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Abstract 

Ceramic based prosthetic materials have shown to be appropriate substitutes for dental applications, 

due to their excellent aesthetic and biocompatibility. However, due to concerns related to their durability 

and abrasive action against natural teeth, a proper selection of these materials is crucial to preserve the 

occlusal interactions and prevent the teeth wear. 

The purpose of this work was to compare the tribological behaviour of four commercial prosthetic dental 

materials – Zirconia, Vita Enamic, Leucite and Zirconia Veneered – when tested against natural teeth 

The materials’ hardness, wettability and topography were characterized. Wear tests against dental 

human cusps were conducted in a chewing simulator (360,000 cycles, ~1.5 years of mastication) using 

artificial saliva as lubricant. The tooth volumetric loss was estimated overlapping 3D scans of the cusps 

before and after testing and the prosthetic material loss was measured by 2D profilometry analysis. The 

wear mechanisms were analysed by scanning electron microscopy. 

The results showed that Zirconia presented the more suitable tribological behaviour, since it led to the 

lowest wear on both occlusal surfaces. Vita Enamic presented the greatest wear on its surface. The 

highest enamel wear was found for both Leucite and Zirconia Veneered. The main wear mechanism in 

Zirconia system (prosthetic materials and opposing enamel) was polishing wear, while in the remaining 

ones was abrasive wear. 

No direct relation could be stablished between wettability, initial roughness and hardness of the 

prosthetic materials and the wear of the tribological systems, suggesting that those parameters shall act 

together in a complex way. 

 

 

Key-words: Dental tribology, ceramics, wear, hardness, wettability, topography. 
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Resumo 

Os materiais protéticos cerâmicos são substitutos apropriados para aplicações dentárias, devido à sua 

excelente estética e biocompatibilidade. Contudo, devido a preocupações relacionadas com a sua 

durabilidade e abrasão nos dentes naturais, uma seleção adequada é crucial para preservar as 

interações oclusais e evitar o desgaste dos dentes. 

Este trabalho consistiu na comparação do comportamento tribológico de quatro materiais dentários 

protéticos comerciais - Zirconia, Vita Enamic, Leucite e Zirconia Veneered - testados com dentes 

naturais. 

A dureza, molhabilidade e topografia dos materiais foram caracterizadas. Testes de desgaste contra 

cúspides de dentes humanos foram realizados através de um simulador de mastigação (360,000 ciclos, 

~1.5 anos de mastigação) usando saliva artificial como lubrificante. A perda volumétrica dos dentes foi 

calculada através da sobreposição de imagens 3D das cúspides antes e após o teste, e a perda de 

material protético medida por profilometria 2D. Os mecanismos de desgaste foram analisados por 

microscopia eletrônica de varrimento. 

A Zirconia apresentou o comportamento tribológico mais adequado, levando ao menor desgaste em 

ambas as superfícies oclusais. A Vita Enamic apresentou o maior desgaste na sua superfície. O maior 

desgaste do esmalte ocorreu tanto com a Leucite como com a Zirconia Veneered. Os principais 

mecanismos de desgaste no sistema tribológico foram o desgaste por polimento para a Zirconia e 

desgaste abrasivo para os restantes materiais. 

Não foi possível estabelecer uma relação direta entre a molhabilidade, a rugosidade inicial e a dureza 

dos materiais protéticos com o desgaste dos sistemas tribológicos, uma vez que esses parâmetros 

atuam de forma complexa. 

 

 

Palavras-chave: Tribologia dentária, cerâmica, desgaste, dureza, molhabilidade, topografia. 
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CHAPTER I 

INTRODUCTION 

Human teeth play an important role in daily life, not only being essential for chewing, but also for speech 

pronunciation and facial aesthetics. With ageing, the arise of pathological effects, partial lesions or total 

loss of tooth tissue will occur inevitably. As a result, dental materials are used as substitutes to 

rehabilitate the damaged teeth [1], [2]. Therefore, dental prosthetic materials are all synthetic 

components that can be used to replace, repair or rebuild missing teeth, aiming to reestablish the 

comfort and functionality of natural human teeth [3].  

One of the most important goals in dental treatment is the demand of restorative materials with ideal 

physical and chemical properties without compromising the aesthetics. Ceramic materials have been 

the major alternative for restorative dentistry, due to their particular characteristics that meet the 

appropriate standards of biocompatibility, chemical integrity, mechanical resistance and optical nature 

[4]. However, there are still concerns regarding their clinical performance in terms of their potential brittle 

fracture under mastication cycles in the oral environment and their abrasive character against natural 

dentition as a result of excessive enamel wear [5], [6]. For those reasons, the wear resistance of dental 

ceramics and their potential to cause wear in the opposing teeth remain a subject of great interest for 

many researchers. So, there is an ongoing effort to develop less abrasive ceramics, which could offer 

excellent aesthetics whilst minimizing the wear rate of opposing natural teeth, being a valuable addition 

to the proper selection of these materials in prosthetic dentistry [2].  

The most common dental ceramics used in dentistry can be classified in three major types: 

polycrystalline ceramics, glass-ceramics and feldspathic porcelains (i.e. Predominantly glass material) 

[6]. In fact, polycrystalline ceramics such as Zirconia, are the most common for prosthetic treatment due 

to their tougher behaviour. Nevertheless, the mechanical limitations of dental ceramics, in particular 

glass-ceramics, has led to the development of a new type of prosthetic dental material, known as 

polymer infiltrated ceramic (PIC) [7]. According to several authors PICs are more suitable as restorative 

materials than glass ceramics [1], [7]. 

Although the limitations of dental ceramics have been known for some time, there is still some 

uncertainty regarding the reasons that lead to wear under mastication cycles in these materials and in 

the opposing dentition. In addition, the wear behaviour of PICs and their impact on the natural teeth 

remains unclear. 

The main goal of this work was to compare the tribological behaviour of four commercial prosthetic 

dental materials – Zirconia, Vita Enamic (an example of a PIC), Leucite (glass-ceramic) and Zirconia 

Veneered (Zirconia with feldspar based ceramic coating) – against natural tooth and identify the causes 

that affect the wear in both surfaces of enamel and prosthetic material. 
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1.1 The natural teeth 

Human teeth are characterized by their unique structure composed of the coronal region which 

comprises the enamel, the outer dentine and the pulp, whereas the root region includes the cementum, 

the inner dentine and the pulp canals (Figure 1.1). For the purpose of this study, only the enamel and 

dentine will be considered in this section [8].  

 

Figure 1.1 – Representative image of the structure of a human molar, adapated from [9]. 

Enamel covers the entire anatomic crown of the tooth above the gum, acting as a protective layer of the 

underlying soft tissue, the dentine. The complexity of the structural organization of enamel and its 

composition are determinants in the mechanical behaviour of tooth. In fact, enamel is the hardest (250 

to 360 HV [10]) and stiffest tissue in the human body, due to its highly anisotropic characteristics [2]. 

The high hardness of enamel is attributed to its high inorganic content of 92–96 wt%, with 1–2 wt% of 

organic materials and 3–4 wt% of water [2], [11]. Most of the inorganic substances are hydroxyapatite 

(HAP) nanocrystallites that are contained in the basic structural unit of enamel, the rod. The HAP 

nanocrystallites shows a well-oriented and parallel conformation reinforced by a protein component  

which is also presented as a thin protein-rich sheath between rods [12], [13] (Figure 1.2). The protein 

network is the main component responsible for the hierarchical structure of enamel, playing a significant 

role in the control of the nanomechanical behaviour of the tooth [13]. Thus, the contribution of the 

inorganic content results in a high elastic modulus and high fracture toughness as well as effective 

viscoelastic properties. Nevertheless, despite the high mineral content and corresponding hardness of 

enamel, its high elastic modulus and low tensile strength are responsible for its brittle nature [2]. 
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Figure 1.2 – Schematic representation of enamel’s hierarchical structure, adapted from [12]–[16]. 

Dentine, usually considered to be elastic and more flexible than enamel, is a hydrated biological 

compound with 75 wt% of inorganic material, 18-20 wt% of organic material, mainly dentinal collagen, 

and 5-12 wt% of water [2], [8]. The structural composition of dentine includes well-oriented tubules 

surrounded by a highly mineralized tissue of peritubular dentine and an intertubular network of 

mineralized collagen fibrils reinforced with phosphoric apatite crystallites [2] (Figure 1.3). Compared to 

enamel, the inorganic content is lower and the crystallites are smaller (~20 nm in length and ~3 nm in 

diameter), thus, it is clear that enamel and dentin, each have its own unique composition and its 

structural organization [8]. 

 

Figure 1.3 – Schematic representation of dentine’s hierarchical structure, adapted from [9], [17]. 

From the tribological point of view, enamel and outer dentine are the two most important elements of a 

tooth. According to Z. R. Zhou and J. Zheng [2], enamel absorbs most of the applied chewing load during 

mastication due to its greater stiffness as compared to dentine, and therefore masticatory forces tend to 

flow around the enamel coating to the root dentin. The high flexibility of dentin also gives the tooth the 

capability to resist impact forces during mastication cycles [2]. 

The understanding of the tribological behaviour of human teeth in the oral functions, especially 

mastication, is crucial for the clinical control of tooth wear. Z. R. Zhou and J. Zheng [2] state that tooth 

wear may be regarded as having significant clinical consequences both aesthetically and functionally, 

which involve the replacement of missing tooth tissue with synthetic dental materials. 
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1.2 Biotribology  

The term tribology was defined for the first time in 1966 by Jots Report [18], as the science and 

technology of interacting surfaces in relative motion and the practices related thereto. This science 

combines mechanical, physical and chemical concepts to predict the tribological behaviour of physical 

systems, considering the mechanisms of wear, friction and lubrication as the main principles of study 

[18], [19]. According to B. Bharat [20], the purpose of research in tribology aims to minimize and 

eliminate losses resulting from friction and wear where the friction of surfaces is involved. In other words, 

how friction and wear can be reduced or the lubrication between surfaces can be improved.  

The evolution of tribology over decades lead to a fast and vast advance in several engineering fields 

and it has gone even further in applications related to biological systems. The concept of biotribology 

has emerged from the classical science of tribology and has become a field of major importance to the 

normal function of human tissues, such as articular cartilage, blood vessels, skin, teeth, among other 

[21]. Therefore, biotribology can be defined as the study of the interaction between surfaces and other 

tribo-elements in relative motion, in natural and synthetic systems and it emphasizes characteristics and 

properties of biological surfaces. Studying the characteristics and properties of these surfaces is 

essential to mimic biological systems or to develop new synthetic tissues or biomaterials for the 

functional restauration of biological systems [21], [22]. 

Biotribology has currently a strong role in prosthetic rehabilitation due to the massive expansion of 

tribology in specific medical areas related to dentistry. The search of ideal synthetic dental materials 

requires the full understanding about the tribological behaviour of natural human teeth, since the surface 

characteristics, the structure of the material and its interaction with the surroundings influence the 

tribological behaviour of the system of which they are part of [2], [19]. 

To fully understand the main tribological concepts and their importance in the study of biological 

systems, the basic components of tribology – friction, lubrication and wear – will be addressed 

throughout this section. 

1.2.1 Surface contact 

To simplify the perception of surface contact, the surfaces of materials are commonly considered as 

completely flat. Actually, the presence of surface irregularities at micro and nanoscale are present in all 

solid surfaces. Since the contact between surfaces is only stablished through asperities, the topography 

of surfaces should be considered when studding the behaviour of tribological systems [23]. 

The roughness of surfaces induces the contact between solids to a small fraction of the available 

apparent contact area, which is dependent of the interfacial loading conditions. As the normal load 

increases, the approximation between the surfaces increases and the asperities of the both surfaces 
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come into contact. Thus, the deformation begins to occur in the contact points due to the local stresses 

that oppose the normal load [24].  

Furthermore, it is known that deformation caused by the direct contact of two surfaces, under a constant 

normal load, is strictly determined by the surface area of contact. When surface roughness is considered 

at a micro or nanoscale, the real contact area becomes relevant under the interaction of the both 

surfaces at the interface. Therefore, when the antagonist contacts the opposing surface, there will be a 

concentrated contact with the surface asperities. The magnitude of contact pressure will be higher for 

smaller apparent contact area, which can enhances the wear response [25] (Figure 1.4). 

 

Figure 1.4 – Schematic representation of the basic concept of nanotribology, adapted from [26]. 

The brittle nature of fracture in ceramics and glass-ceramics characterizes their mechanical deformation 

only under linear elastic contact [27]. The elastic deformation between two surfaces when a normal load 

is applied is described by the Hertzian contact model – spherical-plane contact (Figure 1.5). 

According to the Hertzian model, the maximum pressure (𝑝𝑚𝑎𝑥) in the contact area presents an elliptic 

distribution in the surface with a maximum at x=0, y=0 and z=0, and is defined by: 

𝑝𝑚𝑎𝑥 =
3.𝐹𝑁

2.𝜋.𝑎2 = (
6.𝐹𝑁.𝐸2

𝜋3.𝑅2 )
1/3

                                      Equation 1.1 

Where 𝐹𝑁 is the normal applied force, 𝑎 the radius of the contact surface area,  𝑅 the radius of curvature 

(RoC) of the sphere and 𝐸 the Young modulus, being dependent on the Young’s modulus (𝐸𝑖) and 

Poisson coefficients (𝑣𝑖) of the two materials in contact and given by:  

𝐸 =
𝐸1.𝐸2

𝐸2..(1−𝑣1
2)+𝐸.1(1−𝑣2

2)
                                            Equation 1.2 
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For the mean pressure (𝑝0), the equation is given by [23], [28]: 

𝑝0 =
2

3
𝑃𝑚𝑎𝑥                                                    Equation 1.3 

 

Figure 1.5 – Hertzian contact.model: spherical-plane contact, adapted from [23]. 

1.2.2 Friction  

Considering that two solid surfaces are pressed against each other due to an applied normal load (𝐹𝑁), 

when a force parallel to the contact is added, a lateral motion occurs. This causes the displacement 

between the surfaces and a new force is generated, friction force (𝐹𝑓), defined as the resistance to the 

relative lateral motion of one body over another. Friction is associated to the dissipation of energy due 

to the contact of adhesion between the asperities,  where part of the energy is converted into heat [29], 

[30]. 

The fundamentals behind the concept of friction, are based on Amontons – Coulomb empirical laws. 

According to these laws, the tangential friction force is: directly proportional to the normal load 

independent of the apparent contact area; and independent of the sliding speed [29], [31].  

However, it should be stressed that these laws of friction are not fundamental laws of nature and they 

fail in specific cases, especially at microscale. Nevertheless, the first law shows to be the most valid for 

a diverse range of materials, including ceramics and polymers and is also suitable for normal loads from 

nano-Newtons to thousands of tons. As such, the first law can be expressed through the friction 

coefficient (𝜇), that defines the ratio between 𝐹𝑓 and the normal load (𝐹𝑁) [29]:  

   𝜇 =
𝐹𝑓

𝐹𝑁
                                                          Equation 1.4 
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The first law can correctly be applied, because since the friction force is determined by events occurring 

on the atomic scale, a proportionality of friction force to true contact area will extend to a contact area 

of a few micrometers in diameter, the typical size of contact areas between rough surfaces [29], [32]. 

Considering the study of tribological systems, friction is without doubt one of the most imperative topics 

to take in consideration, since it is explicitly related to the wear phenomena of surfaces in direct contact. 

However, throughout this work the experimental analysis of friction was disregarded. 

1.2.3 Lubrication 

The presence of lubricants affects the friction and wear of tribological systems, in a way that could 

reduce the effect of normal and shear stresses on the solids surface contact, although it may not 

completely prevent the occurrence of wear phenomena [21], [23].  

Considering the type of tribological system, different lubrication regimes can be found: boundary 

lubrication which is characteristic of the asperity contact between the solid surfaces, where a monolayer 

of adsorbed lubricant is formed, covering the asperities of both surfaces; the hydrodynamic lubrication, 

where the thickness of the lubricant is high, contributing to the non-contact between the asperities of the 

opposing surfaces and the elastohydrodynamic lubrication, where a thin liquid film is subject to localized 

pressures, resulting in an increase in the liquid viscosity and in an elastic deformation of both surfaces, 

preventing the contact between asperities. These lubrication regimes are described by the Stribeck 

curve, where the variation in friction between two surfaces is seen as a function of a lubrication 

parameter, the Hersey number [21], [23] (Figure 1.6).  

 

Figure 1.6 – Schematic representation of the Stribeck Curve and the corresponding lubricant regimes (the arrows 

represent the sliding direction), adapted from [23], [24], [33]. 
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In the present work, the tribological system is characterized by the contact between human teeth and 

dental materials, using artificial saliva as lubricant. According to  Z. R. Zhou and Z. M. Jin [34], an 

important function of saliva is to form a boundary lubrication system and serve as lubricant between 

teeth and soft tissues in order to prevent the wear progression of the dental system. 

1.2.4 Wear 

The progressive stresses to which materials are exposed to during the contact with other materials can 

be the starting point for triggering the wear of their surface, leading to the failure and fracture of the 

material’s structure. Wear is defined as the tendency of a material to deteriorate irreversibly over time. 

It represents the effect that leads to the progressive loss of material through mechanical or chemical 

action between surfaces and the surroundings, causing the reduction of dimension and mass, and 

subsequently the change of the material’s shape [30], [35], [36]. So, according to K. Kato and K. Adachi 

[36], wear is not a material property, it is a system response.   

The understanding of the wear phenomena, resulting from the tribological behaviour of specific systems, 

requires the full knowledge and the recognition of the mechanisms responsible for the wear of the 

interacting surfaces. In fact, wear is a complex concept, because it involves diverse events that act 

together in a wildly unpredictable way. Nevertheless, from earlier studies related to tribology, wear 

mechanisms are usually divided in five major types  [21], [23] (Figure 1.7): 

i)  Abrasive wear – Removal of material between surfaces by abrasive particles (three-body wear) or 

when the asperities of the harder surface abrade the softer one (two-body wear).  

ii) Adhesive wear – Transfer of material from one surface to another during relative motion. 

iii) Erosive wear – When both mechanical wear and chemical reactions occur due to the interaction 

with a moving medium (gas, liquid), often containing solid particles. 

iv) Fatigue wear – Removal of material by fracture due to material fatigue caused by cyclic mechanical 

stresses. The generation of debris from the surface or cracks’ propagation into the bulk material are 

typical effects of this mechanism of wear. 

v) Tribochemical wear – Material loss due to chemical/electrochemical reactions at the interface. 

 

Figure 1.7 – Representation of the main wear mechanisms involved in the tribological systems. 



9 
 

1.2.5 Dental tribology  

Dental tribology concerns all aspects of tribology related to the oral system which includes 

biomechanical functions associated to the displacement of teeth. The tribological behaviour of teeth is 

strongly influenced by the oral environment. As aforementioned, saliva plays a crucial role as a 

protective component of the dental system. As lubricant, saliva is a powerful component in the inhibition 

of the excessive wear rate of teeth and in the minimization of friction between hard (enamel) and soft 

tissues (e.g. oral mucosa and tongue surfaces) during mastication. In addition, the presence of salivary 

films on the teeth surface allows the control of the amount of kinetic energy resulting from the shear 

stresses that is transferred to the teeth [2], [34].  

Due to its ionic composition, saliva acts as a buffer at physiological pH (~7.0), protecting the dental 

system against external corrosive agents. However, the introduction of liquids and food into the mouth 

cause fluctuations in the chemical conditions of oral environment [2]. In fact, according to Z. R. Zhou 

and J. Zheng [2], the decrease in pH in the oral cavity decrease both the hardness and the elastic 

modulus of enamel, resulting in pathological wear of teeth.  

Therefore, saliva is the most important element in the main function of teeth, the mastication, where 

occlusal forces are applied during the grinding of food. The occlusion forces at initial stage of normal 

chewing vary between 10–20N and increase to 50–150N at the end of the chewing cycle. Curiously, 

dental morphology also seems to have a great impact in tooth wear, due to the impact of occlusal forces 

that vary according to the biting edges of teeth. In addition, temperature conditions to which the human 

mouth is daily exposed are not homogeneous, and under these circumstances, teeth are also submitted 

to extreme thermal variations. In general, the standard temperature in mouth is around 34  ̊C, varying in 

the range from 5 to 65  ̊C [37]. 

The extreme variations during mastication, are the main causes behind wear rate progression of teeth. 

In agreement with Z. R. Zhou and J. Zheng [2], the oral cavity is an extremely complex tribological 

system. Thus, teeth wear depends massively on several factors, with physical and chemical processes 

interacting simultaneously [34].  

The challenge behind the clinical treatment of damaged teeth requires a previous and exact analysis of 

the tooth surface loss in order to improve the preventive measures applied in dentistry so far. In vitro 

simulation tests have been widely carried out to mimic the tribological conditions in the oral cavity, 

including the clinical chewing cycle and the oral environment. Tribometer-type devices (e.g. pin-on-disc 

devices) are commonly used for wear simulation, where the measure of wear is obtained by the 

continuous sliding between the two materials in contact [2], [38]. These devices present typical wear 

results, such as the accumulation of debris between the contact surfaces, which characterises the 

formation of the so called tribo-layer. However, these equipment seem to be quite limited when 

mimicking the tribological behaviour of dental systems. For that reason chewing simulators have been 

designed to perform mechanical cycling test to simulate human chewing [39]. These equipment are 
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more suitable to reproduce in vivo conditions as close as possible, allowing a more accurate study to 

explore wear mechanisms of natural teeth and artificial materials. 

1.3 Ceramic based prosthetic materials 

Ceramic based materials have been the first option in prosthetic clinical treatments, due to their natural 

appearance and their chemical stability and optical properties. These materials have been proved to be 

relatively resistant against wear. Nevertheless, they raise some concerns regarding interactions with 

human teeth and resistance limitations under oral environment. Most dental ceramics present some 

mechanical flaws, including their tendency to damage the opposing enamel and their high brittleness, 

which can leads to the fracture and failure of the material during the mastication process in the oral 

cavity [2], [40], [41].  

The ceramic based prosthetic materials used in this work will be described further during this section.  

1.3.1 Zirconia 

Zirconia (ZrO2), a crystalline oxide of zirconium, is as a polymorph, which means that the same elements 

exist in more than one phase or crystal structure. The crystal structures of Zirconia are monoclinic (m), 

cubic (c) and tetragonal (t). The monoclinic structure remains stable at room temperature for pure 

Zirconia. When temperature reaches about 1170 ̊C, the monoclinic structure starts to transform into a 

tetragonal structure. During this transition (m-to-t), the structure suffers a reduction in volume. The 

continuous increase in temperature, to about 2370 ̊C, converts the tetragonal structure into cubic, with 

slight changes in volume. With the decrease in temperature, the cooling results in a volume expansion 

of crystal structure. Thus, the usage of Zirconia in its pure state is not feasible for structural applications. 

This is explained by the fact that, the volume expansion caused by cooling, leads to residual stresses 

in the crystal structure due to its conformal rigidity, causing instant fracture of sintered Zirconia or the 

premature formation of cracks over time [42]. 

The incorporation of stabilizing oxides, like yttrium oxide (Y2O3), allows the stabilization of tetragonal 

metastable phase at room temperature, known as Tetragonal Zirconia Polycrystalline (TZP). By adding 

5 mol% Y2O3 ,a partially stabilized zirconia (PSZ) is obtained, which allows the conservation of tetragonal 

phase at room temperature. This results in a favorable transformation of the metastable structures, 

which is explained by the stress-induced by t-to-m transformation, leading to a smaller increase in 

volume that acts as a barrier in the propagation of crack (Figure 1.8). Furthermore, the grain size of the 

transformation zone, thus shows to have a great impact in the mechanical properties of Zirconia, such 

as high flexural strength, high toughness, high hardness and chemical resistance. This improvement 

increases the potential of this material for practical applications [42]. 
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Figure 1.8 – Representation  of transformation t-o-m in Y-TZP due to initial crack formation [42]. 

1.3.2 Zirconia Vennered 

The high crystalline content of Zirconia results in a high opacity, due to the different refractive indices 

and heterogeneity of the crystalline structure. In fact, Zirconia presents a poor translucency in 

comparison with that of glass-ceramics. In order to improve the optical properties of Zirconia, the 

manufactured crowns are typically coated with a thin veneering ceramic layer, frequently with a feldspar 

based ceramic. However, the mechanical performance of these veneers brings some problems 

associated to a typical failure of its framework. This effect is explained due to the presence of a silica-

based glassy matrix containing silica and silicates in their framework, that confer to material an inherent 

brittle nature, which reduces the tensile strength of these materials  [43]. Nevertheless, despite their 

limitation, feldspar based ceramics are commonly used as veneers for Zirconia crowns that are more 

suitable for low stress-bearing anterior applications [44]. 

1.3.3 Leucite 

Glass-ceramics are multiphase materials that consist of a glass phase and a crystalline phase.The 

Leucite-reinforced glass-ceramic (SiO2-Al2O3-K2O), comprises a glass matrix, where Leucite crystals  

(KAlSi2O6) are dispersed, with a contribution of 35 wt%. The glass phase of this materials is composed 

by feldpstathic porcelain, consisting mainly of 63 wt% SiO2. The presence of Leucite crystals, in the 

feldspar glass, allowed the production of more reliable ceramic, due to the contribution in the mechanical 

properties of the material. In fact, the presence of a crystalline phase slows the propagation of cracks 

through the absorbion of the fracture energy. Therefore, according to P. Sinthuprasirt et al. [45], the 

introduction of crystalline phase glass–ceramic, by adding a strengthening and toughening second 

crystallized phase, may result in a significant improvement in the mechanical properties for prosthetic 

applications. 
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1.3.4 Polymer-infiltrated network – VITA ENAMIC 

Vita Enamic is a commercial PIC with a dual-network structure, containing a interpenetrating matrix in 

which a porous ceramic is infiltrated by a polymer, with both phases fully integrated with one another. 

This configuration is based on the fabrication process, where a porous ceramic base structure is 

infiltrated with a monomer mixture, followed by polymerization. This gives to ceramic network a three-

dimensional framework of interconnected ceramic particles, supported by the polymeric matrix [46] 

(Figure 1.9 – A). The inorganic ceramic content has a contribution of 86 wt%, with a composition that 

corresponds to that of a feldspar ceramic reinforced with aluminum oxide (58-63 wt% SiO2 and 20-23 

wt% Al2O3). The organic network represents 14 wt%, being composed by Triethylene glycol 

dimethacrylate (TEGDMA) and Urethane dimethacrylate (UDMA) [1], [46] (Figure 1.9 – B). 

 

Figure 1.9 – Representation of Vita Enamic network structure: A – three-dimensional framework of interconnected 

ceramic particles, supported by the polymeric matrix and B – monomers of Triethylene glycol dimethacrylate 

(TEGDMA) and Urethane dimethacrylate (UDMA) that composed the polymeric network. 

According to other studies [10][1], Vita Enamic presents a comparable fracture toughness and better 

damage tolerance than glass-ceramics, suggesting that this material can performed as a better 

restorative material than the conventional glass-ceramics. 

 

  

A B 
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CHAPTER II 

MATERIALS AND METHODS 

2.1 Materials and reagents 

To prepare artificial saliva, the following reagents were used: sodium sulphide nonahydrate (Na2S 

9•H2O), sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate monobasic dihydrate 

(NaH2PO4•2H2O), urea (NH2CONH2), sodium phosphate dibasic (Na2HPO4), calcium chloride (CaCl2), 

all purchased from Sigma-Aldrich. 

Leucite, 5% Yttria-stabilized Zirconia (5Y-TZP), Zirconia Veneered with feldspar based ceramic and Vita 

Enamic were the four ceramic based prosthetic materials tested in this study. The main characteristics 

and manufacturers of these prosthetic materials are presented in Table 2.1. 

Dental samples were obtained from 30 human permanent premolars/molars, donated by CMC – Clinica 

Médica Central, Lda. Distilled water (according with ISO 3696:1987), chloramine T-trihydrate 

(purchased from Sigma-Aldrich) and a fluoride free toothpaste were used, for storage, disinfection and 

cleaning of teeth, respectively. Extran cleaning solution (manufacturer – Merck Millipore); thermosetting 

phenol formaldehyde resin (bakelite) (provided by the Lab of Materials, Instituto Superior Técnico), 

Vertex Self Curing orthodontic acrylic resin (polymer based on methyl methacrylate), donated by Clínica 

Dentária Egas Moniz was used to immobilize the teeth samples in plastic test tubes for the chewing 

simulation tests. 
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Table 2.1 – Prosthetic materials used in this work and their technical specifications. 

Prosthetic 
material 

Description 

Technical specifications 

Manufacturer Flexural 
strength 

(Mpa) 

Fracture 
toughness 
(MPa.m1/2) 

Processing 
temperature 

(ºC) 

Zirconia 

5mol % 
Yttrium-

stabilized 
zirconium 

oxide (Y-TZP) 

>900* 5.5  [47] 
Sintered at 
 1500 [47] 

Ivoclar 
Vivadent AG, 

FL-9494 
Schaan/Liecht

enstein 

Leucite 
Leucite-

reinforced 
glass-ceramic 

160** 1.3 [48] 
Undetermined 

[48] 

Ivoclar 
Vivadent AG, 

FL-9494 
Schaan/Liecht

enstein 

Vita 
Enamic 

Hybrid 
Ceramic/Poly
mer-infiltrated 

ceramic 

150-160 
[46] 

1.5 [46] − 

VITA 
Zahnfabrik H. 
Rauter GmbH 

& Co. KG 

Veneer 
Feldspar 

based ceramic 
90 [49] 0.75 [49] 

Glass transition: 
550 / Dentin 

firing: 810 [49] 

G.C.Corporatio
n LTD 

*according to ISO 6872 [47] 

** follows EN ISO 9693:2000 [48] 

2.2 Preparation of artificial saliva 

Solution of artificial saliva was prepared based in the following procedure developed by T. Fusayama et 

al.[50]. All the components were dissolved in distilled water, in the order and amount shown in Table 2.2. 

The solution was stirred using a magnetic stirring plate until complete dissolution was achieved. The pH 

was confirmed to be around 7.0 and the solution was stored away from light at 4ºC. 

Table 2.2 –Components to prepare 1L of artificial saliva 

Designation Quantities  

Na2S 9•H2O 0.005 g 

NaCl 0.4 g 

KCl 0.4 g 

NaH2PO4•2H2O 0.69 g 

Urea 1 g 

Na2HPO4 0.8 g 

CaCl2 0.2 g 
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2.3 Preparation of prosthetic materials 

Blocks of the prosthetic materials (Figure 2.1 – A) were sectioned into flat plates with no specific 

dimension (Figure 2.1 – B) using the cutter equipment Struers accutom 50 (available in the biomaterials 

laboratory of the Instituto Superior de Ciências da Saúde Egas Moniz).  

Since Zirconia blocks are commercially pre-sintered, the plates obtained were sintered at a later stage 

at 1500ºC. To prepare Zirconia Veneered samples, sintered Zirconia plates were further coated with a 

feldspar based layer, prepared by adding feldspathic powder to the respective diluting liquid. Samples 

were submitted to a subsequent firing process at 810ºC using an oven for ceramics (provided by the 

dental prosthesis laboratory – TheLab) which led to a gloss finishing. The remaining prosthetic materials 

(Leucite and VitaEnamic) were not subject to any treatment. 

The plates of prosthetic materials were then fixed in bakelite (Figure 2.1 – C). The samples were then 

polished by standard polishing procedures using silicon carbide substrates with granulometry of 320, 

600, 800 and 2400 to create controlled surface conditions. After the polishing procedure, the samples 

were washed with Extran solution and subjected to ultrasonic cleaning with distilled water for 10 minutes. 

Next, they were dried with nitrogen gas and placed in a vacuum oven, without heating, for a period of 

24h. For this work, six plates of each material were prepared.  

 

Figure 2.1 – Preparation of dental prosthetic materials. A – Raw prosthetic material blocks of Leucite, Zirconia (5Y-

TZP) and Vita Enamic, respectively; B – Plates of prosthetic dental materials resulting from the raw blocks, with the 

latter plate corresponding to the Zirconia Veneered; C – Schematic representation of dental prosthetic plates 

embedded in the fixing resin. 
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2.4 Preparation of dental samples 

After extraction, the human premolar/molar were thoroughly washed with running water and all blood 

and adherent tissue were removed. The teeth were disinfected by immersion in 1.0% chloramine-T 

trihydrate bacteriostatic/bactericidal solution, at room temperature, for one week. They were then 

brushed with toothpaste to remove stains and residual particles and thereafter stored in distilled water 

at 4ºC to minimize deterioration. This procedure was conducted according to ISO/TS 11405 [51]. 

Each tooth was sectioned into 4 parts (originating 4 cusps) (Figure 2.2 – A) using a micromotor Marathon 

3 with a fine cutting disc (provided by the dental prosthesis laboratory – TheLab). The cusps were finally 

fixed in polypropylene test tubes previously cut using Vertex Self Curing resin, so that 5 mm of the cusps 

remained exposed. Severely fractured teeth and teeth with caries were excluded. In the end 24 cusps 

were selected according to their state of preservation.  

 

Figure 2.2 – Preparation of dental samples. A – Cut of each premolar/molar into cusps (lateral view, top view and 

sectioned tooth, respectively) Image adapted from [52]; B – Attaching of each cusp in previously cut test tubes.  



17 
 

2.5 Characterization methods 

2.5.1 Wettability 

Wettability is a physical phenomenon that is closely related to the oral structures, having all the 

relevance to the prosthetic dental materials in terms of the interaction with saliva [53], [54]. 

The preference of a fluid to be in contact with a solid describes the wettability effect. This is measured 

by the contact angle which is defined as the angle formed between the tangent to the liquid surface in 

the triple point, i.e. the intersection between the liquid, the solid and the gas, and the tangent to the solid 

surface (Figure 2.3) [55], [56]. If the liquid is placed on a perfectly smooth solid surface, the equilibrium 

forces balance imposed by the three interfacial tensions is given by the Young equation: 

𝛾𝑙𝑉  𝑐𝑜𝑠𝜃 = 𝛾𝑆𝑉 − 𝛾𝑆𝑙………………………………………Equation 2.1 

Where θ is the contact angle,  𝛾𝑙𝑉 is the liquid surface free energy in equilibrium with the solid, 𝛾𝑆𝑉 is the 

solid surface free energy in equilibrium with the saturated vapor, and 𝛾𝑆𝑙 is the solid/liquid interfacial free 

energy [54], [57]. This equation has a restricted applicability since it is defined for flat, homogeneous 

and non-deformable surfaces. Using empirical corrections, however, it is possible to approximate the 

Young equation to real surfaces [58]–[60]. 

 

Figure 2.3 – Ssurface wettability. The liquid is placed on a perfectly smooth solid surface where θ is the contact 

angle,  𝛾𝑙𝑉 is the liquid surface free energy in equilibrium with the solid, 𝛾𝑆𝑉 is the solid surface free energy in 

equilibrium with the saturated vapor, and 𝛾𝑆𝑙 is the solid/liquid interfacial free energy,  image adapted from [61]. 

More wettable surfaces show a higher tendency for the fluid to spread and thus have lower contact 

angles (Figure 2.4 – A and B). In the case of water (or aqueous solutions), surfaces with a water contact 

angle below 90 ̊ are considered hydrophilic. Surfaces with an angle above 90 ̊ are poorly wettable, and 

are classified as hydrophobic (Figure 2.4 – C) [61] . 
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Figure 2.4 – Tendency of a liquid drop to spread on a surface, the fluid spreads with the decrease of the contact 

angle. A – Super hydrophilic surface; C – hydrophilic surface with θ<90º; B – hydrophobic surface with θ>90º. Image 

adapted from [61]. 

To perform the wettability measurements, the sessile drop method was used. Five dental prosthetic 

plates of each material were used in this test. The samples were washed with Extran solution and then 

with distilled water by ultrasonic cleaning for 5 minutes. After that, they were carefully dried in order to 

remove the maximum residual water and ensure the reproducibility of the hydration state of the surfaces. 

For this, the samples were dried with nitrogen gas and placed in vacuum, without heating, for a period 

of 24 h. Drying was planned to immediately measure the contact angles. 

The samples were placed individually in the test chamber of a goniometer Ramé-Hart, 100-07-00 model 

(Figure 2.5), and distilled water was added to the walls of the chamber to saturate the environment and 

avoid the drops evaporation. The chamber was then sealed and using a micrometer syringe, a drop of 

artificial saliva (4 - 5μL) was deposited on the sample. For each drop, images were acquired at set times 

for 10 minutes. Two drops were placed per plate, using five plates of each prosthetic material (n=10). 

The drops profile was analyzed using a video camera (JAI CV-A50), installed in a microscope (WildM3Z) 

and connected to a frame grabber (Data Translation DT3155). 

 

Figure 2.5 – Scheme of the Goniometer System for the measurement of contact angles.1-light source, 2-micrometric 

syringe, 3-optical system, 4-video camera, 5-test chamber, 6-example of image acquisition of a drop deposited on 

the surface of the sample. Adapted from [62]. 
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2.5.2 Topography 

Traditionally, topographic measurements rely on roughness parameter for the characterization of 

surface microstructure. Roughness presents an important role in determining how a given material will 

interact with its environment and it can be a good predictor of the performance of the material regarding 

its tribological behaviour [63], [64]. For this purpose, Atomic Force Microscopy (AFM) is essential for the 

study of surface roughness at the nanoscale, with maximum resolution of approximately 1 nm [65]. 

The working principle of AFM is based on four major components (Figure 2.6): the probe, which consists 

of a flexible cantilever with a sharp tip at its end, allowing the scan of the surface sample; the 

piezoelectric scanner, through which the probe is able to move in relation to the sample surface, or vice-

versa, along the three spatial directions (x,y,z); the optical detection system, that receives the laser 

reflected by the cantilever and measures its oscillation changes; and the feedback system, that detects 

the height variations at the surface of the sample, due to the force interactions between the surface and 

the tip [66], [67]. 

 

Figure 2.6 – Working principle of AFM technique. 1-probe, 2- piezoelectric scanner, 3-optical detection system, 4- 

feedback system. Adapted from [66]. 

There are three different imaging modes from which AFM can operate, according to the interaction 

between the probe and the sample: contact mode; tapping mode and non-contact mode (Figure 2.7). 

Figure 2.7 shows the curve for the total potential energy (i.e. variation of intermolecular interactions, 

defined by Van der Waals forces) between the probe and the sample [66]–[68]. 

For the imaging of hard and relatively flat surfaces (e.g. ceramic based materials), the contact mode is 

the most simple and convenient to use, therefore it was the mode used in this work. Briefly, in contact 

mode, the tip remains in direct contact with the surface of the sample with an applied force in the order 

of nN. During the scan, the probe-sample interaction occurs under the effect of Van der Waals repulsive 

forces (FR), causing the deflection of the cantilever  [66]–[68]. This principle is based on Hooke's law 

(equation 2.2) [69]. 
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Figure 2.7 – Basic AFM operation of the variation of Van der Waals forces showing the general total potential energy 

curve (repulsive forces + attractive forces) with probe distance to sample surface. Image adapted from [70]. 

 

   𝐹𝑅 = −𝐾 . 𝑥                                                      Equation 2.2 

 

Where k is a positive real number, characteristic of the cantilever spring. 

The analysis of surface roughness is based on the mean roughness (Ra), which describes the arithmetic 

mean of the absolute values of the roughness profile coordinates in relation to a midline of the entire 

profile of the surface sample. Ra is one of the most effective surface roughness measurement, providing 

a general description of surface height variations. Being given by: 

𝑅𝑎 =
1

𝐿
 ∫ |𝑧|

𝐿

0
 𝑑𝑥                                                  Equation 2.3 

 

Where z is the height of the surface above the midline at a distance x from the origin, and L is the total 

length of the analysed profile [65], [69]. 

The acquisition of topographical images for the four prosthetic materials was performed using the 

Nanosurf easyscan2 AFM. A tip of silicon was used and a load of 20 nN was applied, to obtain images 

with dimensions of 10x10 µm2. Through the WSxM 5.0 Develop 6.2 software, the images were treated, 

enabling the analyses of surface profile and the acquisition of Ra. Before the samples were submitted 

to AFM, they were placed in a vacuum oven without heating for 24h. The analysis was performed in six 

samples of each material (n=6).  
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2.5.3 Mechanical properties 

Mechanical behaviour of dental materials is decisive in terms of wear resistance (mainly strength, and 

toughness), since these are subjected to constant occlusal loads in the oral environment [71]. This 

analysis is important for the manufacture of prosthodontic crowns with favourable characteristics for oral 

rehabilitation [3], [72]. 

Structural microhardness tests are usually used for classification of materials and as a parameter for 

comparative evaluation of changes in materials properties. Vickers hardness test is one of most widely 

used in dentistry and is based on the indentation fracture method [73]. 

The hardness of a material describes its ability to resist indentation, in other words, it reflects the capacity 

to resist to plastic deformation [3], [74], [75]. Through the Vickers microhardness tester (Figure 2.8), a 

square-based pyramidal indenter, with face angles of 136 ̊, is pressed into the sample surface with a 

certain applied load (𝐹𝑁) and a Vickers indentation is formed [76]. 

 

Figure 2.8 – Vickers microhardness methodology. Vickers indentation (a) and measurement of impression diagonals 

(b). Adapted from [77]. 

From Vickers hardness, is possible to obtain the relation between 𝐹𝑁 and the surface area of the 

indentation, given by:  

    𝐻𝑉 =
𝐹𝑁

𝑆
=  

2𝐹𝑁 𝑠𝑖𝑛(
𝛼

2
)

𝑑2 = 1.8544 
𝐹𝑁

𝑑2                                          Equation 2.4 

Where S is the surface area of the indentation (μm2); d is the average diagonal distance of the 

indentation (μm) and α is the face angle of diamond [78], [79]. 

In this study, the hardness was measured for the four ceramic based materials using the Vickers tester 

HSV-30 Shimadzu, present in the laboratory of Biomaterials at the Egas Moniz Institute. 
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A controlled load of 9.807N (≈ 1𝑘𝑔𝑓) with a dwell time of 15 seconds was applied through the square-

based pyramidal diamond in the indenter, to ensure the indentation visualization. After,  the indenter was 

removed leaving an indentation at the surface of the test specimen. The two diagonals (d1 and d2) of 

the indentation were measured (Figure 2.9), and the Vickers Hardness values were obtained 

automatically on the screen. The measurement was repeated two times in five samples of each material 

(n=10).  

 

Figure 2.9 – Illustrative photograph of the indentation (observed in the optical microscope, 20X). A and B – 

Identification of indentation diagonals, d1 and d2, on the surface of the sample. 

2.5.4 Crystalline structure 

X-ray diffraction (XRD) is an important technique for qualitative and quantitative analyses as well as for 

fundamental studies of the properties and structures of ceramic based materials at the atomic and 

molecular levels [80]–[82].Through this technique components are identified as individual compounds 

In addition, the diffraction pattern allows the quantification of phase analysis, whose profile is specific 

for each crystalline phase. Thus, it is possible to identify different compounds that comprise the material. 

In this technique, an electromagnetic radiation reaches the surface of a crystal (with 𝜃 angle) and 

interacts with the distribution charge of the atoms at different layers of the crystalline structure (Figure 

2.10). This interaction produces a scattering with the same angle of incidence 𝜃 (resulting in a 2𝜃 angle 

between the incident beam and the diffracted beam) that penetrates deeply in the material and a 

diffraction pattern is obtained due to the similarity of the distance between atom layers and the radiation 

wavelength (). When the optical path difference between the beams diffracted by the different planes 

is a multiple integer of the wavelength of the incident radiation, the interference is constructive, 

generating a diffraction peak. This condition is expressed by Bragg’s Law (equation 2.5) that relates the 

diffraction angle (𝜃) with the distance between the planes (d) that define it [80], [81].Therefore, the 

diffraction peaks are related to the atomic planes, and the diffraction pattern will be a product of the 

unique crystalline structure of a material. 
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Figure 2.10 – XRD principle: X-rays are partially scattered by atoms when they strike the surface of a crystal. Image 

adapted from [83]. 

   𝑛 𝜆 = 2𝑑 sin 𝜃                                                   Equation 2.5 

Crystalline structures have several atomic levels, and for each interplanar distance there is an angle θ 

that satisfies Bragg’s law. Thus, the diffraction peaks are related to the atomic levels, and the diffraction 

pattern becomes a product of the unique crystalline structure of the material. 

To characterize the crystal structure of the four prosthetic materials, three samples from each material 

were evaluated (n=3). The analysis was carried out in a D2 Phaser/Bruker equipment, at the University 

of Huddersfield, United Kingdom. The procedure was performed at room temperature and according to 

the experimental parameters referred in Table 2.3. Software DIFFRAC.SUITE™ was used to visualize 

the pattern of crystallization of each specimen. The obtained X-ray diffraction patterns where compared 

with patterns already known from previous studies.  

Table 2.3 – Parameters of the X-ray beam. 

Detector type LYNXEYE, XFlash Silicon Drift 

Parameter Value 

Configuration 𝜃-2𝜃 

Anode Cu 

Monochromatic CuK α-radation  [Å] 1.54 

Power [mA] / [kV] 10 / 30 

Angular range 0-80º 

Scanning time 60min 

 

  



24 
 

2.6 Tribological Studies 

According to Raymond G. Bayer, “tribology is concerned with the interaction of contacting surfaces in 

relative motion”. This interaction may result in the loss of material from the surface of both interfaces. 

Consequently, tribological studies are used to investigate friction and wear mechanisms and the effect 

of the materials characteristics on their tribological behaviour [84], [85]. 

2.6.1 Wear testing 

In order to replicate the physiological conditions of human mastication as closely as possible, the in vitro 

wear test was conducted in linear reciprocating sliding mode, using the Chewing Simulator CS-4.2 SD 

by Mechatronik, existent in the biomaterials laboratory of the Instituto Superior de Ciências da Saúde 

Egas Moniz. 

The chewing simulation principle is based on the slipping between two samples. Different patterns of 

movement are produced by two motorized axes. The table on which the sample holders are mounted 

moves according to the operational axis (𝑥 and 𝑦 directions). A second axle lifts and sinks (𝑧 direction) 

a traverse with weights (determined by the user). Once the antagonist touches the sample’s surface, 

the loaded weight is transferred to the counter-face, generating contact pressure during the abrasive 

motion. 

In this work, the experiment was conducted to determine the wear resistance of dental samples as 

antagonists and flat plates of prosthetic material as counter-faces, using artificial saliva (pH ≈ 7) as 

lubricant. The test was performed using two simulators, each with two operation stations (Figure 2.11 – 

A). In each station, antagonistic dental specimens were placed on top of brass structures designed and 

produced specifically for this equipment (Figure 2.11 – B), and prosthetic specimens were fixed at the 

bottom in Teflon holders with acrylic self-curing orthodontic resin (Figure 2.11 – C). For each of the four 

prosthetic materials six samples were tested. The cusps were distributed to each prosthetic material of 

six samples, to cover a wide range of sharpness, i.e. six cusps, from the sharpest to the less sharp were 

assigned to the corresponding samples of each material.  

In this study, a weight of 5kg was used on each operation station, in order to establish the load of 50N 

reported by other authors as a typical value of chewing force comprised between the minimum and the 

maximum masticatory force registered in vivo [86]–[89]. The experimental conditions of the wear tests 

were established based on prior studies and according with standard operating parameters of the 

equipment.  

In this study, 100 cycles were performed in ~100 seconds, with a frequency of 0.88 Hz. According to the 

literature, to simulate 1.5 year of mastication, the test was conducted during approximately 360,000 

chewing cycles [90], which resulted in continuous operation of the equipment during 96 hours (i.e. 4 

days).  
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Since only four assays were performed simultaneously, and the six plates of each prosthetic material 

were submitted to the simulation, the entire experience lasted 576 hours (i.e. 24 days). During all the 

experimental process, a total 6 L of artificial saliva was used (1 L per experimental set of four assays, 

i.e. approximately 250 mL per station). The experimental conditions of the wear test are displayed in 

Table 2.4. 

 

 
Figure 2.11 – Wear testing representation. A – Chewing Simulator with artificial saliva as lubricant, B – depicting in 

detail the brass holders for antagonistic dental specimen and C – Teflon holders for prosthetic specimens. 

Table 2.4 –Test parameters for the chewing simulation 

Number of cycles 

 

≈ 360,000  
(≈ 1.5 year of mastication) 

 

Vertical speed 40 mm/s 

Cycle frequency 0.88 Hz Lateral speed 20 mm/s 

Temperature 25 ºC Vertical movement 2 mm 

Saliva pH 6.9 – 7.0 Horizontal 
movement 

0.7 mm 
Load per sample 50 N (≈5kg) 
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2.6.2 Estimation of cusp wear 

Several studies have reported a strong influence between the wear of cusps and their sharpness [91], 

[92]. Therefore, for the present work, the analysis of cusps wear was performed considering this 

parameter. 

Tooth cusp sharpness was determined by measuring the radius of curvature (RoC) for each specimen, 

before the wear test simulation. To predict the RoC, cusps were scanned using a 3D scanner (Small 

Milling Machine – active piezo sensor Roland Modela MDX20, performed in the FablabLisboa) (Figure 

2.12 – left) capable of scanning objects at 4 to 15 mm per second with a resolution up to 0.05 mm. 

Through the Dr. Picza software, 3D profiles of each specimen were obtained and converted into STL 

files (Figure 2.12 – right). The resulting profiles were analysed using the Rhinoceros 5 software (Rhino5), 

a proprietary three-dimensional modeling software. 

 

Figure 2.12 – 3D scanning. Small Milling Machine Roland Modela MDX-20 (left) and Dr. Picza software showing a 

3D profile of a cusp (right). 

Considering that only the top edge of the specimen establishes the contact points with the counter-

material, a selection of the tip of the specimen was made. Therefore, a horizontal plane was defined 

through where the image was cut (Figure 2.13 – A and B). To obtain the radius of curvature, a tangential 

circle was drawn on the tip of each 3D profile (Figure 2.13 – C and D). From this, it was possible to 

obtain the radius of the circle, and therefore the RoC of each cusp. Since the images are projected in 3 

dimensions and that the tangential circle is a 2-dimensional figure, this step was repeated in two 

perspectives of the 3D profile (front and right perspectives given by Rhino5), to reduce the error of the 

measurements. Each measurement was made in triplicate (n=3). 

 

 

 



27 
 

 

Figure 2.13 – Measurement of the radius of curvature (RoC) of the cusps. A – 3dm files of tooth specimens before 

the cut of the cusp profile; B – 3dm files of tooth specimens after the cut of the cusp profile; C and D – 3dm files of 

the tooth specimen with the projection of the tangential circle to estimate the RoC of the cusps in both perspectives: 

front (C) and right (D). 

To measure the wear of tooth specimens, each cusp was scanned using the 3D scanner, before and 

after the wear test (Figure 2.14 –A and B). The 3D images obtained were overlapped using the software 

Rhino5 (Figure 2.14 – C). The volumetric loss and the vertical loss were automatically estimated, by the 

same 3D software (Figure 2.14 – D). Each measurement was also made in triplicate (n=3). 

 

Figure 2.14 – Measurement of the wear of the cusps. A – 3dm files of tooth specimens before the wear test, B – 

3dm files of the same tooth specimens after the test, C – Overlapping of the tooth specimens before and after wear 

testing, D –  3dm files of the worn region. 

2.6.3 Characterization of the prosthetic materials worn surface 

After the wear test, the worn surfaces of prosthetic materials were estimated by measuring the 

volumetric wear rate (volume of wear per cycle). 

For the volumetric wear rate, the area of wear was first estimated using a 2D-profilometry, with a surface 

roughness tester (Mitutoyo 178-923-2A/SJ-201 SurfTest model, conducted in ESTSetúbal/IPS) (Figure 

2.15 – A). This allowed to study the topography of the worn surface. A tip of 2 µm radius, contacts the 

surface to be analysed with a translation movement across the pre-defined sampling length, with a 

measuring force of 0.75 mN. The stylus movements are captured by electronic sensors producing a 

profile of the surface. The data is acquired by SJ-Tools software, which generates an output with a 

graphic display of the profile (wear depth vs length of probe track) (Figure 2.15 – B). The measurement 

of the removed area was performed crosswise at the centre and at both edges of the surface region to 

be analysed (n=3) (Figure 2.15 – C), in order to obtain a complete analysis of the entire area of wear. 

This procedure was accomplished for five samples of each prosthetic material. 
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To estimate the volumetric wear rate of each prosthetic sample, the ImageJ software (an open platform 

for scientific image analysis) was used to measure the length of wear surfaces from the corresponding 

SEM images (Figure 2.15 – D). Multiplying the length of each worn surface by the removed area of the 

material, it was possible to estimate the volumetric loss of prosthetic material. For each surface three 

measures were made (n=3). Furthermore, the volumetric wear rate was then estimated using the ratio 

between the removed volume and the number of cycles. The wear of prosthetic materials was compared 

with that of cusps by volumetric loss. 

 
Figure 2.15 – Characterization of the prosthetic materials worn surface. A – Photograph of the wear measurement 

of the sample’s surface with the 2D-profilometer tester; B – Output chart of an example of the wear profile; C – 

Representation of the three measurements along de worn surface for each sample of the four prosthetic materials; 

D – Measurement of the length of wear surfaces from SEM images, using the ImageJ software. 

2.6.4 Wear mechanism analysis 

The characterization of wear phenomena in terms of structure and surface morphology is important for 

the study of tribological systems. Surface properties influence the material’s tribological performance. 

The modification of the surface can be detected by SEM, a technique commonly used to acquire three-

dimensional images for directly analysis of topographic features [93], [94]. This technique provides the 

observation of materials in a wide submicrometric range of high resolution (magnification ranging from 

10X to approximately 10,000X and spatial resolution of 50 to 100 nm) [95]. 
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Basically, the technique involves the generation of an electron beam of high-energy that reaches the 

sample surface. Through this interaction, a variety of scattering events take place within the sample, 

being classified as elastic and inelastic interactions [96][97].  

Elastic interactions give rise to the emission of backscattered electrons (BSE) From the deepest layers 

of sample, with energy comparable to that of incident electrons beam. BSE provides image contrast as 

a function of elemental composition, as well as surface topography [98]. 

In the inelastic interactions, part of electrons energy is transferred to the sample, which leads to the 

emission of X-ray, Auger electrons or secondary electrons (Figure 2.16). Secondary electrons result 

from the collision between the electrons of the incident beam and the electrons located in the outermost 

layers of the atoms of the sample. These beams have energies lower than 50 eV and can be used to 

form high resolution sample images. Secondary electrons and BSE are the two most valuable signals 

for showing materials surface morphology and topography characteristics [99]. 

 

Figure 2.16 – Signals obtained by the interaction between an incident electron beam and a given material, image 

adapted from [62]. 

Energy Dispersive Spectroscopy (EDS) is a chemical microanalysis technique which provides additional 

information to the SEM results. EDS detects X-rays emitted from the sample and allows the 

characterization of the elemental composition and the relative atomic ratio of the analysed specimen. 

The analysis by SEM is non-destructive, so it is possible to analyse the same materials repeatedly. 

However, the sample must be under vacuum, to avoid the oxidation of the tungsten filament and to 

prevent that external particles interact with the incident beam [98]. 

For the current study, SEM images were acquired using the JEOL scanning electron microscope (JSM 

- 7001F) with a voltage of 5 kV and a vacuum of ~ 2×10-3 Pa, to analyse wear mechanisms in antagonist 

specimens and in the four prosthetic materials. For the preparation of the tooth samples, the support 

tubes with the cusps were cut to a height of 1 to 2 cm, to retain only the relevant sample portion, with 
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the cusp submitted to ultrasonic bath in distilled water for 2 minutes, dried with nitrogen gas and stored 

at room temperature. A thin film of Au/Pd was applied by sputtering in the dental samples and in the 

prosthetic samples, providing the samples with a conformal conductive coating. 

2.7 Methodology Overview 

Figure 2.17 shows the overall experimental procedure carried out in this work. 

 

Figure 2.17 – Workflow of the experimental methodology. 
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CHAPTER III 

RESULTS 

3.1 Characterization of the prosthetic materials 

3.1.1 Wettability  

The variation with time of the contact angle (θ) of artificial saliva (pH ≈ 7.0) with the prosthetic dental 

materials is displayed in Figure 3.1. During the measuring period (600 s), the contact angle for the four 

materials suffered a fast decrease in the first 20-30 seconds, eventually plateauing at constant values 

the contact angle for the four materials underwent a fast decrease, tending for constant values. Zirconia 

and Vita Enamic plates presented very close wettability results, with θ ≈ 35 ± 3º and θ ≈ 37 ± 4º 

respectively. The wettability values were also very similar between Leucite and Zirconia Veneered, with 

θ ≈ 18 ± 4º and θ ≈ 20 ± 4º respectively. Therefore, it may be concluded that Leucite and Zirconia 

Veneered are more hydrophilic than Zirconia and Vita Enamic. 

 
Figure 3.1 – Contact angle of artificial saliva (pH ≈ 7.0) on the surface of Zirconia, Vita Enamic, Leucite and Zirconia 

Veneered, as a function of time (mean ± standard deviation, n=10). 
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3.1.2 Topography 

The results obtained from AFM analysis for each prosthetic material are shown in Figure 3.2. 2D 

topographic images with the corresponding profiles (Figure 3.2 – A) demonstrate quite remarkable 

differences between the surface topography of the different materials. Alongside this, the analysis of the 

surface average roughness (Figure 3.2 – B) shows that Zirconia is the material with higher value of 

roughness, Ra ≈ 21 ± 5 nm followed by Vita Enamic with Ra ≈ 19 ± 7 nm, Zirconia Veneered with Ra ≈ 

17 ± 8 nm and Leucite with the lower value of roughness Ra ≈ 4 ± 2 nm. 

 

Figure 3.2 – AFM analysis of the four prosthetic material materials. A – 2D topographic images 10x10 µm2 of each 

material with profiles in height (nm) correspondent to the marked lines. B – Ra associated to the different materials 

(mean ± standard deviation, n=6). 

 

 

 

 

  

A 

 

 

B 

B 
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3.1.3 Hardness 

The results obtained from Vickers hardness measurements for the four prosthetic materials are shown 

in Figure 3.3. An indentation load of 9.807 N (≈ 1Kg) and a dwell time of 15 s were used. For Zirconia 

samples the hardness was significantly higher, with HV ≈ 1241 ± 70, comparing with the other materials, 

with HV ≈ 253 ± 29, HV ≈ 424 ± 56 and HV ≈ 438 ± 60 for Vita Enamic, Leucite and Zirconia Veneered, 

respectively. The results showed that Vita Enamic was the material with lowest hardness and that 

Leucite and Zirconia Veneered present approximately the same range of hardness values.  

 

Figure 3.3 –Vickers hardness for Zirconia, Vita Enamic, Leucite and Zirconia Veneered (mean ± standard deviation, 

n=10). 

3.1.4 Crystalline structure 

The X-ray diffraction spectra obtained for the four materials are presented in Figure 3.4. Since the 

crystallographic structure of the various materials is already well known, the characterisation of each 

one was performed by comparison with previous studies. For Zirconia (Zir), tetragonal phase was the 

only phase identified in the XRD profile. In fact, the spectrum is perfectly coincident with that analysed 

in the literature [100]–[102], where peaks identified at 2θ = 30º, 2θ = 35º, 2θ  = 50º, 2θ = 60º and 2θ = 

63º correspond to Zirconia, where the crystal structure of zirconium dioxide is stable in the tetragonal 

phase. As expected and comparing with the results obtained by N. de C. Ramos et al [103]., Vita Enamic 

(VE) showed an amorphous spectrum without any indication of crystallization, due to the presence of 

both phases in its polymer-infiltrated ceramic network. Comparing with P. Sinthuprasirt et al. [45] and W. 

Höland et al. [104], the spectrum of Leucite (Leu) presented an amorphous baseline, due to the glassy 

matrix content, with high peaks in the same spots, indicating the presence of a highly crystalline phase 

of tetragonal leucite (KAlSi2O6). The crystal structure of Zirconia Veneered was characterized in terms 

of its feldspar based layer (Feld), whose spectrum showed a completely amorphous profile, with a bend 

located around 2θ = 27°, which was coincident with that previously reported by Santos et al. [105], where 

the authors explain that the non-pure feldspar content reveals the absence of crystalline phases, which 

is characteristic of glass ceramic. 
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Figure 3.4 – XRD spectra profiles: Zirconia (Zir), Vita Enamic (VE), Leucite (Leu) and Zirconia Veneered (Feld). 

3.2 Tribological effects of the chewing simulation 

3.2.1 Natural teeth wear 

To assess the influence of the cusp sharpness on the enamel wear, the relation between the volumetric 

loss of tooth specimen and the corresponding RoC was established for the four tribological systems in 

study (Figure 3.5). Generally, the volumetric wear of the dental specimens was the lowest for Zirconia 

and Vita Enamic, although the latter had led to a higher dispersion of wear volume values. Zirconia 

Veneered was the material which showed the highest cusp wear, regardless of the corresponding RoC 

values. The results showed a correlation between the cusps’ sharpness and the enamel loss: the wear 

increases considerably for cusps with lower RoC values and decreases for cusps with higher RoC, with 

exception of Zirconia Veneered, where a correlation between those parameters is difficult to establish. 

The samples belonging to each material that showed higher and lower wear are indicated in Table 3.1, 

where the corresponding values of RoC and volumetric wear are shown. 
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Figure 3.5 –Volumetric wear (ΔV) vs radius of curvature (RoC) for antagonistic cusps tested against Zirconia (Zir), 

Vita Enamic (VE), Leucite (Leu) and Zirconia Veneered (ZV) (mean ± standard deviation, n=3). 

Table 3.1 – Higher and lower wear values (ΔV) for the respective enamel samples of each material, and respective 

cusp radius of curvature (RoC). 

Material 

Higher wear  Lower wear 

Sample 
RoC  
(mm) 

ΔV 
(mm3) 

 Sample 
RoC 
(mm) 

ΔV 
(mm3) 

Zirconia Z3 0.56 0.13  Z4 1.94 0.02 

VitaEnamic VE3 0.55 0.26  VE4 2.60 0.05 

Leucite L2 0.61 0.54  L4 3.24 0.02 

Zirc.Veneered ZV1 0.70 0.29  ZV5 1.27 0.05 

 

The analysis of the results shows a strong correlation between the volumetric loss and the vertical loss 

for antagonist cusp wear, with a Spearman’s rank correlation coefficient (rs) of 0,9244 (Figure 3.6). 
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Figure 3.6 –Correlation between vertical wear and volumetric wear for antagonistic cusps tested against: Zirconia 

(Zr), Vita Enamic (VE), Leucite (Leu) and Zirconia Veneered (ZV). 

Figure 3.7 shows the relation between the RoC of the cusps and their volumetric loss or vertical loss: a 

more relevant association between the vertical loss and the RoC was detected, given by the coefficient 

of correlation (R2). Indeed, earlier studies demonstrate that vertical loss of enamel is more closely related 

with the initial contact point area of the cusp of occlusion, which is characterized by its shape and thus 

by its RoC [91]. Besides, it is a fact that both parameters are essential to quantify the wear resistance 

of prosthetic dental materials but for different aspects, i.e., the vertical loss as a measure of occlusal 

contact area wear and the volumetric loss as a measure of wear mechanisms from tribological 

phenomena, which considers the wear along the entire occlusal surface [106]. So, it is reasonable to 

say that these parameters complement each other for the assessment of wear of antagonistic dental 

materials. However, for the remaining analysis of the tribological systems the volumetric loss was more 

appropriate, since it is related to the occlusally active surface area [107].  

 
Figure 3.7 – Relation between antagonistic cusp wear and corresponding RoC considering volumetric wear (left) 

and vertical wear (right), for the four-studied prosthetic dental materials, Zirconia (Zir), Vita Enamic (VE), Leucite 

(Leu) and Zirconia Veneered (ZV), along with coefficient of correlation R2. 
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3.2.2 Prosthetic materials wear 

The results attained for the wear analysis of the prosthetic materials are shown in Figure 3.8, in which 

the volumetric wear rate of the five samples of each material is represented (Figure 3.8 – A) and an 

example of the worn surface profile of each material (Figure 3.8 – B). No measurable wear was detected 

for Zirconia samples when comparing with other materials, so the wear loss of this material was 

negligible. VE was the material with the highest wear on the prosthetic surfaces. The 2D wear profiles 

showed evident differences between the worn surfaces of the prosthetic materials: the worn surface of 

Zirconia remained flat, unlike the other materials with well-defined wear tracks. The maximum and the 

minimum values for depth and width of the worn surfaces are presented in Table 3.2. These values are 

in agreement with Figure 3.8 – B. 

Although a dependence between the volumetric loss of antagonist cusp and the corresponding RoC 

was found, no relation was detected between the wear rate of prosthetic materials and the RoC of the 

antagonist cusps. 

Table 3.2 – Range of depth and width measured for the wear tracks for each material. 

Material Min. – Max. depth (µm) Min. – Max. width (mm) 

Zirconia negligible negligible 

Vita Enamic 55 – 158 2 – 4 

Leucite 35 – 110 1 – 2 

Zirconia Veneered 4 – 114 1 – 5 

 

Summarising, from the previous results it was found that for the antagonist cusps the volumetric wear 

is minimum when the counter-material is Zirconia, followed by a low wear against Vita Enamic. Leucite 

and Zirconia Veneered cause higher enamel loss, with the latter being accountable for the maximum 

wear of the antagonists. For the prosthetic material wear, Vita Enamic was the material with higher worn 

surface, followed by Zirconia Veneered, Leucite and finally Zirconia, in which no significative wear was 

detected.  

The volumetric wear for the four tribological systems regarding the loss of prosthetic material and the 

loss of enamel is shown in Figure 3.9. No correlation was found between the volumetric loss of enamel 

and the volumetric loss of the prosthetic materials (Figure 3.9 – A). Among the four materials, the 

volumetric wear of enamel in the Zirconia was the lowest, with no evidences of wear in the prosthetic 

material. On the other hand, Vita Enamic showed the highest wear for the counter-material than for 

antagonists. For the Leucite and Zirconia Veneered the volumetric wear was quite similar between the 

antagonists and the counter-faces (Figure 3.9 – B). 



38 
 

 

Figure 3.8 – Prosthetic materials wear. A –Volumetric wear rate of each prosthetic sample (Zirconia, Vita Enamic, Leucite and Zirconia Veneered) (mean ± standard deviation, 

n=3). B – Examples of 2D transversal profiles of the worn surface for each material, wear depth (µm) as a function of length of probe track (mm).
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Figure 3.9 – Volumetric loss of prosthetic material and enamel for the four tribological systems (Zirconia, Vita 

Enamic, Leucite and Zirconia Veneered). A – Relation between the volumetric wear of prosthetic materials and the 

volumetric wear of antagonist cusps (means ± standard deviations, n=3 for each sample of material). B – Average 

wear in volume for the prosthetic materials and the cusps (mean ± standard deviation, n=15). 

3.2.3 Wear mechanisms analysis 

Zirconia 

For the tribological system involving Zirconia, SEM images of the cusp contact surfaces and of the 

prosthetic material are represented in Figure 3.10 (from A to J). The SEM images from A to E correspond 

to the five tested cusps (Z1 to Z5). Typically, all cusps showed a smooth wear surface which was 

characterised by a very polished area (Figure 3.10 – F). However, several damages on the worn surface 

of the third tested cusp (Z3) were found, leading to its partial destruction and consequent exposure of 

the dentin (Figure 3.10 – C, red line mark). Furthermore, several particles were identified on the surfaces 

(Figure 3.10 – G and H, indicated by white arrows), suggesting their displacement from others worn 

regions of the enamel, which indicate subsurface fatigue by spalling of those areas (Figure 3.10 – H, 

indicated by red arrow).  

Through EDS analysis, the particles were identified as fragments of calcium phosphate, due to the 

dominant presence of calcium (Ca), phosphate (P) and oxygen (O) elements which are integrated in 

hydroxyapatite from enamel and dentine (Figure 3.10 – K). Those fragments showed a tendency to 

agglomerate by transference and adhere in the worn surface of the teeth (Figure 3.10 – I).  

SEM images of Zirconia plates surface were similar for all the five tested samples, showing no 

significative wear despite the slight presence of surface wear (Figure 3.10 – J, insert). However, the 

presence of residual small particles was detected over the intact area of Zirconia, which could be related 

with the interaction of artificial saliva during the wear test. In addition, no material transfer from the 
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surface of Zirconia was identified in the cusp surface and neither particles from enamel were observed 

in Zirconia surface by EDS analysis.  

 

 

Figure 3.10 – SEM micrographs for the tribological system natural teeth against Zirconia: cusp occlusal surface (A-

E); analysis of wear phenomena identified on cusp surfaces (F-I); Zirconia occlusal surface (J); smooth worn surface 

of cusp (*); red line (C): dentin exposure; (G and H): aggregation of fragments of calcium phosphate deposited on 

the surface; red arrow (H): subsurface fatigue from surface of enamel; w: worn surface; i: intact surface. EDS 

spectra analysis of the particles deposited on the worn surface of the cusp tested against Zirconia prosthetic plate 

(K). 

  

K 
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Vita Enamic 

The tribological system with Vita Enamic showed wear mechanisms very similar between the five cusps 

specimens and among the prosthetic samples. Therefore, SEM images of three cusps (corresponding 

to specimens VE1, VE3 and VE4) and the respective counter-faces of prosthetic material were selected, 

showing the worn areas (Figure 3.11 – A to G: worn surface of cusps; H to N: prosthetic worn surfaces). 

For all cusps, scratches were observed because of abrasion phenomena, showing a well oriented 

parallel direction over the surface (Figure 3.11 – A, B and C) where pronounced grooves are evident 

(Figure 3.11 – D). Subsurface microcracks initiated from the enamel surface were observed (Figure 3.11 

– E and F, indicated by red arrows), leading to its collapse and consequently the exposure of dentin 

where the dentinal tubules are visible (Figure 3.11 – F). Agglomeration and adhesion of teeth particles 

were detected on the worn surface of cusps (Figure 3.11 – G, white arrow).  

Scratches indicative of an abrasion wear mechanism were identified over the worn prosthetic sample 

(Figure 3.11 – H, I and J). Higher magnification images allow to identify the microstructure of Vita 

Enamic, where the darker section corresponds to the polymer-based network and the lighter section to 

the ceramic network (Figure 3.11 – K, identified by † and ‡ respectively). Due to its characteristic 

microstructure, Vita Enamic exhibited peculiar wear mechanisms. A tendency of formation and 

propagation of microcracks around the ceramic particles of the network was observed (Figure 3.11 – L, 

indicated by the black arrow), which induced the pull-out of the particles sustained by the polymeric 

matrix (Figure 3.11 – M). Several loose ceramic particles were identified on other areas of the worn 

surface (Figure 3.11 – N, identified by yellow arrows).  

The EDS analysis of the prosthetic material showed the presence of zirconium (Zr), silicon (Si) and 

aluminium (Al) in the loose particles on the surface of the material, showing that those particles came 

from the ceramic network (Figure 3.11 – O). No transfer of particles between the cusp surface and the 

material was detected by EDS. 
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Figure 3.11 – SEM micrographs for the tribological system natural teeth against Vita Enamic prosthetic material: 

cusp occlusal surfaces (A-C); analysis of wear phenomena identified on cusp surfaces (D-G); prosthetic occlusal 

surfaces (H-J); analysis of wear phenomena identified on prosthetic materials surfaces (K-N); worn surface of cusp 

(*); red arrows (E and F): subsurface microcracks from surface of enamel; white arrow (G): aggregation of enamel 

fragments adhered on the surface; black arrow (L): microcracks in the network boundaries; yellow arrows (N): loose 

particles from the ceramic network deposited on the surface of Vita Enamic; w: worn surface of ceramic; i: intact 

surface; ‡: ceramic-based network (K); †: polymer-based network (K). EDS spectra analysis of ceramic particle (O).  

 

O 
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Leucite 

SEM images of the worn surface of four cusps (Figure 3.12 – A to D, corresponding to specimens L1, 

L2, L4 and L5 respectively) and the respective counter prosthetic samples were selected to show the 

wear mechanisms of the tribological system involving Leucite. Although the evident partial destruction 

of the second tested cusp (Figure 3.12 – B), in general all cusps presented scratches with a parallel 

direction over the worn surface, also with well-defined grooves (Figure 3.12 – E and F). Moreover, 

agglomeration and adhesion of enamel particles were also detected on the worn surface of cusps 

(Figure 3.12 – E, indicated by the white arrows). In some regions it was observed the pull-out of enamel 

fragments from the surface which indicated subsurface fatigue by spalling of those areas (Figure 3.12 – 

G).  

As with the cusps, all corresponding prosthetic samples (Figure 3.12 – H to K) presented scratches on 

the occlusal surface with the same direction and the presence of lateral cracks (Figure 3.12 – L, lateral 

cracks identified by circular dash). In addition, microcracks were identified, causing the pull-out of 

fragments from the surface of Leucite and successive spalling of the material (Figure 3.12 – M, red 

arrow indicating the microcrack). The presence of transferred particles over the worn surface was 

observed (Figure 3.12 – N, indicated by yellow arrows). They were identified as fragments of Leucite by 

EDS analysis, due to the major presence of silicon (Si) and potassium (K) elements. However, no 

particles transfer between the two occlusal surfaces was detected by EDS. 



44 
 

 

 

Figure 3.12 – SEM micrographs for the tribological system natural teeth against Leucite: cusp occlusal surfaces (A-

D); analysis of wear phenomena identified on cusp surfaces (E-G); prosthetic occlusal surfaces (H-K); analysis of 

wear phenomena identified on prosthetic materials surfaces (L-N) ; worn surface of cusp (*); white arrow (E): 

aggregation of enamel fragments deposited on the surface; yellow arrows (M): loose particles from the worn surface 

of Leucite; red arrow (N): subsurface fatigue from surface of prosthetic material; white dashes (L): lateral 

microcracks; W: worn surface of ceramic; I: intact surface. EDS spectra analysis of the loose particles on Leucite 

surface due to the wear, resulting from the interaction between the corresponding cusp and Leucite plate (O). 

O 
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Zirconia Veneered 

For the tribological system of Zirconia Veneered, SEM images of the cusp specimens ZV1, ZV3, ZV4 

and ZV5, along with the corresponding counter-faces of prosthetic material, were selected (Figure 3.13 

– A to D for cusp specimens and I to L for prosthetic samples). As in the previous materials, a well-

defined pattern of scratches was identified over the occlusal surface of all cusps (Figure 3.13 – A to D). 

Also, the cusp ZV1 seemed to be widely destroyed as shown in Figure 3.13 – A and two wear plans 

were visible for cusp ZV5 in Figure – D (indicated by *). The wear mechanisms detected on the occlusal 

surfaces of the cusps were analogous to those detected in the previous materials, where fatigue of 

enamel subsurface was caused by spalling effect (Figure 3.13 – E). Figure 3.13 – F shows a microflake 

over the worn surface of enamel, which according to EDS analysis, was transferred from the counter-

material surface due to the presence of silicon (Si), aluminium (Al) and potassium (K), besides 

phosphate (P) and calcium (Ca) characteristic of the enamel structure (Figure 3.13 – Q).  Additionally, 

the accumulation and adhesion of enamel fragments was observed on the worn surface of the cusps 

(Figure 3.13 – G and H, identified by white arrows).  

SEM images of the worn surfaces of the Zirconia Veneered showed scratches like those observed on 

Leucite surfaces (Figure 3.13 – M). However, Figure 3.13 – N shows the clear existence of pits over the 

surface from which microcracks were originated and propagated, causing the collapse of feldspathic 

veneer and sequent spalling and pull-out of feldspar particles from the surface (Figure 3.13 – O and P 

where red arrows indicated the propagation of microcracks). 
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Figure 3.13 – SEM micrograph of the tribological system natural teeth against Zirconia Veneered: cusp occlusal 

surfaces (A-D); analysis of wear phenomena identified on cusp surfaces (E-H); prosthetic occlusal surfaces (I-L)); 

analysis of wear phenomena identified on prosthetic materials surfaces (M-P); worn surface of cusp (*); white arrow 

(G and H): aggregation of enamel fragments deposited on the surface; red arrows (O and P): propagation of cracks 

from the holes resulting from the coating of feldspar; X symbol (F): deposition of a fragment on the cusp surface by 

transference from the worn Zirconia Veneered surface; W: worn surface of ceramic; I: intact surface. EDS spectra 

analysis of a fragment deposited on the cusp surface tested against Zirconia Veneered plate (Q).  

 

 

Q 



47 
 

In general, the mechanisms of wear were very similar for the studied tribological systems. Wear 

phenomena of adhesion, subsurface fatigue and abrasion were characterized, respectively by the 

agglomeration of enamel particles over the surface of the cusp, spalling and scratches of both occlusal 

surfaces. These wear effects were detected for all the materials, except for Zirconia, for which the 

occlusal surface of the cusps presented a smooth finish, characteristic of polishing wear. In addition, no 

relevant wear was detected for the worn surface of Zirconia samples, contrary to the other materials. 

EDS analysis showed that no transference of particles between the cusps and the counter-material 

occurred. 
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CHAPTER IV 

DISCUSSION 

With the extensive use of ceramic-based materials in restorative dentistry, it is crucial to evaluate the 

materials stability to predict its clinical longevity, considering the conditions within the oral cavity and 

especially the mechanical behaviour of these materials in the biological domain. Though, there is a lack 

of information, concerning the investigation of the main wear mechanisms involved in this biotribological 

systems behaviour. The motivation behind this work was to compare the tribological behaviour of four 

commercial prosthetic dental materials – Zirconia (5Y-TZP), Vita Enamic, Leucite (glass-ceramic 

reinforced) and Zirconia Veneered (Zirconia with feldspar based ceramic coating) – against natural tooth 

and to identify parameters that affect the wear in both the enamel and material surfaces. To analyse the 

wear of the tribological systems, an in vitro wear cycling test – enamel-on-ceramic – was carried out to 

simulate 1.5 years of human mastication. 

Dental wear is a natural and progressive phenomenon characteristic of the mastication process that 

describes the gradual loss of the natural tooth structure. Ceramic materials are widely used to replace 

damaged dental tissue, especially due to their excellent aesthetic characteristics, chemical stability and 

mechanical performance. However, there is still some clinical concerns regarding their structural 

longevity and particularly their response to opposing enamel wear [108], [109]. To meet and preserve 

the physiological wear, the characteristics of the prosthetic materials that could cause abnormal wear in 

teeth structure must be considered. According with previous studies involving prosthetic dental materials 

[109], the causes associated with enamel abrasion are especially related with physical, microstructural 

and surface characteristics of those materials. Therefore, the study of wettability, surface topography, 

microhardness and microstructure are usually performed in dental materials to understand the wear 

mechanisms in the oral environment. 

According to previous studies [109], [110], it was believed that surface wettability along with the surface 

roughness of prosthetic dental materials could influence the wear rate of natural opposing teeth, 

suggesting that a poor lubrication of the restorative materials might promote the wear of the both 

surfaces due to the contact between the surface asperities. In fact, the adhesion between the liquid and 

the solid surface depends on the chemical composition of the surfaces and of their roughness.  

Roughness also affects directly the wear behaviour: a higher roughness leads to low contact areas, and 

consequently high contact stress between the surface asperities. 

Additionally, hardness is also a parameter that is usually referred to as having influence on the wear. It 

is generally accepted that a greater hardness leads to higher wear of the counter-materials. However, 

previous evidences have shown that for ceramic materials the tribological behaviour is strongly 

influenced by their microstructure, and both fracture toughness and flexural strength play a major role 

in the wear mechanisms against enamel [109], [111]. Furthermore, an aqueous environment, like 
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artificial saliva, could also interfere with the mechanical behaviour of ceramic materials through the 

chemical interactions between the lubricant and the microstructural components of ceramics, thus 

affecting the mechanic characteristics of the material.  

To better understand the conditions in which wear occurs in each tribological system in study, it is 

essential to analyse the correlation between each individual system and the properties of the 

corresponding prosthetic materials. This analysis should be made in terms of microstructural 

characterization and determination of the material properties – hardness, roughness, and wettability. In 

the following sections, the influence of these parameters on the wear of the different studied prosthetic 

materials and of enamel will be discussed. 

4.1 Zirconia 

The XRD patterns resulted from Zirconia samples showed a well define crystalline structure, indicating 

a major presence of tetragonal phase. These results were expected because Y-TZP samples were used 

in this study. The presence of 5 mol% Y2O3 leads to partially stabilized Zirconia with a dominant 

metastable tetragonal and monoclinic phases, showing evident content of tetragonal phase at room 

temperature [112]. The stabilization mechanism of Zirconia has remarkable implications in its 

microstructure and in the resultant mechanical properties associated with high flexural strength and 

fracture toughness (approximately 900 MPa and 5.5 MPa.m1/2, respectively [47]). Moreover, the 

presence of Y2O3 stabilizers also has a strong effect on the hardness of Zirconia, causing an adjustment 

in the grain size. According with the obtained results, Zirconia was the material with the highest 

hardness, 1241 ± 70 HV, falling in the same range of values reported by literature [113]–[116]. Due to 

its hardness, in comparison with enamel, it would be expected an excessive wear in the opposing teeth 

when both slide against each other. However, the results demonstrated the opposite: the hardness of 

Zirconia does not seem to be related with the wear of teeth. According to Y. W. Chen et al. [113], due to 

its grain size and hardness, well-polished Zirconia surfaces tend to become less rough over time, 

resulting in less wear of its own surface and on the opposing teeth. In fact, Zirconia was the studied 

material with the highest initial roughness (21.3 ± 4.7 nm). However, during wear testing, negligible wear 

of zirconia was found, in comparison with the other prosthetic materials, and the worn surface became 

with a more polished appearance (Figure 3.10-J). The high toughness of Zirconia should avoid surface 

cracking and consequent wear particles formation. The surface polishing could be associated with 

tribochemical phenomena. The amount of enamel loss was significantly lower than for the remaining 

three tested materials. This can be explained by the decrease of roughness that occurs in the Zirconia 

surfaces during the wear tests.  

Concerning the wettability, Zirconia presented a contact angle with artificial saliva similar to that found 

in Vita Enamic and higher than for the other studied prosthetic materials. The obtained value (353º) 

is lower than several values previously reported in the literature [117], but of the same order of magnitude 

of another found in our group [118].The observed differences may be related with several factors, such 

as the liquid used in the measurement (herein, artificial saliva was used, but other authors use water or 
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other saline solutions), the surface finishing (roughness), differences in the substrate composition, or 

even in the measurement method. The analysis of the eventual effect of wettability on wear will be 

carried out below, by comparison with the behaviour of the remaining studied materials. 

4.2 Vita Enamic 

From the XRD analysis it was evident the existence of an amorphous phase with no signs of 

crystallization. The analysis of Vita Enamic microstructure shows to be in concordance with the literature 

[10], [103], [119], [120], which describes it as a glass-ceramic based structure with an infiltrated polymer 

network. According with previous studies [10], polymer infiltrated ceramics seems to have a more 

comparable behaviour with tooth enamel in terms of its mechanical properties than ordinary ceramic 

restorations. Considering the obtained results in this study, the microhardness of Vita Enamic (253 ± 29 

HV) was the lowest, among the different studied materials, showing to be in the same magnitude to that 

of tooth enamel (250 to 360 HV) reported in other studies [10], [11], [120], [121]. The microstructure of 

Vita Enamic explains its low hardness, which is determined by the contribution of the polymer network 

(14 wt%) dispersed in the ceramic phase (86 wt%) [10]. The obtained results after the wear test revealed 

a noticeable difference in the wear degree of the Vita Enamic samples (0.24 ± 0.04 mm3) and of the 

opposing enamel (0.09 ± 0.01 mm3), showing an excessive wear in the prosthetic worn surfaces, in 

comparison with worn enamel. The surface roughness values measured in Vita Enamic (18.6 ± 7.1 nm), 

also prove the differences of this dental material relatively to the others, since the surface polishing 

procedure was the same for all the studied prosthetic materials.  

From the SEM micrographs, an abrasive wear was identified in all worn surfaces of both teeth 

specimens and Vita Enamic samples. During the wear test, the cyclic vertical contact followed by the 

sliding of the two surfaces, leads to a higher roughness over time [119]. In the prior stages of wear, 

microcracks at the boundaries between the particles of the ceramic and polymeric networks are formed, 

showing clear evidences of continuous propagation of those microcracks through the polymeric phase 

[7], [119]. With the progressive increase in wear cycles, the polymer particles are pulled away from the 

worn surface, leaving the ceramic network more exposed, resulting in the increase of the surface 

roughness (Figure 4.1). The continued wear eventually leads to the withdrawal of the ceramic particles, 

and thus, to their pull-out from the matrix, forming irregular particles or agglomerations of particles 

composed by both the ceramic and polymeric phases. The pull-out of particles from the network leads 

to the formation of a wear debris, where the ceramic particles interact with the opposing enamel causing 

scratches over the surface. This event is also identified in the worn surface of the material, where the 

scratches seems to be more associated with the abrasive effect of the ceramic particles on the polymeric 

network [119]. Therefore, a three-body wear resulted from this interaction.  
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Figure 4.1 – Representation of the wear mechanism on the Vita Enamic surface during the interaction between the 

antagonist tooth (sphere) and the ceramic-polymer network (P – polymer and C – ceramic). Adapted from [1]. 

The polymer content of the Vita Enamic structure, tends to slow down the propagation of microcracks 

through the polymer-ceramic interfaces by deflection of the framework. However, as aforementioned, 

the worn surfaces of Vita Enamic samples, showed a major degree of wear compared with the opposing 

enamel, which may be attributed to the significant differences in the microstructure of these materials. 

In fact, enamel presents nanocrystallites of hydroxyapatite with thickness of 30 nm, width 60 nm, 

and length 100-500 nm [21], organized hierarchical composite structure, involving the organic matrix, 

which are dramatically smaller than the ceramic patches with size of 3.5 µm – 10 µm [1], present in Vita 

Enamic structure. Moreover, enamel presents an organized nanostructure [121].  

As referred previously, the contact angle of artificial saliva with Vita Enamic (37±4º) was very similar to 

that observed for Zirconia (353º). This value is significantly lower than that found by other authors [122], 

but as abovementioned, the experimental conditions were not the same as those used in this work. The 

fact that the contact angles obtained for Zirconia and Vita Enamic are similar, but the wear of the 

materials is quite different (Zirconia is the prosthetic material that shows the lowest wear and Vita 

Enamic the one suffers the highest wear), suggests that wettability is not a determinant parameter in 

the wear behaviour. 

4.3 Leucite 

The XRD analysis showed that tetragonal Leucite is the principal crystal phase of the glass-ceramic. 

The diffractogram was consistent with the microstructure of the material, already thoroughly reported by 

other studies [45], [104]. For this material, no correlation was found regarding the influence of the initial 

surface roughness of Leucite on the wear rate. J. A. Arsecularatne et al. [5], analysed the variation of 

the surface roughness on the wear rate and no roughness dependant wear relation was detected as 

well.  

Through the SEM micrographs, the mechanisms of wear in both enamel and Leucite worn surfaces, 

were recognised. A dominant distribution of scratches oriented in parallel, over the worn surfaces of 

Leucite and enamel were identified. These scratches could be attributed to the formation of fragments, 



52 
 

and were identified by EDS as being Leucite particles, leading to three-body wear mechanisms. J. A. 

Arsecularatne et al. [5], confirms that these particles were the source of the abrasive wear in the both 

enamel and material surfaces. Although the particles analysed by EDS were found to be from Leucite, 

it is plausible that some particles of enamel also may have formed, since the hardness of enamel is 

lower than that of Leucite (250 to 360 HV [10], [11], [120], [121] vs 424 ± 56 HV). The Leucite worn 

surfaces were subjected to cyclic loading over time, which comprises a vertical contact and a sliding 

contact between the two occlusal surfaces. Arsecularatne et al. [123], suggested a wear model based 

on fracture of glass-ceramics under linear elastic contact (Figure 4.2). Considering this model, surface 

microcracks are generated due to the normal tension distribution from the vertical impact, producing a 

strain energy during the contact (Figure 4.2 – A). Throughout the sliding contact (Figure 4.2 – B and C), 

the surface is subject to the same load in constant displacement mode, so at this point, the tensile stress 

is dependent of the stiffness of the material. Thus, as the lateral crack propagates under the same 

direction of displacement, the stiffness decreases, and the tensile stress will decrease, which indicates 

that the elastic strain energy stored in the material is being released, leading to fragmentation and 

formation of spalls (Figure 4.2 – D) [123], [124].  

 

Figure 4.2 – Representation of lateral crack propagation under linear elastic contact on glass-ceramics. Adapted 

from [123]. 

In this study, some signs of delamination were also observed on the Leucite surfaces, which may be 

attributed to fatigue mechanisms resultant from the cyclic testing. 

Despite no particles of Leucite were identified in the worn surface of enamel, it is believed that, the 

scratches on its surface were formed due to those particles displacement over the enamel surface. 
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Furthermore, the obtained results showed more phenomena of delamination on the opposing enamel 

than on the Leucite surfaces, where the main wear mechanism was abrasion. This result is in 

concordance with that obtained by Arsecularatne et al. [5], showing that enamel is more likely to wear 

by delamination than Leucite. The same authors [5] also explained that the propagation of cracks is 

influenced by the fracture toughness of the ceramic. However, the fracture toughness of Leucite (1.3 

MPa.m1/2,[48]) is in the same range of that of enamel (0.44–1.55 MPa.m1/2 [5]). So, because the Young’s 

modulus of glass-ceramics is lower than that of enamel, the Leucite becomes harder but less stiff than 

enamel, which means that, a higher elastic modulus should enhance the delamination wear in enamel, 

resulting in higher wear for the opposing cusp, as was verified in this study. 

A final remark must be done concerning the wettability results obtained for this material. It was found 

that the contact angle obtained for Leucite (18 ± 4º) is quite lower than that reported in other studies 

[125]. This difference could be explained by the distinct variants used in the experimental procedure, as 

prior mentioned. 

4.4 Zirconia Veneered 

Feldspar based ceramics, are commonly used as veneers of hard ceramics, like Zirconia frameworks, 

to enhance their optical properties and thus, the aesthetic characteristics. However, feldspar-based 

ceramics present an intrinsic brittle nature, which raises some concerns regarding its mechanical 

strength. Due to the manual application of the feldspar coatings, several defects (e.g. pores) (Figure 

3.13 – N) were formed on the surface that can be suitable sites for cracks nucleation, leading to the 

spalling of the coating (Figure 3.13 – P). The presence of a glass phase was evident in the XRD pattern 

of Zirconia Veneered, which is in concordance to the results of previous studies [45], [104]. The absence 

of crystallinity can contribute to a lower toughness (1.5 MPa.m1/2,[46]). 

Comparing with the other materials, Zirconia Veneered was the material that induced the highest wear 

on the opposing enamel (0.21 ± 0.02 mm3). Considering the analysis of the wear mechanisms by SEM 

micrographs, the major wear mechanism identified in the worn surface of Zirconia Veneered was 

abrasive wear. Although feldspathic veneered presents higher hardness (438 ± 60 HV) than enamel 

(250 to 360 HV, [10], [11], [120], [121]), both surfaces show similar patterns of scratches. This may be 

due to the formation of angular debris from the veneer, that lead to a three-body wear mechanism. Due 

to the scratching process, there is an increase of the roughness of the contacting surfaces that could 

have contribute to increase the wear of the opposing enamel.  

Delamination is a mechanism often observed in bilayer ceramics [126] and indications of surface 

delamination due to subsurface fatigue were also observed, in agreement with the literature [27]. This 

effect may result from cracks initiated in pores, leading to cohesive spalling of the coating (Figure 3.13 

– P). Although, according to E. P. Rocha [126], other mechanisms associated to adhesive spalling of the 

coating may also occur due to the improper bond strength between the veneer layer and the zirconia 

substrate, in this work those effects were not observed.  
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The contact angle of Zirconia Veneered with artificial saliva is in concordance with the reported from 

previous studies for similar surfaces with water [117], and is close to that found for Leucite. As previously 

concluded, it is not possible to establish a direct relation between the wettability and the wear of the 

prosthetic materials, although Leucite and Zirconia Veneered do not show quite different volumetric 

wear.  

4.5 Teeth cusps 

In dental wear induced by ceramic prosthetic materials, generally, two wear mechanisms are identified: 

1- An abrasive regime where the prosthetic harder counter-material scratches the dental surface, usually 

associated with higher wear rate; 2- A mechanical blending regime associated to the presence of a tribo-

layer, formed during the wear tests, due to the agglomeration of hydroxyapatite particles removed from 

the teeth along with glycoproteins, that impairs the direct contact of the teeth surface and the harder 

prosthetic material, which leads to a lower wear rate. 

In the present work, the tribological tests were carried out in a chewing simulator. Contrarily to the 

common experiments performed in pin-on-plate equipment, in the present case the contact between the 

dental cusps and the prosthetic materials was not continuous, avoiding the formation of the tribo-layer, 

although some particles of the teeth were observed to adhered on the dental surface. Thus, the main 

wear mechanism found on enamel surfaces for almost all the studied cases (Vita Enamic, Leucite and 

Zirconia Veneered) was abrasion induced by the prosthetic contacting material. In many cases, some 

subsurface fatigue features were observed, which in extreme conditions led to partial fracture of the 

cusp (Figure 3.11 – B and F for Vita Enamic, Figure 3.12 – B for Leucite and Figure 3.13 – A and C for 

Zirconia Veneered). 

Regarding the effect of the initial roughness of the prosthetic counter-materials, no correlation was found 

relatively to the enamel wear (Figure 3.2 and Figure 3.9). However, the increase of roughness of the 

prosthetic materials during the wear tests led to a higher dental wear. This was particularly evident for 

Leucite and Zirconia Veneered. 

As previously mentioned, it is not possible to establish a direct relation between the wettability and the 

wear of the prosthetic materials. However, it is interesting to stress that, based on an analysis of all the 

systems studied, a tendency was found for enamel to have higher wear when the prosthetic materials 

are more hydrophilic. In fact, both Leucite and Zirconia Veneered present the lowest contact angles and 

lead to the highest enamel wear (Figure 3.1 and Figure 3.9). This suggests that these surfaces (Leucite 

and Zirconia Veneered), which shall have a higher surface energy, may promote the adhesion to the 

counter-faces. 

Concerning the effect of cusps’ RoC on the enamel wear, there is a remarkable absence of information 

in the literature, since generally tests are done without taking into consideration this parameter. However, 

different RoC lead to different contact stresses which conduct to different wear losses.  
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The present work, showed that there is a general decrease of dental wear with the increase of tooth 

RoC. Nevertheless, this trend was not found for the prosthetic material that caused the highest dental 

wear (Zirconia Veneered). This could have been a result of the loss of parts of the teeth, due to fatigue 

and inappropriate coating of the prosthetic samples. The SEM images showed to be in accordance with 

this analysis, where it was shown that the most catastrophic wear was identified in cusps with lower 

RoC, in comparison with those cusps with higher RoC. 

Figure 4.3. presents the overall volumetric wear (prosthetic material + cusp) of the four tribological 

systems. Zirconia was the group with the lowest overall volumetric wear (ΔV ≈ 0.077 mm3). The Leucite 

group and the Zirconia Veneered group, proved to be the groups with the worst tribological performance 

during the wear test (ΔV ≈ 0.339 mm3 and ΔV ≈ 0.404 mm3 respectively) (Figure 4.3). Despite the 

excessive wear in the prosthetic surface, Vita Enamic showed a favourable wear on the opposing 

enamel. 

 

Figure 4.3 – Overall volumetric wear of the four tribological systems. A – Overall volumetric wear of each tribological 

system (column chart). B – Total mean wear in volume for each tribological system.  
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

In the present work, the tribological behaviour of four ceramic based prosthetic materials (Zirconia, Vita 

Enamic, Leucite and Zirconia Veneered) against natural teeth was studied, using an in vitro two-body 

wear test in the presence of artificial saliva to simulate the human mastication. The prosthetic materials 

were characterized in terms of microstructure, microhardness, roughness and wettability, to assess the 

effect of these parameters on the wear in the both occlusal surfaces (natural teeth and prosthetic 

material).  

From this analysis, the following conclusions were obtained:  

i) The initial surface roughness does not have influence on the tribological behaviour. However, the 

increase of roughness of the prosthetic materials during the wear tests increases the dental wear. 

ii) There is not a correlation between the prosthetic materials hardness and the dental wear. 

iii) The wettability of the prosthetic materials does not have a direct relation with the prosthetics’ 

material wear. Nevertheless, higher dental wear rates were detected when more hydrophilic 

prosthetic materials were used. 

iv) The major wear mechanisms identified in the tribological systems were polishing wear in the 

Zirconia group and abrasive wear in the remaining three groups, both for prosthetic materials and 

opposing enamel.  

As a final remark, Zirconia was the group that sustained the most favourable wear in the overall 

tribological system. Zirconia plates showed to have negligible wear and showed to cause the least wear 

on enamel, which suggest that it is the most suitable as restorative material in clinical dentistry. Zirconia 

and Vita Enamic were the groups with lowest impact on the enamel loss, however, the highest prosthetic 

material loss was found for the latter. The results showed that Leucite and Zirconia Veneered were the 

groups with the worst overall tribological performance (dental wear + prosthetic materials wear). 
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5.2. Future work 

Further studies regarding the wear simulation of dental systems should be considered to explore the 

effect of artificial saliva at different pH values, for example to analyse the wear behaviour of the 

prosthetic materials in a more acidic lubricant. Moreover, because temperature variation also contributes 

to the wear rate of dental system, studies encompassing this issue should also be a subject of interest 

in future work. This analysis could be attained through the performance of thermocycling tests. 

The friction coefficient should also be assessed during the simulation tests to infer about the tangential 

forces acting on the teeth during the mastication process. In fact, these forces may affect the stability of 

the implants. Due to the limitation of the chewing simulator, it was no possible to measure the friction 

coefficient during the wear test, adaptations to the equipment should be made.   

It would also be important, in further studies, to ensure that the roughness of prosthetic materials is 

closer to those of the enamel. Therefore, more efforts must be done considering the analysis of the 

influence of the surface roughness of dental ceramics in the wear behaviour of the tribological systems. 

The mastication force used in this work is in the same range of those values reported in the literature, 

for tests of this nature. However, due to the radius of curvature of the cusps, the value of the contact 

stress is much higher than that occurred during in vivo mastication, and may suggest the use of smaller 

loads. 
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