and the plastic deformation for 

the 0.140 mm layer. Plastic deformation and elastic strain are greatest during the first  

900 s, when the material passes the liquid and the visco-elastic phase. The shrinkage stops 

after approximately 4000 s.  

 

                                                                                                                                              61 



Chapter 4 

Contraction stress  

 
 
Fig. 4.6  Contraction stress development for RelyX ARC in the 0.140 mm and  

0.250 mm layer 

Fig. 4.6 shows the contraction stresses during setting for the 0.140 mm and 0.250 

mm layers. The contraction stresses were significantly lower in the 0.140 mm layer  

(p < 0.05) 
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FEA model 

 

 

Stress (MPa)

Cement layer

24
.4

 m
m

 

 

Fig. 4.7 FEA model of the 0.140 mm cement layer and two steel bars long 24.4 mm 

(half the compliance of the test setup) 

 

Fig.4.7 shows the contraction stress in the FEA model for the 0.140 mm layer using 

the data found in the experiments. The FEA models give a major principal stress in the 

steel bars (here equal to the stress in the axial direction) of 15.7 MPa and 21.7 MPa for the 

final contraction stresses in the 0.140 mm and the 0.250 mm layer respectively. This is a 

rather good prediction for the final contraction stress as found in the experiments according 

to Fig.4.6. 
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Table 4.2     

The different parameters for the FEA model for the 0.140 and 0.250 mm layer 
     

 Layer Ec (GPa) Hc (GPa) σp (MPa) Visco-el. and el. strain (10-3) 

               
0.140 mm 5.145 3.125 3.248 38.2 
0.250 mm 5.082 1.552 5.578 37.1 

 

Table 4.2 shows the parameters found in the experiments and used in the FEA 

models. 

 

Table 4.3     

The contraction stresses found in the experiments and with FEA for the 0.140 mm and the 
0.250 mm layer 

Layer Contraction Stress (MPa) 

     
 Experiments  FEA 
 σc St. dev.  σc 
      
0.140 mm 16.1 1.1  15.7 
0.250 mm 20.7 0.4  21.7 

 

Table 4.3 shows the final contraction stresses in the 0.140 mm and the 0.250 mm 

layer as found in the FEA compared with the experimentally found values. 

 

4.6 Discussion  

 

During curing of composites a complicated process takes place. In the beginning, 

the polymer has a glassy stage where it ends as a highly cross-linked material. Its restrained 

shrinkage induces stress, which in its turn induces plastic deformation. Fig.4.2 and Fig.4.3 

show that the process can be divided into three different phases, a liquid phase, a visco-

elastic phase and an elastic phase.  

During the early stage of setting, the liquid phase no stress increase occurs.  The 

linear stress - shrinkage relation found during the visco-elastic phase is in line with the 

theory as is the different linear relation during the elastic phase. 
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Fig.4.5 shows that plastic deformation and elastic strain are greatest during the first  

minutes of setting. In layers with these high C-factors nearly all volumetric contraction is 

converted into linear shrinkage perpendicular to the cement layer [15]. The linear 

shrinkage for both layer thicknesses was as expected practically the same. After the liquid 

phase and the visco-elastic phase, after 925 s, the shrinkage continues. The material 

becomes stiffer causing higher stresses with the same elastic strain.  

Fig.4.6 shows the contraction stress for the same compliance to be the smallest for 

the thinnest layer. This is because the restrainment, 
substrate

osubstrate
restr h

h×Ε
=Ε , is smaller for 

thinner layers (h0).  

This is also in accordance with the findings of Alster et al. [16] and Alster, Venhoven et al. 

[17], who demonstrated this relation between layer thicknesses, compliance, and 

contraction stress in thin resin composite layers.  

During the visco-elastic phase, the resin network is still soft and relatively flowable 

and plastic yielding at this stage of setting can be achieved without damage of the internal 

structure of the resin composite and the adhesive bond [18].  

It has to be noted that the recording of data has been started during the experiments 

180 s after the start of mixing of the two components.  

For clinicians it might be interesting to know that the elastic phase started 

approximately 18 min after the start of the mixing of the two components, from this 

moment on the cement may be loaded lightly without further plastic deformation.   

Table 4.2 shows the different parameters for the FEA model for the 0.140 mm and 

0.250 mm layer. Fig. 4.4 shows the linear relationship of the compliance of the test setup 

for the load range tested. Even with our system where the compliance was minimized by 

mounting the two displacement transducers as close as possible to the adhesive surfaces of 

the test samples, the compliance still has a significant influence on the determination of the 

elastic strain. The correction of the displacement of the crosshead for the compliance is 

large in comparison with the displacement and the remaining value is in the order of sub-

microns.  

The parameters for the 0.140 mm layer may be in line with the clinical condition 

concerning layers thickness and compliance. Values of the Young’s modulus of dentine 
and the dimensions of elements result in an restrΕ  in the same order of magnitude as the 

used . Table 4.3 shows the experimental contraction stresses and the contraction 

stresses found with the FEA model as in Fig.4.7.  

restrΕ
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The maximum major principal stress in the cement layer is much greater than the 

contraction stress; this is caused by the shear stress due to the hindered shrinkage in the 

transverse direction. The major principal stress is close to the strength of the material. 

Feilzer et al. [10] found in some cases cohesive failures due to the contraction stress.  

In the clinical situation the contraction stresses will depend on the compliance of 

the substrate materials [17] and the possibility for not hindered shrinkage of the cement 

layer for example due to movement of the restoration towards the preparation during 

shrinkage. 

The bond strength to dentin as published by Cobb et al. [19] and the bond strength 

and its development in time of RelyX ARC as published by Braga et al. [20] and the 

contraction stresses found in this study indicate that in the clinical situation there is a 

considerable risk of bonding failure, which depends on the possibility of the substrates to 

comply with developing setting stresses.  

Since the influence of the compliance of the substrate materials is greater for thin 

layers, it may be concluded, that thinner resin composite film may produce a more reliable 

bond, this confirms the findings of Alster, Venhoven et al. [17]. 

Additional stresses in the cement like stresses due to bite forces on the cemented 

restoration will increase the probability of bonding failure. For that reason the design of the 

cement layer is of importance. However, further research is needed to assess the stresses 

occurring in the clinical situation.  

It may be concluded that, in cement layers with uniform layer thickness, it is 

possible to predict the contraction stresses with the found parameters. Finite element 

analysis of clinically placed crowns would be one of the possibilities to do so; the results of 

this study can then be used as input. 
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                                                      CHAPTER 5 
 

                Design parameters for all-ceramic dental crowns 
 

 

 

5.1 Abstract 

 

Introduction: Knowledge of factors which influence stress and its distribution is of key 

importance to the successful production of durable all-ceramic restorations. The objective of this 

study was to evaluate, by finite element analysis (FEA), the influence of the shape of the 

preparation and the cement layer on the stress distribution in CAD-CAM produced all-ceramic 

crowns and in their cement layer.  

Material and methods: The CAD models of  multi-layer crowns for posterior tooth 46 of three 

patients produced with CAD-CAM-technology were translated into a three-dimensional FEA 

program. The stress distribution due to the combined influences of bite forces, residual stresses 

caused by the difference in expansion coefficient of the two ceramic layers, and the influence of 

shrinkage of the cement was investigated. 

Results:  The tensile stresses in the crown for the chamfer knife-edge preparation might put 

the integrity of the currently available ceramic materials at risk, while a non-uniform cement layer 

might result in stresses exceeding the bond strength. It was concluded that for long lasting 

restorations in the posterior region it is advisable to make a chamfer with collar preparation, the 

cement layer as uniform, and the difference in thermal expansion for the two ceramics as small as 

possible. 

Significance: This study indicates that for full ceramic crowns in the posterior region, specific 

design rules should be followed, and that FEA utilizing CAD-CAM data can be a successful tool to 

develop design guidelines for all-ceramic restorations.  
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5.2 Introduction 

 

Despite the increased effort to prevent dental decay, there is still a need for prosthetic 

reconstructions. Because of their esthetics and biocompatibility, many patients prefer all-

ceramic crowns to metal-ceramic crowns.  

However, all-ceramic restorations, particularly when placed in the posterior region, 

have a history of being prone to brittle fracture. To overcome brittle fracture, strong 

ceramic core materials have been developed to support the weaker veneering ceramic 

materials. All-ceramic restorations that are produced from these new materials are still 

more brittle and less ductile than metal-ceramic restorations. As a consequence, the 

preparation and cementation procedures are more critical for all-ceramic restorations, than 

for metal-ceramic restorations. Moreover, the most important factor for the longevity of 

restorations is a good seal, since analyses of failures of fixed restorations have shown 

caries to be the most frequent cause of failure [1]. The shape of the preparation and of the 

cement layer may influence both the resistance of the restoration to fracture and the 

adhesion and consequent seal of the reconstruction, which is often the ‘Achilles heel’ of 

fixed restorative work. Adequate preparation guidelines are therefore of importance and 

should be based on sound data, taking all possible parameters into account. However, the 

literature contains no description of crowns of patients where the combined influences of 

bite forces, residual stresses due to the difference in thermal expansion of the two ceramic 

layers forming the crown, and the influence of shrinkage of the cement was studied. For 

manually produced restorations, design weaknesses are difficult to predict, as the ceramic 

layer shapes and sizes are operator dependent properties. However, for computer designed 

and manufactured restorations, these parameters, as well as those of the preparation, are 

digitally available and thus more amenable to stress analysis and failure prediction.  

Finite element stress analysis (FEA) seems to be a proper tool for such an 

evaluation. FEA was originally developed in the aircraft industry [2] and has become 

widespread in the engineering field. In dentistry, FEA has been used to determine stress 

distributions in teeth by authors like Farah et al. [3].  

Many authors have been making finite element analysis of dental restorations since then.  
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DeHoff et al. [4] studied the influence of the residual stresses due to thermal contraction 

mismatch between two layers forming the crown. Hojjatie et al. [5] and Palamara et al. [6] 

studied the influence of occlusal loads on the dentin and the restoration with a three 

dimensional finite element analysis, where Kamposiora et al. [7] and Shinohara et al. [8] 

studied specifically the effect of the cement layer on the restoration, taking into account the 

occlusal loads. Proos et al. did extensive work applied to margin design, different cement 

materials and cement layer design [9, 10] and different core materials and thicknesses [11, 

12]. 

Based on these experiences it was hypothesized that FEA is a proper tool for the 

multi causal evaluation of mechanical failure of all-ceramic restorations. 

The objective of this study was to evaluate, by finite element analysis, the influence 

of the shape of the preparation and the cement layer, on the stress distribution in CAD-

CAM produced all-ceramic crowns and their cement layer. 

 

5.2 Materials and methods 

 

The CAD models of the crowns of three patients with crowns for posterior tooth 46 

produced with CAD-CAM by Cicero, Elephant Dental B.V. (Hoorn, the Netherlands) were 

selected to be translated into a three dimensional FEA program. The crowns consisted of a 

core made of Synthoceram, a pressed high –strength, alumina-based porcelain; veneered 

with Synthagon, a leucite-free glass ceramic. The first crown had a chamfer knife-edge 

preparation and a cement layer with an uniform cement thickness of 0.140 mm except on 

the outline where the thickness was 0.025 mm. The second crown had a chamfer with 

collar preparation and the same cement layer thickness. The third crown had a chamfer 

with collar preparation and a cement layer which varied from 0.025 to 0.140 mm. In this 

crown the layer was thin on the outline and on flat horizontal surfaces to give maximum 

support to the crown on these surfaces. This crown was also analysed with a uniform 

cement thickness design. 

 

Conversion CAD to FEA models 
 

In the Cicero CAD program, the multi-layer crowns are described by the surfaces of 

each layer (inner, ceramic interface and outer surface). The design structure looks like an 

umbrella with the crossing vertical and horizontal lines forming surface elements. The 

horizontal lines have equal distances, giving a nice looking model.  
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However, in some places the horizontal lines fall together on the outline, while the vertical 

lines come together in one or more points. As a consequence, some surface elements are 

strongly deformed, some even with no surface, or with one or two sides with no length. 

Therefore, two steps were performed in order to transform the CAD model to FEA format.   

First, the various separate surfaces in the Cicero CAD-program were connected in the FEA 

model. Second, some crossing points were moved on the vertical lines, and some points 

were left out, in order to get a model with well-shaped surface elements.  

The final model consisted of two ceramic layers (veneer and core), a cement layer, and the 

prepared tooth [Fig. 5.1] and consisted of 50,000 to 65,000 parabolic wedge and parabolic 

tetrahedron solid elements all together. 

 
Crown 1 

Veneering Porcelain 

Core 

Cement 

Preparation 

 
 

Fig. 5.1 The layers composing the FEA model 

 

The finite element modeling and post processing was carried out with FEMAP 

software (FEMAP 8.10, ESP, Maryland Height, MO, USA), while the analysis was done 

with CAEFEM software (CAEFEM 7.3, CAC, West Hills, CA, USA). The material data 

used in this model is shown in Table 5.1.  
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Table 5.1     
The relevant material properties of the materials used in the FEA model 
     

 Preparation Cement Core Veneering Porcelain 
Material Dentine RelyX ARC Synthoceram Synthagon 

          
Tensile Strength (MPa)     300 140 
Young's modulus (GPa) 18.3 5.1 120.0   68.0 
Hardenings modulus (GPa)   3.1     
Initial Yield Stress (MPa)   3.2     
Poisson ratio   0.30 0.27    0.27     0.30 
Linear Shrinkage (%)   1.273    0.381     0.313 

 

The material properties for the ceramics are data supplied by the supplier. The data 

for the dentine [13] and the cement [14, 15] are from literature. 

 

The following assumptions were made in order to simplify the calculations: 

1. The material of the ceramic crown layers, the tooth dentine, and the luting cement 

after setting were assumed to be homogeneous, linearly elastic, and isotropic.The 

anisotropy of the crown and the dentine was not  taken into account, although due 

to the structure the mechanical properties of dentine do vary with orientation and 

location as shown by Konishi et al. [16]; 

2. The time dependent setting process of the luting cement was mimicked by a time 

independent elastic-plastic material property [15], although this model has defined 

properties for uniform cement layer thickness only and the cement layer thickness 

for the different models varied from 0.025 to 0.140 mm; 

3. The influence of the periodontal ligament on the stresses in the crown is negligible, 

although Reese [17] found that the ligament and alveolar bone is of importance for 

the stress distribution; 

4. The influence of the pulp chamber in the preparation on the stresses in the crown is  

negligible as found by Hojjatie et al. [5]; 

5. The distribution of the temperature during processing of the crown is uniform; 

6. The visco-elastic behavior above the glass transition temperature (Tg) creates a 

stress free state in the ceramics. DeHoff et al. [18] showed that the stress above this 

temperature decrease quite rapidly, and the influence of the visco-elastic behavior 

of the porcelain near the softening temperature is negligible;  
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7. The modulus of elasticity and the Poisson ratio are constant during the processing 

of the crown, although as has been shown by Käse et al. [19] that these properties 

are temperature dependent, especially near the softening temperature.   

 

All nodes in the x-y plane, which corresponds to the root portion of the prepared tooth 

(Fig. 5.1), were assumed to be fixed; no translation or rotation was allowed in any 

direction.  

There were three stress outputs: stresses due to bite forces, residual stresses due to the 

difference in expansion coefficient of the two layers forming the crown and the influence 

of shrinkage of the cement. The stresses caused by the influences were calculated 

separately, then the three outputs were combined using the linear combination facility of 

FEMAP, which recalculates the combined stresses based on the output vectors of the 

linearly combined components. 

In post processing, the “contour options average elemental” without use of the “corner 

data” were used for visualizing the results of the Max Prin Stress and the Max Shear Stress.  

 

Stresses due to bite forces 

 

A calculation was done with bite forces as load. This study assumed a bite force on 

these molars of 665 N, which is about the maximum normal bite force [13], although it was 

reported by Nishigawa [20] that the maximum bite force during, sleep associated, bruxism 

can exceed 800 N for individuals. The bite force was distributed uniformly on the points of 

the crown in contact in occlusion perpendicular to the surface. The resulting vertical (z) 

component was made 665 N.  

 

Residual stresses  

 

To determine the residual stresses after the production process of the crown, caused 

by the differences in expansion coefficient of the two materials forming the crown, the 

temperature – expansion diagrams of these materials according to the supplier (Elephant 

Dental, Hoorn, the Netherlands) were used to calculate the expansion. The difference in 

thermal expansion coefficients, not those of both layers separately, was used to avoid as 

much as possible allocating stresses due to this calculation on the non-ceramic layers.  
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The temperature at the glass-transition point of Sintagon (veneering porcelain) is lower 

than that of Synthoceram (core material); only the difference in linear expansion of the two 

materials from the temperature at the glass-transition point of Sintagon to room 

temperature was used in calculating the stresses. 

 

Stresses due to shrinkage of the cement  
 

The setting of resin composites is a complex time dependant process, throughout 

which material properties undergo a dramatic change in a relatively short period. To 

determine the stresses due to shrinkage of the cement during hardening of the resin 

composite a time independent non-linear elastic-plastic material model was used according 

to the findings of De Jager et al. [15] for RelyX ARC of 0.140 mm layer thickness.  

 

5.3 Results 

 

Crown 3 (chamfer with collar and non-uniform cement layer design) failed shortly 

after placement at the distal-lingual side, where a part of the crown broke away. The crown 

was successfully replaced with a new crown of the same design. The three crowns are now 

one year in use. 

Although calculated stresses are available for each element and each load condition, only 

overall results are presented. 
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Stresses in the veneering porcelain at the occlusal surface 
 

 

Crown 2 Crown 3 Crown 3* Crown 1 

 

Fig. 5.2 The stresses (in MPa) in the veneering porcelain at the occlusal surface 

Fig. 5.2 shows the maximum principal stress of the combined stresses due to bite 

forces, difference in expansion coefficient of the two ceramics, and shrinkage of the 

cement at the occlusal surfaces of the three crowns. The stresses in Crown 3 with uniform 

cement layer (Crown 3*) differ slightly from the stresses in Crown 3; this is mainly caused 

by a slight difference in the occlusion points (Table 5.2).  

The bite forces are the main component of the principal tensile and compressive stresses of 

the combined stresses (Table 5.2). 
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Table 5.2  

The maximum principal tensile and compressive stresses in the crown and the maximum shear stresses 
in the cement 

        
 Crown 1  Crown 2  Crown 3  Crown 3* 
Maximum Stress of the               
combined stresses and their 
components in: 

Max Prin 
Stress (MPa) 

 Max Prin 
Stress (MPa) 

 Max Prin 
Stress (MPa) 

 Max Prin 
Stress (MPa) 

Veneering porcelain               
      Occlusal surface               
Tensile stress due to:               
Bite forces 18   6   55   55 
Different ceramics 2   3   6   5 
Shrinkage cement 1   8   0   -1 
Combined stresses 21   15   54   55 
Compressive stress due to:               
Bite forces -68   -200   -160   -155 
Different ceramics 0   0   3   3 
Shrinkage cement 0   5   7   4 
Combined stresses -72   -201   -160   -163 
      Core-veneer interface               
Tensile stress due to:               
Bite forces 23   14   44   39 
Different ceramics 14   21   2   1 
Shrinkage cement 4   2   -2   0 
Combined stresses 31   27   37   35 
Core               
      Cement-core interface               
Tensile stress due to:               
Bite forces 57   15   101   101 
Different ceramics 54   58   -2   -1 
Shrinkage cement 3   12   -4   -1 
Combined stresses 109   80   73   68 
Crown               
      Cervical surface               
Tensile stress due to:               
Bite forces 6   16   52   47 
Different ceramics 12   39   3   2 
Shrinkage cement 24   -7   -10   -8 
Combined stresses 39   32   33   35 

  
Max Shear 

Stress (MPa)  
Max Shear 

Stress (MPa)  
Max Shear 

Stress (MPa)  
Max Shear 

Stress (MPa) 
Cement               
      Layer               
Shear Stresses due to:               
Bite Forces 11   4   29   26 
Different Ceramics 1   2   0   1 
Shrinkage Cement 22   29   34   25 
Combined stresses 33   33   55   35 

Crown 1; with chamfer-knife edge and uniform cement layer 
Crown 2; with chamfer with collar and uniform cement layer 
Crown 3; with chamfer with collar and non-uniform cement layer 
Crown 3*; Crown 3 with uniform cement layer 
Note: positive values are tensile stresses, where negative values are compressive stresses 
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Stresses at the core –veneer interface  
 

 

Crown 3* Crown 1 Crown 2 Crown 3 

 

Fig. 5.3 The stresses (in MPa) at the interface of the veneering porcelain and the core 

Fig. 5.3 shows the maximum principal stress of the combined stresses at the core-

veneer interface. The bite forces are an important component of the maximum principal 

tensile stress at the core-veneer interface, which is increased in crown 1 and 2 by the 

thermal contraction mismatch of the two ceramics (Table 5.2). There is no indication that 

the non-uniform cement layer lowers these stresses. 

 

Stresses in the core at the cement-core interface  
 

At the core surface (cement-core interface) the bite forces are an important 

component of the maximum principle tensile stress of the combined stresses; this stress is 

increased in crown 1 and 2 by the thermal contraction mismatch of the two ceramics  

(Table 5.2). 

 

78 



                                                                                Design parameters for all-ceramic dental crowns 

Stresses in the two ceramic layers 
 

 

Crown 1 Crown 2 Crown 3 Crown 3* 

 

Fig. 5.4 The stresses (in MPa) in the two ceramic layers in a section cut in  

distal-mesial view 

 

Fig. 5.4 shows a section cut of the three crowns in distal-mesial view. The occlusal 

thicknesses at the cross section with the highest tensile stress are 2.3 mm, 2.2 mm and 1.2 

mm for crown 1, 2 and 3 respectively. Apparently, there is no relation between the 

maximum tensile stress in the core at the cement-core interface (Table 5.2) and the occlusal 

thickness, or between these stresses and the shape of the cement layer.  
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Stresses at the cervical surface 
 

 

Crown 1 Crown 2 Crown 3 Crown 3* 

 

Fig. 5.5 The stresses (in MPa) at the cervical surface in distal-mesial view 

 

Fig. 5.5 shows the crowns in distal-mesial view, showing that the highest stress at 

the cervical surface is located at the distal-lingual side. The relatively high principal tensile 

stress at the cervical surface of the core is caused by different influences (Table 5.2). 
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Stresses in the cement layer 
 

 

Crown 1 Crown 3 Crown 2 Crown 3* 

 

Fig. 5.6 The stresses (in MPa) in the cement layer 

 

Fig. 5.6 shows the maximum shear stress in the cement layer of the combined stresses, 

which is caused by the combination of the bite forces and the shrinkage of the cement 

(Table 5.2). The influence of the thermal mismatch of the two ceramics is negligible. The 

stress in the non-uniform cement layer is considerable higher than in the uniform cement 

layers. In crown 3 with a uniform cement layer, the maximum shear stress of the combined 

stresses is 35 MPa in comparison with 55 MPa in the clinically applied crown.  

 

5.5 Discussion 

 

For this study it was assumed that the FEA models did exactly correspond with the 

clinical crowns, although the clinically placed crowns might differ significantly from the 

FEA models. One possible error is introduced by the translation from the CAD into the 

FEA model; another possible error is introduced during the production of the crowns. For 

instance, glazing of crowns will round off sharp edges; this is not included in the design 

but can possibly be simulated with smoothing features of FEA-modeling software. These 

topics will be the subject of future studies. Possible errors arise from the assumptions listed 

in the Materials & Methods section. 
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Although the analyses indicate that the stresses did not exceed the strength, crown 3 

(chamfer with collar) fractured shortly after placement. It was not possible to determine the 

initial flaw of this early failure. Production flaws or faults introduced during the 

cementation process in combination with the rather sharp preparation at the distal-lingual 

side may have initiated the fracture. The highest cervical surface stress was calculated to be 

at the distal-lingual side, and the fracture was consistent with initiation at this location. 

The maximum tensile and compressive stresses at the occlusal surfaces of the three 

crowns (Fig. 5.2) in this study are the result of an applied bite force of 665 N on one 

element. The stresses are lower than the material strength of the applied materials  

(Table 5.1). A bite force of 665 N is of clinical relevance [13], however, such a point load, 

applied on only one element will hardly occur clinically. We applied such a point load for 

reason of simplicity. On the other hand, the produced crown might differ from the FEA 

model, as contact damage flaws and the surface roughness of the porcelain will affect the 

materials strength [21].  

Kelly [22] examined clinically failed glass-ceramic crowns and showed that failures 

did not initiate from flaws on the occlusal surface. During loading, restorations develop 

features that have come to be called “wear facets”.  

Clinicians recognize that wear facets are usually not point contacts, as supposed in this 

study, but have dimensions of up to approximately 3 mm in diameter. This effect will 

result in a distribution of the bite forces over a greater area which will lower the stresses. 

Also in this study, the number of occlusion points influences the stresses developing in and 

under the occlusal surface layer. 

For crowns 1 and 2, the thermal contraction mismatch of the two ceramics increases 

the maximum tensile stress in the veneering porcelain at the core-veneer interface  

(Fig. 5.3). Although the thermal contraction mismatch is intended to compress the 

veneering porcelain it can be seen that in contrast to this, in some places at the interface the 

rather complicated shape of the crowns causes tensile stresses in the veneering porcelain. 

Thompson et al. [23] found that Cerestore crowns mainly failed from sites located at or 

near the core-veneer interface, and estimated failure stresses from the initial flaw size for 

two crowns at 15 and 68 MPa. The last stress is higher than the stresses found at this 

location in this study; this might have been caused by a greater thermal mismatch.  

The principal tensile stresses in the core at the cement-core interface (Fig. 5.4) were 

considerably lower than the strength of the core material.  

In 1989 Kelly et al. [24] analyzed Dicor crowns that clinically failed at the 

cementation surface.  

82 



                                                                                Design parameters for all-ceramic dental crowns 

The maximum strength of the materials studied in 1989 would have led to a high failure 

probability with the stresses found in this study, but the strength of the core materials has 

been improved considerably since then.  

Apparently there is no relation between the maximum tensile stress in the core at the 

cementation surface (Table 5.2) and the occlusal thickness, nor between these stresses and 

the shape of the cement layer, which is in accordance with the findings of Hojjatie et al. [5] 

and Proos et al. [12] for the occlusal thickness and Proos et al. [10] and Sjögren et al. [25] 

for the cement layer. 

The relatively high principal tensile stress at the cervical surface (Fig. 5.5) of  

crown 1 is strongly influenced by the shrinkage of the cement (Table 5.2). The principle 

tensile stress at this location is mainly tangential. Fracture could initiate at these locations 

in spite of the lower FEA calculated stress, because stress intensities can be high due to 

shape and size factors, as well as increased susceptibility to flaw formation at the crown 

margins.   

In our FEA models the veneering porcelain does not end exactly at the outline, which is 

often the case with the produced crowns; otherwise the shrinkage of the cement might have 

caused still higher stresses due to the more unfavorable load condition in those 

circumstances on the veneering porcelain.  

Although crown 3 has a chamfer with collar preparation due to imperfect preparation at the 

distal-lingual side, the shape of the preparation in this location is rather knife-edge. 

Clinicians will recognize the difficulty in fabricating a perfect preparation, especially in the 

lower jaw on the lingual side. This is recognized by Begazo et al. [26]; from the 

preparations they studied, nearly all showed to have one or more locations with 

imperfections, most in the lower jaw. 

The maximum shear stress in the cement layer (Fig. 5.6) is caused by the 

combination bite forces and shrinkage of the cement (Table 5.2). The stresses in the non-

uniform cement layer are considerably higher than in the uniform cement layers. The 

assumption that the non-uniform layer is the main failure cause is supported by the results 

of the same crown 3 with uniform cement layer thickness design.  

The stresses in the non-uniform cement layer are higher than the bond strength as 

published by Cobb et al. [27] and the bond strength and its development in time of RelyX 

ARC as published by Braga et al. [28] indicating that in the clinical situation there is a 

considerable risk of bonding failure [25]. 

 

                                                                                                                                              83 



 Chapter 5                                                                                

Conclusions: 

 

With the improved strength of contemporary core materials, these analyses indicate 

that stresses in the core should not greatly influence the longevity of the restoration. In 

many configurations, the most critical sites will be in the veneering porcelain near the 

interface with the core and distal-lingual sites at the cervical surface. 

Thermal mismatch of the two ceramics may increase tensile stress development in 

the veneering porcelain; therefore, it is advisable to have the difference in thermal 

expansion for the two ceramics as small as possible.  

The outline is critical for the veneering porcelain, especially when it ends with a 

knife-edge; therefore, a chamfer with collar preparation is advisable. 

The non-uniform cement layer does not decrease the tensile stresses in the veneering 

porcelain at the interface between veneering porcelain and core, but can increase the 

maximum shear stresses in the cement layer at the bonding surfaces to values exceeding 

the bond strength of the cement layer to restoration and preparation. Therefore, the cement 

layer thickness should be as uniform and as thin [14] as possible. 

This study indicates that following these specific design rules for full ceramic 

crowns may increase the longevity of these restorations. 
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                            Summary, conclusions and recommendations  
 

 

 

 

Summary 

 
Despite increased effort to prevent dental decay today mankind is still in need of 

prosthetic reconstructions. More and more patients prefer multi-layer all-ceramic crowns 

because of their esthetic qualities. Multi-layer all-ceramic crowns consist of a ceramic core 

with one or more veneering ceramic layers. The layers partly reflect, absorb, and transfer 

light, this produces a translucent effect, and a sense of depth to approximate as much as 

possible the natural tooth. Cores produced with modern production techniques and 

materials make the production of reliable all-ceramic crowns possible. Still all-ceramic 

restorations are prone to spontaneous fracture, mainly when placed in the posterior region. 

Various factors attribute to these phenomena, where the most important ones may be the 

materials used and shape of the restoration, and the cement layer. In order to make long-

lasting restorations it is advisable to have specific design rules for the production of all-

ceramic crowns. For manually produced restorations, design weaknesses can hardly be 

predicted as the design of the multi-layer all-ceramic restorations with respect to the 

ceramic layer design as well as the outer shape is an operator dependent property. 

However, for computer designed and manufactured restorations (CAD-CAM: Computer 

Aided Design-Computer Aided Manufacturing) these parameters as well as those of the 

preparation are digitally available, making stress analysis and failure prediction possible. 

This analysis can be done with Finite Element Analysis (FEA). The solution method of 

finite element analysis consists of dividing the geometry into a finite number of elements 

with easy to describe mechanical properties. 3D finite element analysis proved for dentistry 

to give reliable information concerning stress distribution in a tooth or crown.  
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Summary, conclusions and recommendations 

This thesis indicates that for all-ceramic crowns in the posterior region specific 

design rules have to be followed and that Finite Element Analysis can be a successful tool 

to develop design guidelines for all-ceramic restorations. Since certain material properties 

were not available from literature, some material properties had to be studied before a FEA 

evaluation of full ceramic crowns was possible. 

The results, which have led to the specification of the design rules to be applied are 

summarized as follows. 

Chapter 1 provides a historical background of the production techniques and 

materials for dental restorations and describes the ceramic materials and production 

techniques, which make reliable crowns possible, the cementation materials of choice 

today, the production with CAD-CAM systems of crowns, and presents Finite Element 

Analysis. This chapter also describes the aim of the research. 

Chapter 2 explains that the surface roughness is one of the parameters which 

determine the strength of ceramic materials, except where the inner structure causes greater 

stress concentration than the stress concentration caused by the surface roughness. 

In order to adjust occlusion, the functional surfaces of porcelain restorations are often 

ground, mechanical machining is even an essential part of the CAD-CAM process, and 

loading of the restoration will cause wear, reshaping the surface, which will introduce 

surface flaws. These phenomena will influence the porcelain strength. 

 For the veneering porcelains studied a significant correlation was found between 

surface roughness and biaxial strength, with the exception of one material where the inner 

structure probably induced more stress concentration than the surface roughness: the 

smoother  the surface the stronger the material. 

In Chapter 3 the subject of the study is the hindering of the transverse contraction 

due to the hardening of the cementation material, hindered by the adhesive bond to the 

tooth tissue and the restorative material. For these thin layers, the relation between stress 

and strain, i.e. the stiffness, in the direction perpendicular to the cementation surfaces 

depends on the ratio between bonded and free surface of the cement layer. The thinner the 

layer, the higher the stiffness (apparent Young’s modulus) will be. The hindering of the 

transverse contraction has to be taken into account studying the mechanical properties of 

luting cements. Moreover, as a consequence severe shear forces may develop at the 

adhesive interfaces of luting cements when loaded in tensile or compression. Stresses in the 

cement, like stresses due to bite forces on the cemented restoration, will increase the 

probability of bonding failure not only by compression forces but also by shear forces.  
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FEA programs calculate with the influence of the transverse contraction, while for 

the simple calculation of stresses using Hooke’s law, one has to take the effect of 

neglecting the hindering of transverse stresses in the sample into account. This effect may 

be as large as 25% of underestimating the stresses. 

Chapter 4 also deals with the hardening of the cement layer. A rather simple model 

is presented, which mimics the behavior of luting cements based on the division of the 

setting process into a liquid phase where the material shrinks but no stress develops, a 

visco-elastic phase where the shrinkage partly leads to stress formation and is partly 

relieved by viscous flow, and an elastic phase where all shrinkage is transferred into stress. 

With the assumption of uniform layer thickness the setting process of resin composite 

cements can be expressed as stress-shrinkage plots, which are time independent. The model 

showed to be suitable for the prediction in FEA of the magnitude of the setting stresses. 

In chapter 5 the obtained material properties were used in a FEA evaluation of the 

crowns of three patients with multi-layer crowns for posterior tooth 46 produced with 

CAD-CAM technology. The model consisted of two ceramic layers, a cement layer, and 

the preparation of the tooth. The stress distribution due to the combined influences of bite 

forces, residual stresses caused by the difference in expansion coefficient of the ceramic 

layers, and the influence of shrinkage of the cement was investigated. The result was that 

the tensile stresses in crowns with chamfer knife-edge preparations might put the integrity 

of the currently available ceramic materials at risk, while a not uniform cement layer 

thickness might result in stresses exceeding the bond strength, and difference in thermal 

expansion for the two ceramics may increase the tensile stresses in the veneering porcelain. 

For this study it was assumed that the FEA model did exactly correspond with the 

clinical crown. For the clinically interpretation of the results of this study it has to be taken 

into account that the clinically placed crowns might differ from the FEA models. Although 

the number of crowns is limited the support of literature to the results found may lead to 

the conclusion, that the results may be generalized. 

 

Conclusions 

 
With the improved strength of contemporary core materials, stresses in the core will 

not influence the longevity of the restoration. In many configurations the most critical sites 

will be in the veneering porcelain near the interface with the core and distal-lingual at the 

cervical surface. 
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Thermal contraction mismatch of the two ceramics may increase tensile stress 

development in the veneering porcelain; therefore, it is advisable to have the difference in 

thermal expansion for the two ceramics as small as possible.  

The outline is critical for the veneering porcelain especially when it ends with a 

knife-edge; therefore, a chamfer with collar preparation is advisable. 

The non-uniform cement layer does not decrease the tensile stresses in the 

veneering porcelain at the interface between veneering porcelain and core, but increases 

the maximum shear stresses in the cement layer at the bonding surfaces to values 

exceeding the bond strength of the cement layer to restoration and preparation. Therefore, 

the cement layer thickness must be as uniform and as thin as possible.  

These specific design rules for full ceramic crowns in the posterior region have to 

be followed to ensure the longevity of these restorations. 

 

 

Recommendations 

 
The used models for the calculation of the stresses due to the shrinkage of the 

cement layer and the residual stresses due the difference in expansion coefficient of the 

core material and the veneering porcelain may not fully describe the clinical situation. The 

use of the model for the calculation of the stresses due to the shrinkage of the cement layer 

is limited to uniform cement layer thickness, where in the clinical situation the thickness of 

the cement layer will vary from the occlusal surface to the outline. For the model to 

calculate the residual stresses due to the difference in expansion coefficient of the ceramics 

used two of the assumptions, the distribution of the temperature during processing of the 

crown is uniform and the modulus of elasticity and the Poisson’s ratio are constant during 

processing of the crown, made in order to simplify the calculations may not describe 

rightly the occurring stresses for the materials used and the actual production process. 

For the improvement of the, for patients, unfortunately still necessary restorative 

work it is recommended to do further research on these subjects. 
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                        Samenvatting, conclusies en aanbevelingen 

 

 

 

 

Samenvatting 

 

 Ondanks de verhoogde inspanningen om tandbederf te voorkomen heeft de 

mensheid vandaag de dag nog steeds prothetische voorzieningen nodig. Meer en meer 

patiënten geven gezien de esthetische kwaliteiten de voorkeur aan gelaagde volkeramische 

kronen. Gelaagde volkeramische kronen bestaan uit een keramische kap met één of meer 

lagen van opbakporselein. Licht wordt door de lagen gedeeltelijk gereflecteerd, 

geabsorbeerd dan wel doorgelaten. Dit geeft een doorschijnend effect en een gevoel van 

diepte wat de natuurlijke tand zo veel mogelijk benadert. Kappen geproduceerd met 

moderne productietechnieken maken de productie van betrouwbare volkeramische kronen 

mogelijk. Toch vertonen volkeramische kronen soms vooral in het molaar gebied spontane 

breuk. Verschillende factoren dragen aan dit verschijnsel bij. De belangrijkste ervan 

zouden de gebruikte materialen en de vorm van de restauratie en de cementlaag kunnen 

zijn. Om restauraties met een lange levensduur te maken is het aan te bevelen om over 

specifieke regels voor het ontwerpen van te produceren volkeramische kronen te 

beschikken. Voor handmatig geproduceerde restauraties zal het moeilijk zijn zwakheden in 

het ontwerp te voorspellen, aangezien het ontwerp van volkeramische restauraties zowel 

ten aanzien van het ontwerp van de keramische lagen als de uiterlijke vorm een eigenschap 

is die van de bewerker afhankelijk is. Voor restauraties, die met behulp van een computer 

ontworpen en geproduceerd worden (CAD-CAM: Computer Aided Design-Computer 

Aided Manufacturing) zijn zowel deze parameters als die van de preparatie digitaal 

beschikbaar. Dit maakt een analyse van de spanningen en een voorspelling van mogelijk 

falen mogelijk. Deze analyse kan met de Eindige Elementen Methode (Finite Element 

Analyis, FEA) worden uitgevoerd.  
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Met de eindige elementen methode worden de berekeningen uitgevoerd door de geometrie 

op te delen in een eindig aantal elementen, waarvan de mechanische eigenschappen 

eenvoudig zijn te beschrijven. In de tandheelkunde heeft de 3D eindige element methode 

bewezen betrouwbare informatie te geven over de spanningsverdeling in een tand of kroon. 

 Deze thesis indiceert dat er voor volkeramische kronen in het molaar gebied 

specifieke regels voor het ontwerp gevolgd dienen te worden en dat de eindige elementen 

methode een succesvol instrument kan zijn om richtlijnen op te stellen voor het ontwerp 

van volkeramische kronen. Bepaalde materiaaleigenschappen waren in de literatuur niet 

beschikbaar, zodat enkele materiaaleigenschappen moesten worden bestudeerd, voordat 

een analyse met de eindige elementen methode mogelijk was. 

 Hieronder wordt een opsomming gegeven van de bevindingen, die tot de 

specificatie van de te volgen regels voor het ontwerp hebben geleid. 

 Hoofdstuk 1 geeft een historische achtergrond van de productietechnieken en 

materialen voor tandheelkundige restauraties en beschrijft de keramische materialen en 

productietechnieken, waarmee de productie van betrouwbare kronen mogelijk is, de meest 

gewenste cementeermaterialen, de productie van kronen met CAD-CAM systemen en geeft 

een uiteenzetting over de eindige elementen methode. Dit hoofdstuk beschrijft ook het doel 

van het onderzoek. 

 Hoofdstuk 2 zet uiteen, dat de oppervlakteruwheid één van de parameters is die de 

sterkte van keramische materialen bepalen, met uitzondering van die materialen waar de 

inwendige structuur meer spanningsconcentratie veroorzaakt dan de oppervlakteruwheid. 

Om de occlusie te verbeteren worden de functionele oppervlakken van porseleinen 

restauraties vaak beslepen, mechanische bewerking is zelfs een essentieel onderdeel van 

het CAD-CAM proces, terwijl door belasting, tijdens gebruik van de restauratie, slijtage 

het oppervlak zal veranderen, wat oppervlaktedefecten kan veroorzaken. Deze 

verschijnselen zullen de sterkte van het porselein beïnvloeden. 

 Voor de bestudeerde opbakporseleinen werd een significante correlatie gevonden 

tussen de oppervlakteruwheid en de sterkte, met uitzondering van een materiaal, waar 

waarschijnlijk de inwendige structuur meer spanningsconcentratie veroorzaakte dan de 

oppervlakteruwheid: des te gladder het oppervlak des te sterker het materiaal. 

 In hoofdstuk 3 is het onderwerp van studie de gehinderde dwarscontractie ten 

gevolge van het uitharden van het cementeermateriaal, gehinderd door de adhesieve 

verbinding met het tandweefsel en het materiaal van de restauratie.  
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De relatie tussen de spanning en de rek, m.a.w. de stijfheid, in de richting loodrecht op het 

cementeeroppervlak zal voor deze dunne lagen afhankelijk zijn van de verhouding tussen 

het gebonden en vrije oppervlak van de cementlaag. Des te dunner de laag des te groter de 

stijfheid (ogenschijnlijke Young’s modulus) zal zijn. Er moet met het hinderen van de 

dwarscontractie rekening gehouden worden bij het bestuderen van de mechanische 

eigenschappen van cementlagen. Ten gevolge van de dwarscontractie  kunnen er zich 

bovendien ernstige schuifkrachten ontwikkelen in de contactvlakken van het cement als het 

op trek of druk wordt belast. Spanningen in het cement, zoals spanningen ten gevolge van 

bijtkrachten op de gecementeerde restauratie zullen de waarschijnlijkheid van het falen van 

de adhesieve verbinding vergroten niet alleen door de drukkrachten maar ook door de 

schuifkrachten. 

 Eindige elementen methode programma’s rekenen met de invloed van de 

dwarscontractie, terwijl bij een simpele berekening gebruik makend van de wet van Hooke 

men rekening moet houden met het effect van het negeren van het hinderen van de 

dwarscontractie in het voorwerp. Dit kan een onderschatting van de spanningen tot 25%  

betekenen. 

 Hoofdstuk 4 betreft ook het uitharden van de cementlaag. Er wordt een tamelijk 

eenvoudig model gepresenteerd, dat het gedrag van cementen nabootst door het 

uithardingproces op te delen in een vloeistof fase, waarin het materiaal krimpt maar geen 

spanning wordt opgebouwd, een visco-elastische fase, waarin krimp gedeeltelijk tot 

spanningsopbouw leidt en de spanning gedeeltelijk wordt verminderd door viscositeit en 

een elastisch fase, waarin alle krimp in spanning wordt omgezet. Indien de cementlaag 

uniform van dikte is kan het proces van uitharden van cementlagen worden beschreven 

door spanning-krimp relaties, die tijd onafhankelijk zijn. Het model bleek er geschikt voor 

te zijn om met behulp van analyse met de eindige elementen methode de hoogte van de 

spanning ten gevolge van het uitharden te voorspellen. 

 In hoofdstuk 5 werden de verkregen materiaaleigenschappen gebruikt in een 

analyse met de FEA methode van de met CAD-CAM geproduceerde kronen met meerdere 

keramieklagen voor de eerste ondermolaar (46) van drie patiënten. Het model bestond uit 

twee keramieklagen, een cementlaag en de preparatie van de kies. De spanningsverdeling 

ten gevolge van de gecombineerde invloeden van de bijtkrachten, de restspanning 

veroorzaakt door het verschil in uitzettingscoëfficiënt van de keramieklagen en de invloed 

van de krimp van het cement werd hier onderzocht.  
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Het resultaat was dat de spanningen in kronen met een messcherpe chamferpreparatie de 

samenhang van de nu beschikbare keramische materialen in gevaar zouden kunnen 

brengen. Een niet uniforme cementlaagdikte zou kunnen resulteren in spanningen, die de 

hechtsterkte te boven gaan. Verschil in uitzettingscoëfficiënt van de twee keramieksoorten 

kan de trekspanningen in het opbakporselein verhogen. 

 Er was er in deze studie vanuit gegaan, dat het eindige elementen methode model 

exact met de klinische kroon overeenkwam.  

Voor de klinische interpretatie van de resultaten van deze studie dient men er rekening mee 

te houden, dat de klinisch geplaatste kronen van het eindige elementen methode model 

kunnen verschillen. Hoewel het aantal kronen gelimiteerd is mag men, omdat de literatuur 

de gevonden resultaten ondersteunt, de gevonden resultaten generaliseren. 

 

Conclusies 

 

 Met de verbeterde sterkte van de huidige materialen voor kappen zullen spanningen 

in de kap niet de levensduur van de restauratie beïnvloeden. In vele configuraties zullen de 

meest kritische punten zich in het opbakporselein in de buurt van de overgang met het 

kapmateriaal en distaal-liguaal op het cervikale oppervlak bevinden. 

 Thermische contractie incompatibiliteit van de twee keramieksoorten kan de 

trekspanningen in het opbakporselein verhogen; daarom is het aan te bevelen om het 

verschil in uitzettingscoëfficiënt tussen de twee keramieksoorten zo laag mogelijk te 

houden. 

 De preparatielijn is kritisch voor het opbakporselein, met name wanneer de kroon 

op de preparatielijn messcherp eindigt; daarom is een chamfer met schouderpreparatie aan 

te bevelen. 

 De niet uniforme cementlaagdikte vermindert de trekspanningen in het 

opbakporselein in de overgang tussen opbakporselein en kapmateriaal niet, maar verhoogt  

de maximale schuifspanning in de cementlaag op de te hechten oppervlakken tot waarden, 

die de hechtsterkte van de cementlaag met de restauratie en de preparatie te boven gaan. De 

cementlaagdikte moet daarom zo uniform en dun mogelijk zijn. 

 Deze specifieke ontwerpregels voor volkeramische kronen in het molaargebied 

dienen voor het garanderen van een lange levensduur gevolgd te worden. 
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Aanbevelingen 

 

 De voor de berekeningen van de spanningen, ten gevolge van de krimp van de 

cementlaag en de restspanningen ten gevolge van het verschil in uitzettingscoëfficiënt van 

het materiaal van de kap en het opbakporselein, gebruikte modellen zou de klinische 

situatie niet volledig kunnen beschrijven. Het gebruik van het model voor de berekening 

van de spanningen ten gevolge van de krimp van de cementlaag is beperkt tot uniforme 

cementlaagdiktes.  

Er zijn twee aannames gedaan voor het model om de restspanningen te berekenen 

ten gevolge van het verschil in uitzettingscoëfficiënt van de gebruikte keramieksoorten: de 

temperatuurverdeling in de kroon is uniform en de elasticiteitsmodulus en de Poisson ratio 

zijn constant tijdens het fabricageproces van de kroon. Deze aannames zijn gedaan om de 

berekeningen te vereenvoudigen, maar daardoor zouden voor de gebruikte materialen en 

het feitelijke productieproces de optredende spanningen niet juist beschreven kunnen zijn.  

 Voor de verbetering van het voor patiënten helaas nog steeds noodzakelijke 

restauratieve werk is het aan te bevelen verder onderzoek op dit gebied te doen. 
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Het is een bijzondere ervaring voor een werktuigbouwkundig ingenieur, die al een 

werkzaam leven achter de rug heeft, een promotieonderzoek te doen in de tandheelkunde. 

Meestal willen mensen met ervaring promoveren op een terrein, waar zij ervaring hebben 

opgedaan. Ik heb mij bezig gehouden met de ontwikkeling, productie en/of verkoop van 

koffiezetters, broodroosters, elektrische dekens, kooktoestellen, koelkasten, wasmachines, 

vaatwassers, compressoren, gloeilampen, keukenmeubels, telefooncentrales, email, 

emailleerinstallaties, vliegtuigkeukenapparatuur, boilers, fietsen en uniformen voor 

verpleegkundigen: een breed scala aan producten, maar geen enkel product heeft een relatie 

met de tandheelkunde. De meeste werktuigbouwkundig ingenieurs beginnen in de 

ontwikkeling van producten en doen dan vaak onderzoek. Ik had tot mijn aantreden bij het 

ACTA zelf nooit onderzoek gedaan.  

Hoe is het dan zo gekomen?  Ooit, tijdens mijn studie in Delft, wilde ik tandarts 

worden en de belangstelling voor het vak tandheelkunde is gebleven. Carel Davidson wil ik 

bedanken, dat hij mij in de gelegenheid heeft gesteld om op dit terrein onderzoek te doen en 

mij heeft geïntroduceerd in voor een werktuigbouwkundige nieuwe wereld: de academische 

wereld van tandheelkundige materiaalwetenschappen.  

Albert Feilzer (mijn promotor), jou wil ik bedanken voor het vertrouwen, de strategie 

achter het onderzoek, het niet aflatende enthousiasme en de inzet, waarmee jij, Albert mij 

ondersteunde. Voorts wil ik mijn co-promotor Pallav bedanken voor zijn bijdrage. Het was 

zeer verfrissend het inzicht dat hij elke keer weer wist te verschaffen in de voor mij soms 

moeilijk te doorgronden materie, dit theoretisch ondersteunt vaak met formules en al. 

Jef van der Zel van Elephant Dental B.V. wil ik bedanken voor het beschikbaar stellen van 

materialen, het enthousiast maken van zijn medewerkers om hulp te verlenen bij het 

onderzoek en het bedenken van steeds weer nieuwe ideeën en gezichtspunten. Van deze 

medewerkers mag Wiljo de Ruiter niet ongenoemd blijven voor het vele werk wat hij 

gestoken heeft in de omzetting van CAD modellen naar eindige elementen analyse modellen. 
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Het was goed vertoeven op de afdeling Materiaalkunde, de sfeer was er uitstekend en degene, 
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voor het vele werk dat zij voor mijn onderzoek hebben gedaan. 
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Al met al was het een heel bijzondere ervaring, die ik niet gemist zou willen hebben.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

102 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                           



 

 

 

 

 

 
 


	Title.pdf
	ACADEMISCH PROEFSCHRIFT
	Nicolaas de Jager

	Chapter 1.pdf
	Chapter 2.pdf
	2.1 Abstract
	Table 2.1 shows the nominal mean value, the standard deviation, the Weibull characteristic strength and the Weibull shape factor of the biaxial flexure strength for the five specimens in each group.
	Roughness
	Strength determining factors


	Chapter 3.pdf
	The apparent increase of the Young’s modulus
	in thin cement layers.
	3.1 Abstract
	
	Materials
	General
	Test setup
	Apparent increase of the Young’s modulus
	Determination of the Poisson ratio
	Finite element modeling
	Calculation methods



	Chapter 4.pdf
	Methods
	Calculation methods
	
	All parameters in the visco-elastic phase and the elastic phase (� and �, respectively) were taken at the time marking the end of these two phases.


	Statistical analysis

	Chapter 5.pdf
	Based on these experiences it was hypothesized that FEA is a proper tool for the multi causal evaluation of mechanical failure of all-ceramic restorations.
	The objective of this study was to evaluate, by finite element analysis, the influence of the shape of the preparation and the cement layer, on the stress distribution in CAD-CAM produced all-ceramic crowns and their cement layer.
	
	Conversion CAD to FEA models
	There were three stress outputs: stresses due to bite forces, residual stresses due to the difference in expansion coefficient of the two layers forming the crown and the influence of shrinkage of the cement. The stresses caused by the influences were ca
	Stresses due to bite forces
	Residual stresses

	Stresses in the veneering porcelain at the occlusal surface
	Stresses in the two ceramic layers
	Stresses at the cervical surface

	5.6 Acknowledgements

	Summary.pdf
	Curriculum Vitae.pdf
	Curriculum Vitae

	Nawoord.pdf

