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PREFACE 

This thesis reports on research completed during my Doctorate of Clinical Dentistry 

at the School of Dentistry, The University of Adelaide, from January 2010 to 

December 2012. There were two aims of the research project. Firstly to determine 

the polishability of modern CAD glass ceramic restorative material and secondly to 

investigate what influence the surface texture of modern CAD glass ceramics had on 

the wear rate of opposing enamel tooth structure. 
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ABSTRACT 

There has been a significant increase in the delivery of all ceramic restorations 

especially with the global explosion of CAD CAM technology. Frequently, the 

ceramic restorations require refinements to the surfaces with abrasives prior to or 

after cementation. If adjustments are made to a glazed or non-glazed surface after 

cementation, only mechanical polishing is an option to restore the surface texture.  

 

Surface roughness of ceramic restorations influences the aesthetics, functional and 

biological parameters of the restoration [1, 2]. A relatively rough surface can 

negatively influence the strength [3, 4] and longevity of a restoration [5, 6], increase 

friction [7] and rate of wear of the restoration [8] and opposing tooth structure [9], 

promote gingival inflammation [10],  adverse soft tissue reactions [11], and the 

accumulation of stains and plaque on the surface [12-14]. Recent low fusing 

ceramics have properties which improve the surface characteristics and allows a 

relatively smoother surface to be achieved either by glazing or polishing [15, 16].  

 

The aim of this study is to increase the understanding of the surface characteristics 

produced from either glazing or polishing and what impact the surface texture 

produced from such finishing methods has on the wear rate of opposing enamel. 

Clinically this will assist with decision making regarding the most effective method 

to achieve an optimal ceramic surface finish.
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CHAPTER 1 

MASTICATORY SYSTEM 

 

 Physical and mechanical properties of human teeth 1.1.

Human teeth have a unique structure composed of the anisotropic parts: enamel, 

dentine-enamel junction, dentine, cementum, cemento-enamel junction and pulp.  

Dental enamel consists of about 94% inorganic substance, mainly hydroxyapatite and 

fluorapatite, 2% organic material and 4% water by weight [17, 18]. Enamel is 

comprised of long, thin rod like prisms, 2-3µm in diameter, arranged in a parallel 

order to the longitudinal side of the rods and roughly perpendicular to the dentine-

enamel junction (Figure 1.1). The only areas where the enamel rods are arranged 

vertically to the tooth surface are the cusp tips and proximal edges [19]. As a unit the 

crystal structure forms a complex and complicated three-dimensional pattern [18]. 

The enamel prisms do not run a straight course from the dentine-enamel junction to 

the outer surface. Groups of prisms make a series of bends along the course. This 

gives rise to what is known as the Hunter-Schreger bands. Thus, the enamel is 

characterized by a subtle, intricate substructure. This well-ordered structure is also 

responsible for the typical etching pattern, which forms in the course of etching the 

enamel with acid. The organic components of enamel are composed of short peptide 

fragments, which are breakdown products of amelogenin, the enamel matrix protein 

[20]. The mechanical properties vary with the location on the tooth, local prism 

orientation and chemical composition [21, 22]. The high mineral content of enamel 

contributes to a high hardness, and the tensile strength reflects the brittleness of the 

enamel [21].  
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Figure 1.1 Scanning electron micrograph of etched enamel. The enamel rods have been cut 

longitudinally (left). The enamel rods have been cut diagonally (right) [23]. 

 

Dentine  consists of about 70% inorganic material, 18% organic matrix and 12% 

water by weight [17, 24]. On a microscopic level, highly mineralised dentine 

material surrounds dentinal tubules which run through the entire dentinal substance. 

Densely arranged dentine tubules traverse the entire thickness of the dentine. A 

density of 59,000 to 76,000 tubules per mm
2
 exists in the vicinity of the pulp [25]. 

The diameter of dentine tubules is approximately 2.5mm near the pulp and 0.9mm at 

the dentine-enamel junction [26]. The mechanical properties of dentine maintain the 

integrity of the overlying enamel and this relationship is most reflected at the 

junction between the enamel and dentine. Specifically, the biological dentine-enamel 

interface exhibits a high fracture toughness, thus making it possible to dissipate 

stresses and prevent crack propagation throughout the enamel hard tissues [21]. The 

mean physical and mechanical properties of enamel and dentine are outlined in Table 

1.1. The values should only be regarded as estimations and general guidelines, as the 

data is compiled from different studies and textbooks, and the study design of the 

experiments that provided the data might have differed from one study to the other 

[17, 21, 22]. 
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Table 1.1: Physical parameters (mean value) of enamel and dentine. [17,21, 22] 

 

Physical Parameters (units) Enamel Dentine 

Hardness (Gpa) 3.03 0.58 

Flexural strength (Mpa) 141 172 

Compressive strength (Mpa) 384 297 

Tensile strength (Mpa) 10 52 

Fracture toughness (Mpa m
1/2

) 0.77 3.4 

Young's modulus (Gpa) 94 20 

Coefficient of thermal expansion (µm/m
o
K) 11.4 8.3 

Density (g/cm
-3

) 2.97 2.14 

Thermal conductivity (Wm
-1

K
-1

) 0.93 0.57 

Friction coefficient µ 0.14 0.31 

 

 Biomechanical process of mastication  1.2.

The biomechanical process of mastication is very complex. It is regulated by trigger 

zones in the brain stem and submitted to multiple feedback mechanisms, some of 

which are located in the periodontal ligament [27]. Mastication reduces the food 

bolus to a few square millimetres, which facilitates swallowing and aids digestion. 

The typical masticatory cycle can be divided into phases [28, 29]. Initially the 

mandible opens and slides into a lateral position to achieve physical contact with the 

food bolus. The second phase commences when the dentition contacts the food bolus 

and an occlusal load is applied. This load compresses the food bolus and essentially 

prepares the food for swallowing. In the final phase, the teeth move back to their 

original position.  

 



5 

 

The entire masticatory movement is further complicated because it is completed in 

two planes: the horizontal (lateral) and frontal planes [30]. In the horizontal plane, 

the movement line is an arc formed by rotation around the working condyle of the 

temporomandibular joint. When the working condyle is moving to a lateral position, 

the teeth on the balancing side lose contact in most patients. The profile of the force 

curve corresponds to the positive half of a sine curve and is therefore also called 

Haversine Wave Form [30].  

 

The masticatory force depends on the texture of the food as well as on the location 

within the oral cavity. Higher forces are exerted in the posterior region and when 

grinding hard food. However, the biting force varies substantially between different 

individuals. The magnitude of biting force is in the range of 10 to 20 N in the initial 

biting phase and in the range of 100 to 140 N in the molars and 25 to 45 N in the 

incisor teeth at the end of the chewing cycle [31]. 

 

The mean duration of a typical masticatory cycle is approximately 0.8 seconds. The 

mean duration of occlusion is only approximately 0.4 to 0.6 seconds [ 27, 31] and the 

sliding distance is less than 1mm with a speed of 0.25 to 0.5 mm/sec [32]. Despite 

these averages there are many influencing factors that can alter the duration of a 

cycle [32].  

 

Tooth contact periods add up to 15 to 30 minutes per day, depending on the eating 

frequencies and habits, not including the tooth contact during swallowing, which, 

however is only of a lower magnitude. If a mean chewing frequency of 

approximately 1.5 Hz and a chewing time of approximately 20 minutes per day are 

assumed, an individual carries out 4.87 million chewing cycles per year [32].  
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 CHAPTER 2 

TOOTH WEAR 

 

 Historical background  2.1.

Tooth wear and friction mechanisms have been an area of scientific interest for many 

centuries [33], and tooth wear observations derived from human skulls were first 

published by Hunter [34] in one of the first text books dedicated to dentistry, ‘The 

Natural History of Human teeth. Explaining their Structure, Use, Formation, Growth 

and Diseases.’  Since these modest beginnings of scientific tooth wear investigations,  

many diverse populations have been studied by an extensive list of researchers, and 

the wisdom attained concludes tooth wear to be a normal physiological process when 

the worn teeth remain functional throughout one’s life [35]. It is apparent that there is 

variation of tooth wear in relation to its severity and pattern between various 

populations and this variation is hypothesized to be associated with the abrasiveness 

of the diet, the use of the teeth as tools, the environment, culture and gender of an 

individual [36].   

 

Anthropological studies documenting historic populations report wear to occur 

mostly on the occlusal and interproximal surfaces. Anthropologists postulated this 

was advantageous from an evolutionary perspective for numerous reasons. Firstly, 

wear leads to flattening of the occlusal and interproximal surfaces causing an 

increased degree of lateral tooth contact. This leads to increased efficiency of 

mastication by increasing the degree of shearing force [36]. 

Secondly, the accompanying compensatory changes facilitated continued stability 

and function of the masticatory system [37]. Specifically, compensatory 

stomatognathic and dentoalveolar changes consist of continued tooth eruption, 

coronal migration and up-righting of anterior dentition, mesial drift and forward 

shifting of the mandibular teeth [38].  
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Clinical investigations report wear to historically be due to two main factors. The 

first factor being the increased number of chewing strokes necessary to adequately 

‘prepare’ less refined and tougher foods into a bolus ready to swallow, and secondly 

due to the friction of the exogenous materials forced over the tooth surfaces [39, 40]. 

The correlation of hard and more abrasive food with advanced tooth wear has also 

been shown in more recent times by studying modern day indigenous populations 

who share coarse diets similar to historical populations such as Australian Aborigines 

[33].  

 

The extent and severity of tooth wear on a population level has reduced in modern 

times. This has been postulated to be due to a softer, more refined and processed diet 

[39]. Despite the overall reduction of excessive or pathological tooth wear on a 

population level, it still remains to be a clinical problem in modern times.      

 

 Clinical importance of wear of teeth and dental materials 2.2.

Wear of the enamel and dentine tissues of human teeth can result in various changes 

in the stomatognathic system. Such changes and outcomes, of which the degree of 

severity can be variable, include the following.  Negative aesthetical effects, negative 

biological outcomes, such as increased risk of pulpitis, remodelling of the 

temporomandibular joints, ingestion or inhalation of potentially harmful artificial 

materials [41, 42]  and negative functional effects including pathological opposing 

and adjacent teeth relationships, and a reduction of occlusal vertical height [43]. 

  

The evidence that occlusal wear leads to biological consequences on the 

stomatognathic system including dysfunction of the temporomandibular joint (TMJ), 

muscle pain or periodontal disease is limited and studies are conflicting [44-47]. Due 

to the highly adaptive capacity of the stomatognathic system, severe wear of the 

occlusal surfaces is not correlated with deteriorating oral health, and  the loss of 

posterior support does not necessarily lead to increased wear of anterior teeth [48] 
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nor lead to an increased risk of temporomandibular disorder [49].  

 

 Wear behaviour of enamel and dentine 2.3.

Dental enamel is highly resistant to wear with an annual wear rate of approximately 

30-40mm [50, 51]. This quality is attributed to the intricate crystallite orientation of 

the enamel prisms, which give the enamel unparalleled hardness. The wear of enamel 

is mainly resulting from microfracture processes and characterised by delamination 

and microploughing. It does not appear to increase on a linear basis and is 

independent of the tooth type. With all other factors being equal, the wear rate of 

enamel is higher during the first two years with contact with the opposing teeth 

(running-in phase) and decreases thereafter (steady-state phase). This is likely due to 

the increase in surface area, resulting in a reduction in occlusal stress per unit area of 

tooth structure. The surface hardness of enamel and its wear depth varies with age 

and consequently, lower hardness and higher wear depths were observed in patients 

belonging to older age groups compared with patients belonging to young or middle 

aged groups [52]. The wear rate of enamel is defined as pathological when it is 

greater than 40 microns per year [53], however other definitions and criteria have 

been documented [54].  

 

 Aetiology, mechanisms and definitions of tooth wear processes 2.4.

The Institution of Mechanical Engineers defines wear as “the progressive and 

destructive loss of a substance or material from the surface of a body brought about 

by mechanical action” [56].  More specifically to dentistry, tooth wear is defined as a 

macro-level oral manifestation [57] from at least five underlying aetiological 

processes, which seldom act mutually exclusively [58] but instead occur either 

synergistically, sequentially or alternately, and their influence can commonly be 

additive resulting in a much greater rate of tooth surface loss compared to if there 

was only one mechanism of tooth wear occurring [59].   

The definition of processes associated with tooth wear such as “attrition”, “abrasion”, 
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“abfraction”, “corrosion” and “erosion” historically was often interchangeable and 

has contributed to confusion amongst colleagues. This may be due to the fact that 

such terms have slightly different meanings whether used by dental material 

scientists, oral biologists, pathologists, epidemiologists or tribologists when 

describing tooth wear. More recently, the definitions describing the general 

mechanisms of tooth wear have become more clearly described [60, 61].     

 

 Attrition 2.5.

Attrition is originally a Latin word which means ‘rubbing against’ [33] however in 

modern times the definition has been expanded to describe the loss of tooth surface 

structure or ‘wear’ due to frictional and shear forces that occurs between opposing 

tooth contacts, without a food bolus or anything between them [62]. The 

characteristics and presentation of tooth wear due to attrition mainly include lustrous 

wear facets in opposing arches which correlate in a specific jaw relationship. With an 

increasing severity of attrition, tooth surfaces including cusp tips, incisal edges, 

occlusal and palatal surfaces are affected [50, 63], and the exposure of dentine is 

more likely which is a common characteristic of advanced wear [64]. Attrition does 

not clinically present with cupping of the dentine since the rate of dentine wear 

remains equal to the rate of enamel wear [33] (Figure 2.1). 

 

Figure 2.1.1: Clincial image of male patient, 22 years of age. Severe attrition associated with 

parafunctional habit.  
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Figure 2.1.2: Occlusal view of upper teeth. Note loss of cusp tips and flattened occlusal surfaces. 

 

 

 

Figure 2.1.3: Occlusal view of lower teeth. 

 

     
 

Figure 2.1.4: Right lateral view. Note equal dentine and enamel tissue height and communication of 

opposing teeth wear facets in lateral mandibular movement 
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Figure 2.1.5: Left lateral view. 

Attrition-affected enamel examined under light microscopy and scanning electron 

microscope presents as intricate parallel striations within the borders and confines of 

the wear facets (Figure 2.2).    

 

Figure 2.2: Scanning electron microscope image of wear facet showing parallel striations. The dentine 

(d) is not scooped out and is at the same level as the enamel (e)[33]. 

 

Opposing teeth contact during the conscious activity of chewing food and as a side 

effect during other processes, such as swallowing and speaking. Tooth contacts other 

than these are attributed to parafunctional or pathological actions or habits, namely 

bruxism [65].  

The underlying mechanisms of parafunctional activity are multifactorial however 

largely unclear [66]. Parafunction has been thought to be associated with sleep 

disorders or a natural habitual process which is a characteristic of not only humans 

but other mammalian species. Based on several cross-sectional studies, estimates 

assume that the prevalence of parafunction in the industrialised countries is in the 

range of 20% with physiological stress factors being the most important aetiological 
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factor [67]. 

Parafunctional tooth contacting habits effectively increase the duration of frictional 

contact between teeth, resulting in a greater loss of tooth structure due to attrition 

[68, 69]. Longitudinal prospective studies show annual enamel loss in bruxers to be 

three or four times greater than that in non-bruxers [64]. The masticatory muscle 

forces and resultant bite force generated during normal and parafunctional activity 

may influence the rate of wear due to attrition [65], however clinical studies to 

support this hypothesis are unclear [70, 71]. Furthermore there is evidence to suggest 

muscle activity does not correlate with an increased maximal bite force and there is 

no difference in maximal bite force between people with pathologic attrition and 

people with healthy dentitions [67, 72]. Overloading and subjecting the teeth to 

excessively high occlusal forces is controlled by the protective feedback mechanism 

from the periodontal ligament nociceptors which are more sensitive to forces along 

the long axis of the tooth compared to lateral forces. 

 

Attempts have been made to assess if there is a correlation between the number of 

occlusal contacts and the resulting amount of wear. The number of occluding 

contacts has been found to be proportional to the increase of attrition [71] however 

there are reports stating no relationship between missing posterior teeth and incisal 

tooth wear [73].   

 

 Abrasion 2.6.

Abrasion wear (from Latin abrasio = wear or abradere = to scratch off) is the term to 

describe the mechanism of wear as a result of frictional forces between a tooth and 

an exogenous material. The location of wear often reflects its causative factors. 

Buccal and lingual tooth surfaces are more likely to be abraded when exposed to 

mechanical oral hygiene procedures, while occlusal surfaces are subject to both 

attrition and abrasive wear, which occurs almost simultaneously or in short 

subsequent episodes. Abrasion is linearly associated with age and diet [74].  It is 

more prevalent in cultures with a hard and abrasive diet than in cultures who ingest 
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refined and soft consistency food [33, 62]. Other common exogenous materials that 

have been known to cause abrasive wear include overzealous tooth brushing, 

incorrect use of floss and toothpicks, detrimental oral habits such as chewing 

tobacco, biting on hard objects such as pens, pencils or pipe stems; opening hair pins 

with teeth; and biting fingernails. Less common causes specific to certain 

occupations may occur among tailors or seamstresses who sever thread with their 

teeth, shoemakers and upholsterers who hold nails between their teeth, and 

glassblowers, and musicians who play wind instruments [33].  

   

Light microscopy and scanning electron microscope studies reveal tooth surfaces 

affected by abrasion are pitted and gouged. Exposed dentine is likely to wear at a 

higher rate than surrounding enamel and will appear to be scooped out (Figure 2.3). 

Unlike wear by attrition which shows parallel striations, abrasive worn surfaces show 

irregular random scratch marks.  

 

 

Figure 2.3: An example showing the effect of an abrasive diet on the teeth of a pre-contemporary 

Australian Aboriginal. Note the gouged and pitted enamel and the scooping of the dentine [33]. 
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Figure 2.4: Microwear detail of an abrasion area showing haphazard scratch marks [33]. 

 

 

 

Figure 2.5: Clinical image of abrasion lesions on occlusal surfaces. Patient is 43 years old with history 

of gastric oesophageal reflux disease, severe parafunctional activity and hard bristle tooth brush. Note 

striations of enamel and scooping of the dentine. 
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Non carious cervical lesions (NCCL’s) is a term to describe the clinical presentation 

of an abrasion or abfraction lesion on the buccal cervical region of a tooth. This type 

of lesion has become more prevalent in modern times [75]. The aetiology of NCCLs 

is multifactorial [76] and there are numerous aetiological, predisposing  and 

perpetuating factors [55].  Risk factors include tooth brushing techniques, frequency, 

duration,  bristle design, hardness and dentrifice abrasiveness [77]. The presence of 

an acidic environment dramatically increases the rate and severity of these types of 

wear lesions [55] (Figure 2.6). 

 

 

Figure 2.6: Clinical image of 65 year old patient with non carious cervical lesions. Self-performed 

plaque control with hard bristle toothbrush.  

 

Abfraction is a term used to describe the loss of tooth structure which is not due to 

wear but instead is the result of high tensile stress concentration from non-axial 

occlusal forces at the fulcrum point which is consistent with the most coronal point 

of the alveolar bone [78]. 
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It has been hypothesised that this flexure causes fatigue and leads to breaking away 

of thin layers of enamel rods, and microfracture of cementum and dentine, frequently 

leading to a crescent form along the cervical line [79, 80]. Based on the clinical 

presentation of a non carious cervical lesion, it is difficult to determine the 

aetiological factors (Figure 2.7). 

 

  

Figure 2.7: Multifactorial aetiology of NCCls resulting in variation in NCCL morphology.   

 

 Adhesion 2.7.

Adhesion wear (from Latin adhaesio =adherence) occurs when two solid surfaces 

slide over one another under pressure. Surface projections or asperities are plastically 

deformed and eventually joined together by the high local pressure. In the process, 

material may be transferred from the artificial material on one tooth to the artificial 

material on the opposing tooth or to the tooth enamel. Likewise, a similar transfer of 

material may happen on the proximal surfaces of neighbouring or adjacent teeth [81, 

82]. 
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 Erosion 2.8.

According to the American Society for Testing and Materials Committee on 

Standards, erosion is defined as  is “the progressive loss of a material from a solid 

surface due to mechanical interaction between that surface and a fluid, a 

multicomponent fluid, impinging  liquid or solid particles” [83]. This definition does 

not correlate precisely with the definition of dental erosion popularised in dental 

journals over the last few decades. 

 

In dentistry, erosion describes the wear process due to the chemical dissolution of 

tooth surface from the action of acid not produced by bacteria [84]. This chemical 

process of tooth loss may be exacerbated by the superimposing mechanical factors 

[85] and may produce defects that are sharply defined, wedge-shaped depressions 

often in facial and cervical areas [86]. 

 

Due to the variation of the definitions of the term erosion, the term ‘corrosion’ may 

be more appropriate than the term ‘erosion’ [87]. It has been suggested “erosion” 

should be deleted from the dental lexicon and supplanted by the term “corrosion” to 

denote the tooth surface loss due to acidic chemical dissolution where the origin of 

acid is not from bacteria.  

  

At an early stage, the clinical presentation of a corrosive lesion is a smooth, glazed 

unstained appearance. Dentinal scooping is commonly seen with some degree of 

sensitivity because dentinal tubules remain patent [88]. Loss of enamel makes the 

incisal edges and proximal surfaces of anterior teeth become more translucent and 

the teeth appearing darker because of the translucency of the underlying dentine [89]. 

At high magnification, lesions appear smooth and clean (Figure. 2.8). 
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Figure 2.8: Micrograph of erosion lesion (courtesy of Dr S. Ranjitkar). Note the lack of mechanical 

wear. 

 

The acids which contribute to corrosion of tooth surfaces originate externally or 

internally. Internal or endogenous sources of acid specifically include gastric acids 

which communicate with the oral cavity [90]. Bulimia nervosa and gastric 

oesophogeal reflux disease are known causes of dental corrosion which arise from 

stomach acids. The tooth surface loss associated with these conditions can in many 

cases be unique. In regards to bulimia nervosa, dental corrosion is most marked on 

the palatal surfaces of maxillary anterior teeth and, in more severe cases, on the 

buccal surfaces of posterior teeth [91].   

 

Gastroesophageal reflux disease is associated with slower movement of gastric acids 

into the oral cavity from the stomach compared to the gastric acid movement of 

bulimia. The corrosive tooth wear pattern of gastroesophageal reflux disease has 

been suggested to be different from patients suffering from bulimia. Typical sites of 

corrosion include the posterior occlusal, anterior palatal and cervical regions [68, 69, 

92]. Such areas correlate to where gastric reflux fluid may pool during sleeping 
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periods. Enamel appears thin and translucent in the affected areas, and invaginated 

areas develop where dentine has been exposed on the occlusal or incisal surfaces. 

This dentinal cupping results from the joint digestive action of hydrochloric acid and 

the proteolytic enzyme pepsin that is contained in gastric juice [90]. Dentine is 

significantly more susceptible to dental corrosion in relation to enamel essentially 

due to its physical and chemical properties [93] (Figure 2.9). 

 

 

Figure 2.9: Maxillary left first incisor showing erosion on the incisal edge and on the palatal surface. 

Palatal enamel is mostly eroded, even into the gingival sulcus. Palatal dentine is finely striated. This 

tooth was from a patient with Bulimia nervosa [59]. 

 

Exogenous sources of corrosion include any acidic food or liquid substance with a 

critical pH value of less than 5.5 [94, 95]. Patients who ingest large volumes of 

exogenous low pH acids at a higher frequency are at a greater risk of tooth surface 

loss due to corrosion than patients who limit their intake of such exogenous acidic 

food and beverages. Citrus fruits, drinking carbonated soft drinks, alcoholic drinks, 

chewing vitamin C tablets and sucking sour candies greatly increase the risk of 

corrosion. Acidulated carbonated soft drinks are strong corrosive agents due to the 

presence of added citric and phosphoric acids and citrate ions rather than from the 

carbon dioxide they contain. More specifically, the corrosive potential of an acidic 

drink does not depend exclusively on its pH value, but is also strongly influenced by 
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its buffering capacity, the chelation properties of the acid and by the frequency and 

duration of ingestion [95, 96]. Acids not only chelate and dissolve the mineral 

content of the tooth but also soften the tooth surface rendering it more susceptible to 

the harmful effects of attrition and abrasion. 

 

Certain occupations can increase the risk of corrosion. The main cause of 

environmental corrosion is the presence of acidic materials in the work place. 

Characteristically, the erosion lesions are localised to the labial surfaces of the 

maxillary and mandibular incisors [68, 70, 97]. The prevalence of corrosive lesions is 

higher in wine tasters, competitive swimmers [98] and miners in dusty environments 

[70]. 

 

Dental caries is a dynamic bio-corrosive process resulting in the loss of tooth 

structure due to the accumulation of acidic by-products produced by commensal 

bacterial species colonising in undisturbed dental plaque [96]. While dental corrosion  

involves degradation of the surface, dental caries initiates demineralisation at the 

subsurface of the tooth structure [75].   

 

 Saliva and tooth wear  2.9.

Saliva plays a vital role in the protection of tooth structure from all mechanisms of 

tooth wear, especially corrosion. Its relevant functions to minimising tooth wear 

include lubrication due to the presence of glycoproteins and mucopolysaccaharides,  

the formation of the acquired pellicle due to the absorbtion of salivary proteins to 

hard dental tissue, controlling the balance of mineral loss and gain by acting as a 

reservoir for ions such as calcium, phosphate and possibly fluoride that are needed 

for the remineralisation process, and finally it is responsible for cleansing, buffering  

and neutralising potentially harmful acids [70, 92, 99].   
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 Prevalence of tooth wear 2.10.

The lack of documentation of the type of tooth wear [66] analysed and the difficulty 

in comparing in vitro and in vivo studies with different methodologies and 

epidemiological research tools designed to assess, measure and document tooth wear 

[39, 100] has contributed to the lack of clear understanding on the prevalence and 

severity of tooth wear in modern societies [79-82].  

  

 Tooth wear and Quality of Life    2.11.

A study was completed to determine if tooth wear had any impact or correlation to 

daily living, quality of life and the patient’s satisfaction with their own dentition 

[101]. From a pool of 76 patients with tooth wear and based on various biological, 

functional and aesthetic parameters, 36% of tooth wear patients were not satisfied 

with their dentition. This was in comparison to only 3.9% of the control group 

(n=76), which composed of subjects with tooth wear that was considered within 

normal limits for their particular age group. The study also noted that when wear was 

moderate to severe in relation to the patient’s age, eating ability was compromised 

and oral discomfort was more common [101]. 
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CHAPTER 3 

WEAR & SURFACE TEXTURE ANALYSIS 

 

 Methods of assessment of tooth and restorative material wear 3.1.

There are various qualitative and quantitative methods of tooth surface and wear 

assessment which provide different insights into tooth wear processes in vivo and in 

vitro  [102]. They range from two dimensional simple descriptive and imaging 

techniques for describing macro- and microscopic wear to complex three 

dimensional elemental analyses. Each method has its own advantages and limitations 

depending on its mode of action and this makes a particular method or instrument 

more suitable for some applications compared to others. To improve precision, 

reliability and validity of surface measurements, more than one method of 

assessment is desirable. Recent publications have emphasised the importance of 3D 

surface topography in science and engineering applications.  

 

 Qualitative wear assessment methods 3.2.

Qualitative in vivo tooth wear can be assessed by visually documenting the clinical 

appearance of a tooth or restorative surface, and comparing changes that have 

occurred over a period of time to a standardised series of models or photographs or 

by using tooth wear indices such as the Tooth Wear Index (TWI) and United States 

Public Health Services (USPHS) criteria. 

 

 Tooth Wear Index 3.2.1.

The Tooth Wear Index (TWI), developed in 1984, assesses the wear of enamel [57]. 

Each visible tooth surface (buccal, lingual, occlusal/incisal) together with a separate 

score for the buccal cervical area is recorded and categorised into one of the four 

scoring groups. It does not take into consideration the aetiological factors, nor does it 
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detect minor changes in wear. It is more suitable for epidemiology studies [102]. 

 

 United States Public Health Services criteria 3.2.2.

The United States Public Health Services (USPHS) criteria is a scoring system to 

provide a standardised and structured tool to evaluate, assess and compare the 

clinical work of general practitioners and collect data for insurance companies [103].   

 

Among many other criteria, wear of material is evaluated as part of the USPHS 

scoring system. Initially the evaluation of wear was subjective, limiting the validity 

[104]. Recently, a group of renowned scientists have further developed the USPHS 

criteria by systematically structuring them based on evidence and normative and 

subjective guidelines, acknowledging, however, that wear can only be quantified by 

sophisticated equipment [105]. 

 

 Clinical comparative scales 3.2.3.

Various clinical comparative scales of wear have been developed. Historically, 

clinical wear used to be quantified by comparing cast replicas with a set of standards, 

known as scales. Two evaluators would compare the replica with the standards by 

means of loupes and assign a wear value [106]. The scales were based on the concept 

that material loss at the restoration margin was indicative of the loss of material over 

the entire restoration surface.  

 

Mainly three different scales were propagated at that time. The Leinfelder scale 

[107], which used 6 calibrated die stone standards from clinical restorations, 

exhibiting approximately100–500 µm of occlusal loss; the Moffa–Lugassy (M–L) 

scale [108], which used 18 standard dies with cylindrical incremental defects ranging 

from 25 µm to 1000 µm; and the Vivadent scale (modification of M–L scale) which 

used tooth sized dies with restoration-like incremental defects.  
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All scales involved problems with internal and external validity. By applying the 

standard scales, the agreement among different evaluators can vary tremendously, 

especially amongst inexperienced evaluators [109]; the Vivadent scale, however, 

consistently achieved the highest level of agreement. Yet, even the Vivadent scale 

was shown to lacking in accuracy, as it was proven that the actual wear is 

systematically underestimated when the results obtained with the Vivadent scale 

were compared with those obtained with sophisticated laser equipment [110].   

  

 Hardness and erosive wear 3.2.4.

Hardness measurements can provide information about enamel erosive lesions 

because the erosive process weakens and softens the enamel surface [111, 112].  

Commonly used measurement methods are microindentation and nanoindentation or 

ultra-microindentation. While microindentation gives the results in Knoop hardness 

number (KHN) or Vickers hardness number (VHN), nanoindentation results can be 

read in the SI unit of Pascals (Nm
-2

). An advantage of nanoindentation is that it can 

measure enamel erosion lesions at an earlier stage because the measurement can 

detect a lesion that is as small as 200nm [113]. Also, nanoindentation can explore 

both the plastic and elastic deformation for the surface while microindentation 

investigates only plastic deformation [111, 112]. However, microindentation is less 

expensive and the process is faster and simpler. Both techniques require the 

specimens to be polished flat before subjected to experiment. 

 

 Quantitative methods of wear analysis 3.3.

Mechanical and electro-optical sensors derived from industry are available for the 

quantification of clinical wear. These quantitative methods include: chemical 

analysis, microradiography, digital image analysis, surface profilometry and  

mapping, scanning electron microscopy, atomic force microscopy, and secondary ion 

mass spectroscopy [102]. These are mainly used for in vitro investigations [114]. 
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To correctly assess wear with such instrumentation it is necessary to take an accurate 

light-body polyvinylsiloxane impression and measure the wear extra-orally. This 

allows the researcher to transfer longitudinal research information from the in vivo 

setting to the in vitro laboratory setting which allows more efficient assessment of 

tooth wear. A comparative analysis of accuracy of clinical wear measurement using 

replica models revealed no difference between individually fitted and conventional 

trays [115].   

 

 Chemical analysis 3.3.1.

Erosion studies often use chemical methods to measure the degree of 

demineralisation. Here, the concentration of calcium and phosphate in the solution is 

quantified after apatite dissolution in acid [102, 112]. The technique is sensitive and 

accurate and provides information on the concentration of ions released [111].  

 

 Microradiography 3.3.2.

Microradiography determines a volume change due to the loss of minerals and a 

change in sample lesion depth. This assessment is based on the attenuation of X-rays 

by dental hard tissues. The mineral density of enamel and dentine can be recorded 

based on the amount of radiation that penetrates through the dental hard tissue onto a 

photo counting and X- ray recording detector [102, 111, 112].  

 

 Digital image analysis 3.3.3.

With digital image analysis, images generated by computers can be compared to 

measure erosive or abrasive lesions. However, there exists a potential for errors with 

the method [102].  
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 Surface profilometry and mapping 3.3.4.

Methods appropriate for surface profilometry and mapping include: mechanical 

contact profilometers, noncontact laser profilometers, interference microscopy, 

confocal laser scanning-microscopy, atomic force microscopy, laser specular 

reflectance and scanning tunnel microscopy [102, 116, 117]. All the mentioned 

quantitative techniques have limitations in range and resolution and they are scale 

dependent, i.e. information on  measurement scale and cut-off filters are needed 

when discussing measurement results [118]. 

 

 Mechanical contact profilometer  3.3.4.1.

A mechanical contact profilometer or stylus instrument traces the specimen surface 

to record two or three dimensional coordinates [102, 116, 117]. Stylus instruments 

are based on the principle of running a probe across a surface in order to detect 

variations in height as a function of distance [119, 120]. Early stylus instruments 

employed a system of levers to magnify the vertical displacement of the stylus and 

recorded the profile on a smoked-glass plate however with technological advances; 

transducers were incorporated into stylus instruments which converted vertical 

displacement into an electrical signal. This signal can then be processed by the 

instrument electronics to calculate a suitable roughness parameter.  

 

Modern mechanical contact stylus instruments have a diameter tip of 0.1mm or 

larger and loaded with a pre-determined force in the milli-newton range [112, 116]. 

Mechanical contact profilometer produces more accurate results compared to non-

contacting profilometry and is not affected by differences in surface material 

properties such as colour or transparency. The degree of precision of contact 

profilometry is 2.2um and it has an accuracy of 10um [117]. To ensure optimal 

accuracy  of mechanical contact profilometry, a high degree of precision in specimen 

orientation and positioning  during analysis is necessary [102].   
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Some error can be introduced in roughness measurements when a stylus instrument 

is used because of several factors. Some of these factors include the size of the 

stylus, stylus load, stylus speed, and lateral deflection by asperities. The effect of 

stylus size is illustrated in Figure 3.1, which is a schematic comparison of an actual 

profile against the traced profile [119]. The effect of stylus size becomes more 

significant as the curvature of the peaks and valleys decreases, or the magnitude of 

the slope increases [119]. Studies show that stylus speed and lateral deflection are 

only minor sources of error [119]. The contacting stylus may also damage the surface 

of specimen especially if the surface is dematerialised or has a low hardness [112, 

116]. 

 

Figure 3.1: Distortion of a surface profile due to the effect of stylus size [119].  

  

 Non-contact profilometer 3.3.4.2.

A non-contact light or laser sensor traces the surface to record two or three 

dimensional coordinates [102, 116, 117]. Non-contacting profilometers are optical 

instruments and use lasers or lights of different colours. The advantages of the laser 

profilometers include the fact that they do not contact the surface and the scanning 

time is much shorter than systems using contacting sensors [102, 116, 121].  

However, laser systems require an opaque, diffuse reflecting surface and the laser 

stylus may produce “overshoots” at the sharp edges, resulting in artefacts [112, 116].      
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3.3.4.2.1. Engineering principles of non contacting optical profilometer 

A beam of electromagnetic radiation can be reflected off a surface in three different 

ways: specular, diffusely, or both [119]. This is illustrated in Figure 3.2. Depending 

on the surface roughness, radiation of a certain wavelength may be reflected 

specularly, while radiation of another wavelength may be reflected diffusely. Thus, 

the amount of specular and diffuse reflection can be used to determine surface 

roughness [120]. Light section microscopes that employ specular reflection to 

characterise roughness, work as follows. An image of a slit is projected onto the 

surface and the objective lens captures the image at the specular reflection angle. If 

the surface is smooth, the image obtained will be straight; however, if the surface is 

rough, an undulating pattern will be observed [119].   

 

(a) (b)

(c)

 
Figure 3.2: Modes of Reflection[119]: (a) Combined Specular and Diffuse; (b) Specular Only; (c) 

Diffuse Only. 

 

The interaction of polarised light with a surface can also be employed to evaluate 

surface roughness. Such is the case of the long-path length optical profiler, which 
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focuses a laser beam onto a surface by means of an arrangement of mirrors [119]. 

Before reaching the specimen, the laser goes through a Wollaston prism that 

polarises the beam into two orthogonal components. The beams are then focused 

onto the surface where they reflect back to the prism. Finally, the reflected beams are 

directed to a beam splitter, which sends each beam to a different detector. The phase 

difference of the polarised beams, which is related to the height difference at the 

surface, results in a voltage difference that can be measured [119]. 

 

 Scanning Electron Microscopy 3.3.5.

Scanning electron microscopy (SEM) characterizes surface-topography qualitatively 

and has a high lateral resolution as well as a large depth of focus. When two SEM 

micrographs are studied, e.g. stereo-SEM, quantitative assessments can also be 

performed [118]. There are two methods of SEM specimen preparation. The most 

common method is when the specimens are coating with graphite/carbon/ and 

assessed in the SEM under vacuum. This technique however may lead the crack 

formation and propagation in specimens fabricated from certain materials. Such 

crack would negatively influence the results of a study. To overcome this limitation, 

another technique “environmental SEM”,  involves uncoated samples viewed in a 

pressurised container instead of a vacuum [118]. 

 

3.3.6 Atomic Force Microscopy 

Atomic force microscopy (AFM) uses a cantilever probe tip to detect weak forces on 

a specimen. It is essentially an example of a scanning probe microscope. It is useful 

in studies of abrasion, binding, cleansing, corrosion, acidification, friction, 

lubrication, and coating. The system uses a topographic surface view at the 

nanometer level to measure the forces between molecules [76].  

 

While the specimen sample moves in the x-y direction the pointed end of the 

cantilevered probe can either make contact with the specimen surface or function in a 
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non-contact mode. The scanning moves along the x-y direction and detects the 

extremely small repulsion forces from the probe and the surface of the specimen, and 

moves up and down vertically following the shape of the surface. All of the data can 

be collected by using lasers, piezo electric sensors or photoelectric sensors. The 

piezo electric sensors send a voltage to a transducer whenever a movement from the 

cantilever is made. The photoelectric sensor is able to measure movement based on 

changes in the incident angle made by changes cantilevers movement. The principle 

of the laser works in the same manner as the photoelectric sensor. Only in contact 

mode or in a state of strong repulsive forces can the highest resolution be achieved 

[120]. Figure 3.3 is a representation of the three different sensors on the AFM 

Machine. 

 

AFM delivers an accurate three dimensional high resolution quantitative assessment 

[111]. It specifically provides accurate surface altitude parameters including various 

details including densely located elevations or valleys; tiny, small, and spiny juts; 

smooth and flat parts; cracks, breaches, craters, or holes; wide-angled and round 

elevations and valleys; deteriorated surface images; asymmetric or parallel areas; and 

shiny, smooth surfaces [122-124].  

 

Compared with profilometry and visual assessment, the advantage of AFM is mainly 

greater detail of surface texture. It also does not require the specimens to be 

hydrated, coated or vacuumed, therefore avoiding artefacts and damage due to 

sample preparation. Although this system has high running costs and is time 

consuming, its main disadvantage is that its 3D topographic view and numerical 

parameters of surface smoothness are difficult to repeat because the scanning field is 

smaller than in other methods [125, 126].     
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Figure 3.3: Working principles of AFM[120]. 

 

 Secondary ion mass spectroscopy 3.3.6.

Secondary ion mass spectroscopy “is a form of mass spectroscopy in which a beam 

of ions is incident on a surface, causing the ejection of secondary ions which are 

spectroscopically analysed” [111]. The technique is extremely sensitive and is used 

as an effective tool to analyse major and trace elements in dental hard tissues [127].   

A review of the literature revealed that usually SEM and profilometry [3, 128-130] 

or rarely SEM and visual assessment [131] or AFM and profilometry [124] are used 

together. There are also studies that used a single method to analyse the surface 

smoothness of dental ceramics, for example, SEM [132] visual assessment 

[133], AFM [122], laser specular reflectance system [134], or profilometry [135, 

136].   
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 Importance of surface texture analysis in dentistry 3.4.

Characterisation of surface topography is important in applications involving 

friction, lubrication, and wear [119]. In general, it has been found that friction 

increases with average roughness and therefore roughness parameters of ceramics 

and dental hard tissue is important since it plays a major factor in the process of 

wear.  

 

The characterisation of surface topography, texture or roughness can be done in two 

principal planes [119]. Using a sinusoidal curve as a simplified model of the surface 

profile, roughness can be measured at right angles to the surface in terms of the wave 

amplitude, and parallel to the surface in terms of the surface wavelength. The latter 

one is also recognised as texture. The technique used to measure roughness in any of 

these two planes will inevitably have certain limitations. The smallest amplitude and 

wavelength that the instrument can detect corresponds to its vertical and horizontal 

resolution, respectively. Similarly, the largest amplitude and wavelength that can be 

measured by the instrument are the vertical and horizontal range.   

  

In statistical terms, the parameters used to characterise surface topography are 

divided into central, second, third and fourth moments. Central moments include 

parameters which assess the altitude of the surface or the distribution of heights such 

as centre average line (CLA) or average surface roughness (Ra) and root mean 

square (RMS) [137]. The second moment is known as the variance and represents 

the deviation of the distribution from its mean. The third moment is the skewness and 

is a measure of the asymmetry of the distribution. The fourth moment is known as 

the kurtosis and represents the shape of the distribution curve [119]. 

 

In addition to amplitude parameters, there are other parameters that are used to 

characterise texture. One of them is the high-spot count (HSC), which is the number 

of peaks per unit length. Its reciprocal, Sm, is the mean spacing between peaks. 
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Another parameter used to evaluate texture is the profile length ratio RL, which is the 

length of the profile divided by its nominal length. Currently there are more than 100 

2D parameters that have been described in the literature [119]. Common surface 

texture parameters are listed in Figure 3.4. 

 

 

Figure 3.4:  Surface texture parameter [119] 

 

 Amplitude parameters 3.5.

Amplitude parameters are the most important parameters to characterise surface 

topography. They are used to measure the vertical characteristics of the surface 

deviations [138]. 
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 Roughness Amplitude Parameters 3.5.1.

Average Roughness (Ra) describes the overall mean roughness of a surface and is the 

area between the roughness profile and its mean line over a sampling length or the 

integral of the absolute value of the roughness profile height over the evaluation 

length. It is also known as arithmetic average (AA), centre line average (CLA), and 

arithmetical mean deviation of the profile [139].  

 

When evaluated from digital data, the integral is normally approximated by a 

trapezoidal rule: Graphically, the average roughness is the area (shown below) 

between the roughness profile and its centre line divided by the evaluation length 

(normally five sample lengths with each sample length equal to one cut-off. 

 

Average roughness (Ra) is one of the most effective and common surface roughness 

measures. It is easy to define, easy to measure, requires the least sophisticated 

instruments and gives a good general description of the height variations of a surface. 

Average roughness (Ra) however provides limited information on the assessed 

profile and the interpretation of the given value is difficult. This is because it is a true 

amplitude parameter and gives no information of the profile data. Specifically it does 

not give any information on the spatial structure such as the wavelength, does not 

differentiate between peaks/valleys [138] and is not sensitive to small changes in 

profile [119] (Figure 3.5). 
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Figure 3.5: the limitations of Average mean roughness. Variations in wavelength are not evident with 

surface texture parameter ‘Average mean roughness.’ All graphical representations showing surface 

roughness have the same Ra value. 

 

The mathematics definition and the digital implementation of the arithmetic average 

height parameter are shown respectively in Figure 3.6 and correlate with the 

graphical representation shown in Figure 3.7. 

 

  

Figure 3.6: Mathematical definition and the digital implementation of arithmetic average height 

parameter (Ra). L = evaluation length, y = height, x = distance along measurement, Z(x) = profile 

ordinates of roughness profile. 

 

 

Figure 3.7: Ra is the arithmetic mean of the absolute departures of the roughness profile from the 

mean line. It is universally recognised as the most often used international parameter of roughness 

[137]. 
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The Root Mean Square roughness (RMS or Rq) is the root mean square average of 

the roughness profile ordinates. It represents the standard deviation of the 

distribution of surface heights, so it is an important parameter to describe the surface 

roughness by statistical methods. This parameter is more sensitive than the arithmetic 

average surface roughness (Ra) to large deviation from the mean line. The 

mathematical definition and the digital implementation of this parameter are as 

follows [140] (Figure 3.8). 

 

  

Figure 3.8: Mathematical definition and the digital implementation of the Root Mean Square 

roughness (RMS or Rq) L = evaluation length, y = height, x = distance along measurement, Z(x) = 

profile ordinates of roughness profile [140]. 

 

It provides information on the symmetry of the surface distribution on a statistical 

basis but similar to average roughness average (Ra), its disadvantages are that it 

provides no spatial structure information and does not differentiate differences 

between peaks and valleys. 

 

The RMS mean line is the line that divides the profile so that the sum of the squares 

of the deviations of the profile height from it is equal to zero [140] (Figure 3.9). 
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Figure 3.9: RMS mean line divides the profile so that the sum of the squares of the deviations of the 

profile height from it is equal to zero [140]. 

 

The mean roughness depth parameter (Rz) is a surface texture parameter which is 

more sensitive to occasional high peaks or deep valleys than average surface 

roughness (Ra). This is because maximum profile heights and not just the averages 

are taken into consideration. The Single Roughness depth (Rzi) is the vertical 

distance between the highest peak and the deepest valley within a sampling length.  

The Mean Roughness Depth (Rz) is the arithmetic mean value of the single 

roughness depths of consecutive sampling lengths. Mean roughness depth is defined 

by two methods according to the definition system. The international ISO system 

defines this parameter as the difference in height between the average of the five 

highest peaks and the five lowest valleys along the assessment lengths of the profile.  

The German DIN system defines Rz as the average of the summation of the five 

highest peaks and the five lowest valleys along the assessment length of the profile 

[114, 140]. The mathematical and graphical definition is shown in Figure 3.10. 

The Maximum Roughness Depth (Rmax) is the largest single roughness depth within 

the evaluation length. The Rmax parameter is useful for surfaces where a single 

defect is not permissible, e.g. a seal with a single scratch. Rz and Rmax are used 

together to monitor the variations of surface finish in a production process. Similar 

values of Rz and Rmax indicate a consistent surface finish, while a significant 

difference indicates a surface defect in an otherwise consistent surface [119]. 
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Figure 3.10: The mathematical and graphical  definition of mean roughness parameter Rz where n is 

the number of samples along the assessment line [140].  

 

Parameters which describe the roughness profile slope include the mean width of 

profile elements and the root mean square slope [139]. The mean width of profile 

elements (RSm) is the arithmetic mean value of the widths of the profile elements of 

the roughness profile, where a profile element is a peak and valley in the roughness 

profile. The root mean square slope (Rsq) is the root mean square average of all local 

profile slopes (Figure 3.11). Each slope is calculated using a smoothing algorithm to 

reduce the effect of random noise on the value of Rsq [140]. 
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Figure 3.11: The mean width of profile elements (RSm) is the arithmetic mean value of the widths of 

the profile elements of the roughness profile, where a profile element is a peak and valley in the 

roughness profile 139]. 

 

The Mean Levelling Depth parameter (Rpm) measures the mean value of the 

levelling depths of five consecutive sampling lengths. Exceptional profile peaks are 

thus only partly considered. By contrast to the surface parameters already described 

such as Ra and Rz, the Rpm parameter gives reliable information on the profile 

shape. Small Rpm values characterise a surface featuring wide peaks and narrow 

valleys whilst greater Rpm values indicate a spiky, sharp ridge profile [139]. The 

ratio Rpm:Rz is of special interest because the value quantifies the asymmetry of a 

profile [62, 141] and also gives valuable information on profile shape. A ratio higher 

than 0.5 indicates a sharp ridge profile, a ratio smaller than 0.5 indicates that the 

profile is rounded [142]. The levelling depth (Rp) is also the largest of the five 

levelling depths. The maximum roughness depth, (Rt) peak to valley height is the 

vertical distance between the highest peak and the lowest valley of the roughness 

profile R within the evaluation length L (Figure 3.12). 
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Figure 3.12: Mean levelling depth parameter measures the mean value of the levelling depths of five 

consecutive sampling lengths. The levelling depth (Rp) is also the largest of the five levelling depths. 

The maximum roughness depth (Rt), peak to valley height is the vertical distance between the highest 

peak and the lowest valley of the roughness profile R within the evaluation length L. [139, 141] Rpm 

= 1/5 (Rp1 + Rp2 + Rp3 + Rp4 + Rp5).
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CHAPTER 4 

TRIBOLOGY 

 

Tribology is the science and engineering of interacting surfaces in relative motion 

and of related subjects and practices [56]. It includes the study and application of the 

principles of friction, lubrication and wear [141]. Historically, Leonardo da Vinci 

was the first to formulate two laws of friction and centuries later, observations were 

made by Charles-Augustin de Coulomb [56]. 

 

The word tribology, coined in 1969 by the International Research Group on Wear of 

Engineering Materials, is derived from the Greek word tribos meaning "rubbing," so 

the literal translation would be the science of rubbing [143]. The tribological 

interactions of a solid surface with interfacing materials and the environment may 

result in loss of material from the surface. The process leading to loss of material is 

known as "wear" and there are several mechanisms of wear [56]. Wear includes six 

distinct mechanisms that have only one thing in common: the removal of solid 

material from rubbing surfaces. These mechanisms include; adhesive, abrasive, 

fatigue, impact by erosion or percussion, corrosive and electrical arc-induced wear 

[144, 145] (Figure 4.1). Other commonly encountered wear types are fretting and 

fretting corrosion. These are not distinct mechanisms, but rather combinations of the 

adhesive, corrosive, and abrasive forms of wear [58]. Surface loss can also occur in 

static situations as a result of chemical degradation (e.g. rust), but this should be 

regarded as a separate aspect of damage [146]. 
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Figure 4.1: Tribological interactions and wear mechanisms [147]. 

 

A fundamental principle of tribology is that no solid surface is perfectly smooth 

regardless of the preparation method and this inherent roughness, results in point-to-

point contact between opposing surface asperities [148]. This fundamental principle 

of tribology is particularly important in dentistry  [148]. The risk of wear can be 

minimised by surface ‘finishing’ to minimise the disparities on the surface and by the 

use of lubricants. These methods minimise frictional and adhesive wear [55].  

 

The interaction of two solid surfaces results in two manifestations. Firstly there is 

resistance to the motion which is indicated by the coefficient of friction. This 

frictional energy results in heat release and sometimes noise. Secondly, during the 

sliding process all surfaces are to a greater or lesser extent changed in their basic 

characteristics. They may become smoother or rougher, have physical properties 

such as their hardness altered, and some material may be lost in the so-called wear 

process [55, 59]. 
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 Adhesive wear 4.1.

Adhesive wear occurs when two solid surfaces rub against each other. The friction 

between the moving surfaces causes cold welding of the protuberances of the 

contacting surfaces resulting in adhesive wear [56, 149-151]. Further movement of 

the surfaces fractures these welds. The line of separation is not necessarily coincident  

with  the  original  weld [146]. The overall result is the transfer of material from one 

surface to another. The geometry of surface particle transfer defines the different 

types of adhesive wear. These types include galling, scuffing, scoring, or smearing 

[58]. This transfer element is repeatedly passed from one surface to the other and 

grows quickly to a large size, absorbing many of the transfer elements so as to form a 

flake like particle from materials of both rubbing elements. Rapid growth of this 

transfer particle finally accounts for its removal as a wear particle by a fatigue 

process resulting in three body wear (Figure 4.2). 

  

 

Figure 4.2: Adhesive wear process. Note the transfer of material from one surface to another [62]. 

 

 Abrasive wear 4.2.

Abrasive wear is defined by the American Society for Testing and Materials as the 

loss of material when a rough, hard surface slides on a softer surface and ploughs a 

series of grooves in it [83]. The surface can be ploughed and plastically deformed 

and then fracture by a low-cycle fatigue mechanism (Figure 4.3) [58]. The two 

modes of abrasive wear are known as two-body and three-body abrasive wear. Two 
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body abrasion is when the hard or sharper surface is the harder of two rubbing 

surfaces such as Sof-Lex aluminium dioxide polishing discs (Figure 4.4). Three body 

abrasion is when the hard surface is a third body, generally a small particle of grit or 

abrasive, caught between the two other surfaces and sufficiently harder that it is able 

to abrade either one or both of the mating surfaces, for example dental polishing 

pastes (Figure 4.5).    

 

 

Figure 4.3: Abrasive wear. The surface can be ploughed and plastically deformed without removal of 

material or removal can occur by a low-cycle fatigue mechanism [62]. 

  

Factors which influence type of abrasive wear which occurs and hence the manner of 

material removal include: the hardness of the materials in contact, the geometry of 

the abrasive particles, and the load and the sliding distance [56]. Three commonly 

identified mechanisms of abrasive wear which describe the manner in which the 

material is removed are; plowing, cutting and fragmentation. 

 

Plowing occurs when material is displaced to the side, away from the wear particles, 

resulting in the formation of grooves that do not involve direct material removal. The 

displaced material forms ridges adjacent to grooves, which may be removed by 

subsequent passage of abrasive particles. Ploughing may lift a ‘chip’ on the softer  

surface which may subsequently be cut by the continued sliding of the surfaces 

[152]. Cutting occurs when material is separated from the surface in the form of 

primary debris, or microchips, with little or no material displaced to the sides of the 
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grooves. This mechanism closely resembles conventional machining [141, 152]. 

Fragmentation occurs when material is separated from a surface by a cutting process 

and the indenting abrasive causes localised fracture of the wear material. These 

cracks then freely propagate locally around the wear groove, resulting in additional 

material removal by spalling [153].  

 

 

Figure 4.4: Two-body abrasive wear. If both surfaces are brittle, there is fracture of the asperities 

(upper right diagram). If one surface is harder than the other, the harder surface ‘plows’ into the softer 

surface (lower right image) [141]. 

  

 

 

Figure 4.5: Three-body abrasive wear. As the abrasive particles in the slurry flow under pressure, they 

cut away the surfaces [141]. 
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 Fatigue wear 4.3.

Fatigue wear is when there is a rolling action of the two surfaces in relation to one 

another [58]. The rolling condition results in the accumulation of shear stress at a 

subsurface level. This stress accumulation dissipates the plastic deformation energy 

of the asperities and is responsible for nucleation of cracks. An applied frictional 

force at the interface results in the propagation of subsurface cracks towards the 

surface resulting in delamination [58, 82]. Delamination is the formation of chips or 

fractured surface material and occurs after a critical number of loading cycles when 

the surface material becomes surrounded by a network of linked cracks. The breakup 

of the surface then increases risk of the formation of larger fragments and will lead to 

larger pits on the surface [81, 82].  

 

The rate of fatigue wear is non-linear and prior to the point of surface fracturing, 

negligible wear takes place, which is in marked contrast to the wear caused by 

adhesive or abrasive mechanisms, where wear causes a gradual deterioration of the 

surface. Time to fatigue failure is dependent on the amplitude of the reversed shear 

stresses, the interface lubrication conditions, and the fatigue properties of the rolling 

materials [150, 154] (Figure 4.6). Adhesive wear can exacerbate surface fracturing 

and delamination by weakening the subsurface, allowing adhesive forces to pluck out 

the surface fragments [82].  
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Figure 4.6: The process of fatigue wear [62]. Rolling action of two surfaces results in shear stress at 

the subsurface which result in nucleation of cracks. Cracks propagate laterally to surface with repeated 

rolling action resulting in delamination and fatigue failure.   

 

4.4 Corrosive wear 

Corrosive wear requires both corrosion and rubbing and therefore occurs when 

sliding takes place in a corrosive environment. If there is no abrasion or attrition 

occurring, the products of the corrosion  form a barrier film which tends to slow 

down or even arrest the corrosion [146]. With the presence of rubbing and sliding, 

the protective oxide barrier is worn away and the corrosive attack can continue [62] 

(Figure 4.7). 

 

Chemical corrosion occurs in a highly corrosive environment and in high 

temperature and high humidity environments. Electrochemical corrosion or 

tribochemical wear [146] is a chemical reaction accompanied by the passage of an 

electric current, and for this to occur, a potential difference must exist between two 

regions [56, 149, 150].    
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Figure 4.7: Corrosive wear occurs when there is sliding movement in a corrosive environment. The 

layer of protective oxides formed due to the effects of corrosion are worn away with sliding 

movement [62].   

 

 Erosive wear 4.4.

Erosive wear results from the  impact of external particle or fluid under pressure 

[58]. The essential feature of erosion is that the wear medium which may include 

particles or fluid such as sand or water acts like the second surface. This can 

therefore be distinguished from three-body abrasion where the particles are 

compressed between two separate surfaces [58, 62].  

 

 Fretting wear 4.5.

Fretting wear occurs as a result of prolonged slow slipping between surfaces under 

load. These conditions do not occur in the mouth therefore this process does not 

feature in dental wear [56]. 

 

Tribology concepts are based on micro and nano-scale observations. The 

understanding of the mechanical and chemical engineering principles of the wear 

process, aids the interpretation and understanding of macro-level observations of 

dental tissue wear. In this project the dental terminology has generally been used 
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other than when the alternative, more specific tribology terminology allows a clearer 

explanation of an observation or process. 
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CHAPTER 5  

CERAMICS 

 

 Historical background 5.1.

Ceramics were initially developed to help solve specific problems and increase the 

restorative versatility of dental clinicians. In the early 1700s, Europeans began 

intensive research in developing porcelain to match the quality hard and translucent 

porcelain they were importing from China and Japan which was developed a 

thousand years earlier [155].   

 

In 1774, Alexis Duchateau was the first patient to receive porcelain dentures from 

Parisian dentist Nicholas Dubois de Che´mant. Porcelain dentures represented a huge 

step forward in personal hygiene because they did not absorb oral fluids, and were 

not porous like ivory dentures which were the norm. The advancement of this dental 

technology led to public honours for de Che´mant from the Academy of Sciences and 

the Academy of Medicine of Paris University [156-158]. 

 

In 1808 an Italian dentist, Giuseppangelo Fonzi, significantly improved the 

versatility of ceramics by firing individual denture teeth, each containing a platinum 

pin. This invention allowed teeth to be fixed to metal frameworks enabling partial 

denture fabrication, reparability and modest improvements in aesthetics [159]. 

 

The porcelain used to fabricate dentures was initially described as an opaque white 

material. In 1838, American dentist Dr Elias Wildman improved the formula, 

bringing both translucency and tooth colours to porcelain. Specifically the formula 

was altered to increase the amount of feldspar and eliminated kaolin. The next major 

advancement in the enhancement of translucency and colour development was in 
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1949 with the introduction of vacuum firing by the Dentist Supply Company [160]. 

 

A Detroit dentist, Dr Charles H Land, patented the concept of fusing porcelain to a 

thin platinum foil. Dr Land is considered the ‘father of porcelain dental art’ and the 

techniques and discoveries led to the development of modern day porcelain jacket 

crowns and also guided the profession toward wider applications for porcelain, 

preservation of tooth structure, improved aesthetics and the need to protect and 

preserve the periodontal tissue [161].  

 

 Modern Dental Ceramics 5.2.

The word ceramics originates from the Greek word “keramos”, which means “burnt 

material” [162, 163]. In dentistry, the term ‘ceramics’ refers to inorganic crystalline 

materials which are fired at high temperatures to achieve desirable properties [156, 

162]. It applies equally to products that veneer a metal substructure and to those that 

comprise an entire restoration [164].     

 

Dental ceramic materials exhibit many desirable material properties. The variability 

of properties between the different categories of ceramics is considerable however 

generalisations can be made. Favourable properties include their biocompatibility, 

aesthetics, high compressive strength, diminished plaque accumulation, low thermal 

conductivity and diffusivity, abrasion resistance, and colour stability [165-168]. 

Limitations of ceramics include brittleness, low fracture toughness, and low tensile 

strength [169-171]. 

 

 Chemical structures of dental ceramics 5.3.

Fundamental dental porcelain constituents include a crystalline silicon-oxygen 

network such as feldspar, quartz, and alumina and an amorphous glass-forming 

matrix. The amount of crystal and glass varies in different types of porcelain 
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formulations [172]. The fusion of the principle constituents forms a large three-

dimensional network of silica tetrahedral, connected by oxygen atoms (Figure 5.1) 

[173].    

 

 

Figure 5.1: Diagram of a silicate unit with each SiO tetrahedral sharing an oxygen atom (upper left). 

Three dimensional drawing of a silicate unit in which the silicon atom Si is surrounded by four 

oxygen atoms (upper right). Three dimensional drawing of linked silicate units which form the 

continuous network in glass (lower) [165].  

 

Each phase of the ceramics contributes to the optical and mechanical properties of 

the material. The glassy phase gives porcelain properties of glass such as brittleness, 

a non-directional fracture pattern and translucency. Metal oxides such as potassium, 

sodium, calcium, aluminium and boric oxides are incorporated to give additional 

beneficial properties such as, improved handling and manipulation [158], low-fusing 

temperature, high viscosity, resistance to devitrification and tooth-like colour [172].    

 

Feldspar is the ingredient responsible for forming the glass matrix and is lends itself 

to the fritting and colouring process. It exists in nature as a mixture of two substance 

including potassium aluminium silicate (Potash feldspar) and sodium aluminium 

silicate (Sodium feldspar). These two types of feldspar have different characteristics 

and properties [164]. 
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Sodium feldspar is not favourable in modern ceramic formulations since it is more 

susceptible to pyroplastic flow, does not contribute to translucency and is considered 

less attractive that potash feldspar. 

 

Potash feldspar is favoured in formulations because of the natural translucent 

aesthetics it adds to the fired restorations, the improved hardness, increased viscosity 

of the molten glass, the improved chemical durability and the improved control of 

the porcelain pyroplastic flow during sintering [165, 171]. When melted between 

1250-1500
o
C, potash fuses with quartz, transforming the mass into a molten glass 

phase and a  leucite phase [171]. On cooling, the precipitated refractory leucite 

potassium aluminium silicate tetragonal structured crystals (KAlSi2O6 or 

K2O.Al2O3.4SiO2) form and are interspersed throughout the amorphous glass matrix.  

As much as 75% to 85% of the total volume is comprised of the glass matrix. The 

volume of leucite may range from 10% to 35%. This process in which a material 

melts to create a liquid and a different crystalline material is referred to as 

‘incongruent melting’ [171, 174].  The leucite crystals are formed by ‘surface 

crystallisation’ when the porcelain is fired between 700
o
C and 1200

o
C, which means 

the crystals grow slowly along the grain boundaries towards the centre of the grain. If 

necessary, additional leucite ceramic may be added artificially.    

 

The feldspathic leucite crystalline phase determines the thermal and mechanical 

behaviour of the porcelain depending on the distribution and size of the crystals.  It 

elevates porcelain strength, fracture toughness, and hardness. Improves the optical 

properties and additional the high thermal expansion of leucite helps to control the 

thermal expansion coefficient of the porcelain, depending on the amount present (10-

20%) [156, 162]. Improving the homogenicity of thermal contraction between metal 

copings and overlaying porcelain helps avoid internal stress, a common cause for 

cracking and failure of metal ceramic and veneered all ceramic restorations.  There 

are limitations in the properties of leucite because it is a relatively unstable phase and 

subsequently, repeated firing, slow cooling and extended heat soaks can affect the 

leucite content and overall mechanical properties of porcelain [175]. 
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Factors such as the amount of potash, the firing temperature and the length of time 

the porcelain is held at high temperature also affect the extent of leucite crystal 

formation[176]. Repeated firings and slow cooling can either increase or decrease the 

leucite content in the glassy matrix. A process called secondary crystallisation is 

when the quantity of leucite crystals increases with subsequent firings, resulting in a 

higher coefficient of thermal expansion with each firing. Conversely, firing at a 

temperature too high can cause the leucite crystals to dissolve into the glass matrix. 

Such a change reduces the volume of crystallisation phase, lowering the coefficient 

of thermal expansion and consequently weakening the ceramic [171].  

 

Quartz (SiO2) also known as silica, has a high fusion temperature and serves as the 

framework around which the other ingredients can flow. By stabilising the porcelain 

build-up at high temperatures, quartz along with potash feldspar helps prevent the 

porcelain from undergoing pyroplastic flow on the metal substructure during 

sintering and strengthens the fired porcelain [177].    

 

Alumina (Al2O3) is the hardest and strongest component of porcelain. The water 

molecules naturally attached to alumina are removed by a calcinations process 

resulting in alpha alumina which is ground into a fine powder [165]. Alumina 

increases the overall strength and viscosity of the melt.  

 

 Classifications of dental ceramics 5.4.

There are several ways to classify dental ceramics. These methods include; fusion 

temperature, fabrication method, crystalline composition and phase and finally 

clinical application.   

Fusion temperature refers to the temperature range over which ceramic particles fuse 

together because the melting process does not occur at a discreet temperature. Four 
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categories exist when classifying ceramics based on the fusion temperature. These 

categories include high fusing, medium fusing and low fusing and ultralow fusing. 

There are three subcategories within the traditional low-fusing porcelain category. 

These subcategories are also labelled high, medium and low fusing and 

differentiation again is based on the firing temperature range [164]. Specifically, the 

high fusing range within the low fusing category includes ceramics that are fired 

above a temperature of 900
o
C, medium fusing ceramics firing temperature is 

between 850
o
C -900

o
C and the low fusing ceramic group has a firing temperature 

below 850
o
C. Ultralow fusing porcelains were designed to veneer a metal 

substructure at very low temperatures [156].  

 

If ceramics are classified according to the composition, the three ceramic categories 

include; predominantly glass; particle-filled glass; polycrystalline (Figure 5.2 and 

Figure 5.3) [176]. The particle filled glass category has a subgroup of ceramics called 

‘glass ceramics’ [176, 178].  

 

     

Figure 5.2: Schematic representation of three basic classes of dental ceramics. Predominantly glass-

based ceramics are lightly filled with colorants and opacifiers to mimic natural aesthetics and are the 

weakest ceramics (left). Glasses containing 35 to 70 percent filler particles for strength can be 

moderately aesthetic as full-thickness restorations (middle). Completely polycrystalline ceramics (no 

glass), which are used to create strong substructures and frameworks via computer-aided 

design/computer-aided manufacturing processes (right).   
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Figure 5.3: Classification of ceramics based on physical properties- fracture toughness and bending 

strength [176]. 

 

 Predominately Glass Ceramics 5.5.

Glass ceramics are an amorphous 3-D network of atoms having no regular pattern of 

their spacing and arrangement. They are derive principally from feldspar and are 

based on silica (silicon oxide) and alumina (aluminum oxide). Therefore these 

feldspathic porcelains (or glass ceramics) belong to a family called aluminosilicate 

glasses. These types of dental ceramics best mimic the optical properties of enamel 

and dentine [176]. 

 

Glass feldspathic ceramics are resistant to crystallisation which is called 

devitrification during firing, have long firing ranges so they resist slumping if 

temperatures rise above optimal and they are extremely biocompatible.  

Devitrification and crystallisation during firing is not desirable since it can lead to 

increasing opacities and a whitish scum on the surface of a ceramic when it is fired 

for too long. Severe devitrification can cause deterioration and cracking [179]. 
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 Particle Filled Glass Ceramics 5.6.

Particle-filled glasses are an example of why ceramics are composites. These 

ceramics contain filler particles. The filler particles are added to the base glass 

composition in order to improve mechanical properties through dispersion 

strengthening and to control optical effects such as opalescence, colour and opacity. 

They are usually crystalline such as leucite or they can be particles of a higher 

melting glass. 

 

 Glass Ceramics (subgroup of Particle Filled Glass Ceramics) 5.6.1.

Glass ceramics are a group of ceramics and are a special subset of particle-filled 

glasses. Essentially this group of ceramics is characterised by mixing together 

crystalline and glass powders then after a special heat treatment, precipitation and 

growth of filler particles occurs [176]. Since these fillers are derived chemically from 

atoms of the glass itself, the composition of the remaining glass is altered as well 

during this process (termed ‘ceraming’) [180]. Therefore the final crystalline phases 

which determines the glass ceramics overall properties depend on the composition of 

glass, species of nucleating agent and the heating methods. Such particle-filled 

composites called glass-ceramics include IPS Empress CAD, IPS e.max Press and 

CAD (Ivoclar Vivadent). 

 

Regarding the kinetics, when glassy phases transform to crystalline phase(s), it is 

necessary to overcome a certain energy barrier, which is called the activation energy 

of crystallisation (E). E is one of the important kinetics parameters to judge 

crystallisation capability of any glasses. If this energy were lower, it would be easier 

for the glasses to crystallise. Similarly, the crystal growth index (n) can also be 

applied to describe the capability of crystallisation of any glasses. The higher the 

crystal growth index (n), the easier the crystallisation. When the index (n) is less than 

three, the surface crystallisation mechanism will be dominated; when n is more than 

three, it is expected to have bulk crystallisation mechanism [164].   
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 Leucite-reinforced glass ceramic- IPS Empress CAD 5.6.1.1.

Since 1990, the IPS Empress glass-ceramic has been used to fabricate veneers, 

inlays, onlays, anterior and posterior crowns [181]. The material however is not 

suitable for the fabrication of bridges, mainly due to the low flexural strength of the 

ceramic [182]. 

 

5.6.1.1.1. Microstructure   

IPS Empress CAD (Ivoclar Vivadent, Schaan, Liechtenstein) is a leucite-reinforced 

glass-ceramic consisting mainly of silica (SiO2) and aluminum oxide (Al2O3) Table 

5.5. The ceramic ingots have a homogenous composition, consisting of 35-45% 

evenly distributed leucite crystals which have a diameter of 1-5mm. Etching the 

surface with hydrofluoric acid exposes the microstructure (Figure 5.4) and results in 

surface ideal for micromechanical retention with a resin cementation system [183, 

184]. As leucite is the result of surface crystallisation, the leucite crystals are 

predominately located along the grain boundaries. The small leucite crystals that are 

arranged like strings of beads show the former grain boundaries prior to 

tempering/sintering. The physical properties are shown in Table 5.6. 

 

   

Figure 5.4: The SEM images of polished and etched surfaces reveal the microstructure of IPS 

Empress CAD (left). Etching technique using  40% HF vapour, 20 seconds, dissolves the leucite 

crystals more quickly than the glass (right). Typical leucite structure of IPS Empress Esthetic Veneer 

exposed when etched with 3% HF for 10 seconds. Source: R&D Ivoclar Vivadent AG, Schaan, 

Liechtenstein. 
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5.6.1.1.2. Chemical composition  

Table 5.5: Standard chemical composition in percentage by weight of leucite-reinforced glass ceramic, 

IPS Empress CAD. (Ivoclar Vivadent, Schaan, Liechtenstein) Source: R&D Ivoclar Vivadent AG, 

Schaan, Liechtenstein 

 

5.6.1.1.3. Physical   

Table 5.6: Physical properties of IPS Empress CAD (Ivoclar Vivadent AG, Schaan, 2005/2006) 

 

 

 

 

 

 

 

 

 

 

Physical Properties of IPS Empress CAD 

CTE (100-400
o
C [10

-6
/K] 16.6 

CTE (100-500
o
C [10

-6
/K] 17.5 

Flexural strength (biaxial) [MPa] 160 

Fracture toughness [MPa M
1/2

] 1.3 

Modulus of elasticity [GPa] 62 

Vickers hardness [MPa] 6200 

Chemical resistance [µg/cm
3
] 25 

Transformation temperature
 o
C 625 
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 Lithium disilicate glass ceramic- IPS e.max Pressed and CAD blocks 5.6.1.2.

Milled and pressable lithium disilicate material is indicated for any restorative non-

metal indirect prosthesis that is desired which is less than 3 units in total. Such 

prosthetics include inlays, onlays, veneers, crowns, 3-unit and implant restorations 

[185].    

 

5.6.1.2.1. Standard chemical composition 

The crystals of both the IPS e.max Press and IPS e.max CAD are the same in 

composition. Both microstructures are 70% crystalline lithium disilicate, Li2Si2O5, 

but the size and length of these crystals are different (Table 5.7). 

Table 5.7: Standard chemical composition in % by weight of lithium disilicate glass ceramic, IPS 

e.max press (left) and CAD block (right).  (Ivoclar Vivadent, Schaan, Liechtenstein) Source: R&D 

Ivoclar Vivadent AG, Schaan, Liechtenstein 
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5.6.1.2.2. Physical properties  

Material properties such as coefficient of thermal expansion, modulus of elasticity, 

and chemical solubility are the same, yet the flexural strength and fracture toughness 

are slightly higher for the IPS e.max Press material (Table 5.8) [186]. The glass 

ingots or blocks are then processed using the lost-wax hot pressing techniques or 

milling procedures. 

 

Table 5.8: Physical Properties of IPS e.max Press and CAD Blocks 

 

 

 

 

 

 

 

 

 

 

 

Lithium disilicate ceramics have a high flexural strength and modest fracture 

toughness relative to leucite-reinforced and feldspathic porcelain [187]. The higher 

fracture toughness and flexural strength of lithium disilicate ceramics is attributed to 

the dispersed interlocking crystal arrangement which hinders crack propagation by 

means of energy-absorbing processes, such as crack deflection and branching. The 

Physical Properties of IPS e.Max Press          CAD 

CTE (100-400
o
C [10

-6
/K] 10.2 10.2 

CTE (100-500
o
C [10

-6
/K] 10.5 10.5 

Flexural strength (biaxial) [MPa] 400 360 

Fracture toughness [MPa M
1/2

] 2.75 2.25 

Modulus of elasticity [GPa] 95 95 

Vickers hardness [MPa] 5800 5800 

Chemical resistance [µg/cm
3
] 40 40 

Press temperature EP 600 [
o
C] 920 
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lithium disilicate glass-ceramic displays a considerably lower coefficient of thermal 

expansion compared to leucite-reinforced [188] which subsequently yields a highly 

thermal shock resistant glass ceramic when processed [187].  

 

5.6.1.2.3. Processing and manufacturing   

IPS e.max lithium disilicate is predominately composed of quartz, lithium dioxide, 

phosphor oxide, alumina and potassium oxide. These powders are combined to 

produce a glass melt. Once the proper viscosity is achieved, similar to that of honey, 

the glass melt is poured into a separable steel mould of the proper shape and left to 

cool. This process produces minimal internal defects due to the glass flow process. 

The translucency aids ease of quality control since porosities can be easily detected 

[182, 185] (Figure 5.9). 

 

  

Figure 5.9: The translucency of IPS e.max. (Ivoclar Vivadent, Schaan, Liechtenstein) aids ease of 

quality control since porosities can be easily detectedSource: R&D Ivoclar Vivadent AG, Schaan, 

Liechtenstein. 

 

5.6.1.2.4. Microstructure lithium disilicate IPS e.max CAD Blocks 

During processing, the IPS e.max CAD material has two crystal types and two 

microstructures that provide its unique properties during each phase of its use. The 
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microstructure of intermediate crystallised IPS e.max CAD lithium disilicate consists 

of 40% platelet-shaped lithium metasilicate (Li2SiO3) crystals embedded in a glassy 

phase. These crystals range in length from 0.2 to 1.0 µm. The intermediate lithium 

meta-silicate crystal structure allows the material to be easily milled without 

excessive bur wear. The post crystallisation microstructure of IPS e.max CAD 

lithium disilicate material consists of 70% fine-grain lithium disilicate crystals 

embedded in a glassy matrix. The millable intermediate crystallised IPS e.max CAD 

blocks are coloured using colouring ions but unlike the pressed lithium disilicate, the 

colouring elements, are in a different oxidation state during the intermediate phase 

than in the fully crystallised state. As a result, the lithium metasilicate exhibits a blue 

colour. The material achieves its desired tooth colour and opacity when the lithium 

metasilicate is transformed into lithium disilicate during the post milling firing 

process. 

  

The IPS e.max CAD “blue block” (Figure 5.10) uses a two-stage crystallisation 

process. The two-stage crystallisation uses a controlled double nucleation process 

where lithium meta-silicate crystals are precipitated during the first step. A second 

heat treating step at approximately 840-850ºC is preformed after the milling process 

has occurred. During the heat treatment, the meta-silicate phase is completely 

dissolved and the lithium disilicate (Li2Si2O5) crystallises, giving a fine 1.5 μm 

grain glass ceramic with 70% crystal volume incorporated a glass matrix (Figure 

5.11). This provides the ceramic with favourable mechanical properties such as high 

strength. 

 

Polyvalent ions that are dissolved in the glass are utilised to provide the desired 

colour to the lithium disilicate material. These colour-controlling ions are 

homogeneously distributed in the single-phase material, thereby eliminating colour-

pigment imperfections in the microstructure (Figure 5.12) [178].   
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Figure 5.10: The IPS e.max CAD “blue block” uses a two-stage crystallisation process. Source: R&D 

Ivoclar Vivadent AG, Schaan, Liechtenstein. 

 

 

  

Figure 5.11. SEM image of partially crystallised lithium metasilicate IPS e.max CAD (Ivoclar 

Vivadent) etched with 0.5%HF for 10 sec. The etched-out areas represent the lithium metasilicate 

crystals (left). Fully crystallised lithium disilicate IPS e.max CAD (Ivoclar Vivadent) etched with 

0.5% HF vapour for 30 sec (right). Source: R&D Ivoclar Vivadent AG, Schaan, Liechtenstein. 

 



65 

 

 

  

Figure 5.12: IPS e.max CAD “blue block” (Ivoclar Vivadent) (right), IPS e.max CAD completely 

crystalised lithium disilicate ceramic (left). Source: R&D Ivoclar Vivadent AG, Schaan, 

Liechtenstein. 

 

5.6.1.2.5. Microstructure IPS e.max Press  

The IPS e.max Press material is produced similarly to the IPS e.max CAD as far as 

the formation of the initial glass ingots, as they are composed of different powders 

that are melted and cooled to room temperature to produce glass ingots. Following 

the glass formation, the ingots are then nucleated and crystallised in one heat 

treatment to produce the final ingots (Figure 5.13). These ingots are then pressed at 

approximately 920ºC for five to fifteen minutes to form a 70% crystalline lithium 

disilicate restoration. This process is constantly optimized in order to prevent the 

formation of defects. The microstructure of the pressable lithium disilicate (Li2Si2O5) 

material consists of approximately 70% volume of needle-like lithium disilicate 

crystals that are crystallised in a glassy matrix (Figure 5.14). These crystals measure 

approximately 3μm to 6μm in length [181]. 
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Figure 5.13: Following the glass formation, the ingots are then nucleated and crystallised in one heat 

treatment to produce the final ingots (left). The ingots are available in two degrees of opacity (right). 

Source: R&D Ivoclar Vivadent AG, Schaan, Liechtenstein. 

 

 

Figure 5.14: Microstruture of IPS e.max Press glass ceramic. Note the long (3-6µm) lithium disilicate 

crystalline structure (Ivoclar Vivadent, Schaan, Liechtenstein) Source: R&D Ivoclar Vivadent AG, 

Schaan, Liechtenstein. 

 

 Polycrystalline ceramics 5.7.

Two developments allowed us to use polycrystalline ceramics in dentistry since the 

1980s. These technological advances include: the availability of highly controlled 

starting powders; and the application of computers to ceramics processing [178]. 

Unlike glassy ceramics, polycrystalline ceramics cannot be simply pressed as a fully 

dense material into slightly oversized moulds. Polycrystalline ceramics instead are 

formed from powders that can only be packed to around 70% of their theoretical 

density and because of this they shrink by around 30% by volume (10% linear) when 

made fully dense during firing.  For this reason the powders need to be well 

characterised so that we can predict the shrinkage that will occur and allow the 
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prosthesis to fit accurately. Polycrystalline ceramics are either alumina or zirconia 

based. 

 

Polycrystalline ceramics have no glassy components and all of the atoms are densely 

packed [189]. This composition results in a very strong and tougher ceramic material 

and thus makes it more difficult to drive a crack through when compared to ceramics 

where the atoms are less dense and have an irregular network (Figure 5.15). 

 

Figure 5.15: Polycrystalline 3Y TZP ceramic. Note the dense array of atoms, irregular network and 

absence of glass matrix [176]. 

 

Polycrystalline ceramics are very strong and opaque and are commonly the 

substructure material of all ceramic restorations. Due to their high strength and 

fracture toughness, they are able to resist crack propagation better than other 

ceramics [190].  

 

 Alumina-based ceramic 5.7.1.

The first all-ceramic system In-Ceram Alumina (VITA Zahnfabrik, Bad Säckingen, 

Germany), an alumina-based ceramic, was introduced in 1989. It is an opaque core, 

fabricated through the slip-casting technique and veneered with feldspathic porcelain 

[163, 191].  In 1994, In-Ceram Spinell (VITA Zahnfabrik, Bad Säckingen, Germany) 

was launched, with a specific crystalline structure referred to as “spinell” 

(magnesium aluminate- MgAl2O4) in the composition. The spinell core has a better 

translucency but reduced flexural strength, allowing it to be used directly or to be 

veneered with a feldspathic porcelain [163, 191]. The In-Ceram Alumina was later 
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modified with the addition of 35% zirconium oxide to strengthen the core, forming 

In-Ceram Zirconia (VITA Zahnfabrik, Bad Säckingen, Germany). However, this 

core is also opaque and lacks translucency [163]. 

 

Another alumina-based product that has been more commonly used lately is the 

Procera All-ceramic System (Procera-Snadvik, Stockholm, Sweden).  Copings 

produced from this system composed of a very high purity aluminum oxide 

(>99.9%) [183, 192], giving the porcelain optimal strength. 

 

 Zirconia-based ceramic 5.7.2.

Three types of zirconia-containing ceramics are used in  dentistry are; yttrium cation-

doped tetragonal zirconia polycrystals (3Y-TZP), magnesium cation-doped partially 

stabilized zirconia (Mg-PSZ) and zirconia-toughened alumina (ZTA) [189]. 3Y-TZP 

has the most fsavourable properties [190]. A summation of the mechanical properties 

of 3Y-TZP Zirconia is shown in Table 5.16.   

 

Table 5.16: Tetragonal Zirconia Polycrystals 3Y-TZP: Mechanical and Physical Properties. 

Equiaxed grains µm D 0.2-0.5 

Flexural strength MPa 800-1200 

Fracture toughness MPa m
1/2

 6.1-8.5 

Weibull modulus  10-18 

Porosity % 8.1-11.5 

Threshold Intensity factor MPa m
1/2

 3.1 

Critical crack Intensity MPa m
1/2

 7.4 

Thermal Conductivity Wm
-1

K
-1

 2 
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Transformation toughening properties are unique to zirconia based polycrystalline 

ceramics. This favourable property was first noted in the 1970s by Garvie and was 

published in the Nature Journal in 1975 [193]. Garvie was an Australian working for 

CSIRO in Melbourne. Transformation toughened zirconia or partially stabilised 

Zirconia or metastable zirconia involves an additional mechanism not found in other 

polycrystalline ceramics which increases its fracture toughness. The resulting 

fracture toughness of the zirconia ceramic is twice that of alumina ceramics [190]. 

 

At ambient pressure, unalloyed zirconia can assume three crystallographic forms 

depending on the temperature. These phases are cubic (c), tetragonal (t) and 

monoclinic (m). At firing temperature, the crystalline zirconia is tetragonal and at 

room temperature the symmetry is monoclinic [189]. The phase is cubic when above 

2370
o
C. Interestingly a unit cell of monoclinic occupies about 4.4% more volume 

than when tetragonal, and this important physical property is what is harnessed and 

responsible for its very favourable strengthening properties. Interestingly, the phase 

change from (c) to (t) t is associated with a 2.31%volume increase [194, 195]. 

Zirconia based ceramics partially stabilise the (t) phase at room temperature. Full 

stabilisation is not desired is does not improve the ceramic physical properties [189, 

196]. 

 

The stabilisation of the (t) phase at room temperature is due to influences of particle 

size, particle morphology, and the amount and type of dopant used.  Partial 

stabilisation involves dopants, such as with CaO, MgO, La2O3, and Y2O3, in 

concentrations lower than that required for full c-ZrO2 stabilization [176, 187, 190]. 

A concentration of 2 to 5 mol has been tested to be most beneficial for ideal partial 

stabilisation.   

Transformation mechanisms from the (t) to the (m) phase results in a reduced local 

stress intensity, compressive stress in the crack region which is associated with the 

4.4% volume increase as the t crystals upright themselves, this shields and limits the 

crack propagation and overall increases the flexural strength and fracture toughness 

since now, a greater amount of stress is necessary to overcome this compressive 
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stress and cause more crack propagation [197]. This toughening mechanism does 

however increase the rate of ageing and risk of fatigue failure [178, 194]. Surface 

treatment such as grinding or sandblasting can trigger the phase transformation from 

tetragonal to monoclinic, which could be harmful to the long-term performance of 

the material [189].  
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CHAPTER 6 

IN-VITRO CERAMIC WEAR TESTING 

 

 Considerations of in vitro ceramic wear testing 6.1.

Investigating the wear process that occurs between dental ceramics and dental hard 

tissue is complex for many reasons. The process of wear of dental hard tissue is 

influenced by multiple factors and these factors are extremely difficult to control in 

laboratory based wear simulation studies. In vitro studies are a valuable research 

procedure because a large amount of data and information can be attained within a 

short period of time and this type of research design is able to investigate individual 

factors that cause tooth wear.  

 

A limitation with in vitro studies arises when comparing in vitro studies with one 

another and when trying extrapolate data from in vitro studies to clinical situations 

[198]. This is of concern because there is significant variability in the research 

instrumentation, materials and protocol and each of these parameters is capable of 

altering the wear mechanism [81, 199, 200]. For example the different types of wear 

machines, contact geometry and pressures, loading protocols, chemistry and flow of 

lubricants used in dental wear in vitro studies [4, 201-206] as well as variables such 

as contact pressure; friction, material microstructures and physical properties; food 

characteristics; and, chemicals all appear to influence the degree of variation and 

mechanism of wear [39, 207-209]. 

 

 Quantification of wear 6.2.

The quantification of tooth wear can be undertaken using a variety of instruments. 

Recent ISO technical specification recommendations relating to wear by two-and/or 

three body contact describe eight different wear assessment methods [210]. Using 

different instruments may cause inaccuracies and reduces the validity when 
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comparing different studies and when determining material rankings.  

 

In the early experimental studies involving enamel specimens, wear was assessed by 

the change in weight of specimens between experimental time points. Over time 

more accurate methods were developed to overcome the errors associated with the 

uptake and loss of moisture by dentine and restorative materials. These methods 

involved the microscopic measurement of specimen height reduction
 
and, more 

recently, scanning specimens and the use of purpose-written software to quantify 

specimen volumes. The more common assessment methods in the literature include 

height loss [198, 211-219], volume loss [198, 220-222], weight loss [223] and wear 

surface area [224]. Measurements of height or volume loss have been performed with  

a stereoscopic microscope with a micrometer-calibrated movable platform [222] or a 

Reflex microscope [211]. The most common and effective technique used to measure 

height and volume loss is with a scanning profilometry [198, 212-214, 216-221, 

224]. 

 

 Standardising wear simulation research protocols 6.3.

The standardisation of in vitro study protocols would improve the quality of dental 

wear studies by resulting in more effective comparisons and extrapolations to the 

clinical setting and this would ultimately improve our overall body of scientific 

knowledge. Despite the dental scientific community efforts, the International 

Standards Organization Technical Committee 106 (Dentistry) was unable to reach 

consensus to standardise dental related wear testing protocols. The committee stated 

that despite many wear tests being proposed for dentistry, there is no generally 

accepted method and none of the in vitro wear simulators have been developed based 

on direct observations of mechanisms of damage accumulation occurring intra-orally 

[225]. The committee further reported that due to the extensive variability in research 

methodologies, it is not surprising that differences in results and outcomes are 

probable even when studies are examining the same materials [203, 226, 227].   
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 In vitro ceramic wear research test parameters 6.4.

In vitro studies testing wear between dental hard tissue and materials such as 

ceramics commonly use prepared enamel from extracted molars and premolars as the 

antagonist and flat ceramic specimens in which the surfaces are abraded, polished or 

glazed. Other research and test parameters however lack such standardisation and 

subsequently no comprehensive analysis or meta-analysis has been able to be 

completed on a specific category of ceramic materials. The test parameters in relation 

to the instrumentation and material set up which demonstrate considerable variation 

in the literature includes the type of chewing simulators, applied force, force 

actuator, number and frequency of cycles, lubricating medium force, the force 

actuator, the use of lubricants and the pH of the lubricant and surrounding medium, 

exogenous abrasive materials, as well as the number of specimens and the geometry 

of the specimens analysed [147, 174, 227].   

 

 Chewing simulators 6.4.1.

In the literature there are a large number of various chewing or wear simulators 

described. The various simulators include; Pin on disc simulator [228-231], 

University of Alabama [216], Oregon Health Sciences University  [224, 232], 

Willytec [233], Leinfelder [220] [218], the closed loop servohydraulics [234], and 

different custom made chewing simulators [211].  

 

 Willytec chewing simulator 6.4.1.1.

A good compromise with regard to costs, practicability and robustness is the 

Willytec chewing simulator [52], which uses weights as the force actuator and 

stepping motors for vertical and lateral movements [235]. Force measurements have 

revealed that in the beginning of the stylus/specimen contact phase the force impulse 

is three to four times higher during dynamic loading than during static loading [52]. 

When the antagonist hits the flat specimen with a mass of 5 kg, a force of 150–200N 

is generated within the first 25–30 ms, then fluctuating between 40 and 60N for the 
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following 100ms and then varying between 20 and 100N for about 50 ms
 
[52] The 

full contact time is 200 ms. As this variation occurs in all eight-test chambers, the 

coefficient of variation for material wear is relatively low and has been calculated to 

be on average 12.5% if ten materials have been tested [236]. 

  

 Loads applied to specimens 6.4.2.

The loads applied in previous wear studies  are variable and have been reported in 

either grams, kilograms or Newtons, and ranged broadly from as small as 180g or 

1.8N to 160N [212, 237, 238]. A range of loads that have been used in studies of 

wear of ceramics are as follows: 0.75N [218, 219, 230], 4.5N [202, 239], 6N [221], 

10N, 13.5N [234, 240], 20N for the cycles and direct contact with a static load of 

70N at the end [229], 30N [200], 40N [53], 49N [233], 76-80N [228]. Loads greater 

that 160N are not usually considered because they frequently resulted in catastrophic 

failure of the specimens. A loading force of approximately 50N can be regarded as a 

mean value of the physiological biting forces of non-bruxist patients [241]. Higher 

forces during in vitro simulation lead to higher wear rates [242].  

  

 The force actuator 6.4.3.

Force generation is a highly variable parameter in the in vitro wear systems. There 

are different force generating principles called actuators, which all have their 

advantages and disadvantages. Even if the wear parameters are identical, the use of 

different force actuators can generate different levels of quantitative wear and 

therefore when the same wear method is repeated using a different device and force 

actuator, different results may be obtained [233]. 

 

 Number of cycles  6.4.4.

The duration of in vitro experimentation is planned to give sufficient wear to allow 

reliable measurement of the amount of tooth reduction and comparison of wear rates 
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between consecutive experimental intervals. Wear testing between enamel and 

ceramic specimens commonly run for a period of 5000 and 300000 cycles depending 

on the protocol. Experiments involving dentine however were continued for as long 

as possible to assess the change in wear rate as tooth reduction progressed deeper 

into the dentine. The following are some examples of studies with different protocols 

for number of cycles. 10 000 cycles [200, 231, 239, 243, 244], 25 000 cycles [53, 

245, 246], 43200 cycles [104, 202, 205], 100000 cycles [230, 233], 172800 cycles 

[247], 250000 cycles [228], 300000 cycles [234]. As far as the number of loading 

cycles is concerned, wear increases with the increasing number of cycles. Most in 

vitro wear test methods demonstrate a running-in phase with a steep increase in wear 

in the initial phase and a flattening of the curve thereafter. From a certain point on 

wards, wear increases in an even linear pattern [202], but this is not always the case 

[248]. 

 

 Exogenous abrasive materials 6.4.5.

To test the wear of dental hard tissue and restorative materials against masticatory 

forces, a third body slurry of various components is incorporated into the chewing 

simulator machine to simulate the food bolus during the chewing cycle. The 

composition of the slurry aims to replicate the modern diet acidity, consistency and 

abrasiveness. Slurry materials can include a multitude of substances, however poly 

methyl methacrylate (PMMA) slurry [216] and non-plasticized PMMA powders with 

a mean particle size of 40m are commonly used [233]. Less common slurries may 

consist of materials such as a mixture of glass pears, aluminum oxide powder 

(105m) and water [249] or a mixture of cornmeal grit and wholemeal flour in 

distilled water [250]. 

 

 Lubrication and pH variations 6.4.6.

The most popular lubricating medium used in studies on wear rates of porcelain and 

enamel has been distilled water [198, 211, 215, 218, 219, 221, 222, 251].  Some 

researchers have used artificial saliva [217, 223] or tap water [212, 216].  Fresh, 
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natural saliva as a lubricant has also been used but not as commonly as the other 

methods for lubrication [252] [253]. All these approaches have their advantages and 

disadvantages. Distilled water appears to be favourable due to its low cost, ease of 

use and minimal corrosive influence on the metallic materials and adhesives used, 

however this disadvantage of distilled and tap water for that matter is that they do not 

mimic the lubricating properties of saliva. Artificial saliva does not mimic natural 

saliva and also adds another variable, that of remineralisation, which potentially 

changes the results. Natural saliva, on the other hand, although seemingly a good 

approach denatures within minutes and makes the results of long experiments 

skewed and reduced the correlation with the oral environment. 

 

Most of the wear studies between enamel and porcelain have been carried out in 

neutral or near neutral pH and only two papers by the same group of authors were 

found to address the wear in lower pH [254, 255]. Their experiments investigated 

wear of three types of porcelain (Vitadur Alpha (Vita Zahnfabrik, Germany), 

Duceram-LFC (Ducera Dental GmbH, Germany) and Vita Mark II (Vita Zahnfabrik, 

Germany)) against enamel in Coca-Cola (pH in the range of 2.28 to 2.37). It was 

found that exposure to the carbonated beverage increased the amount of enamel wear 

by 19% against Alpha porcelain, 13% against Vita Mark II and 74% against 

Duceram-LFC compared with enamel wear produced in water [233, 234].   

 

 Specimen geometry 6.4.7.

The majority of in vitro studies analyse flat ceramic specimens mounted on an SEM 

platform. Flat ceramic specimens are favourable due to their ease of fabrication and 

standardisation. The analysis of the surface texture and wear of the ceramic 

specimens is also easier and more efficient when light microscopes are necessary. In 

vitro studies have demonstrated material wear of flat specimens to be higher than that 

of crown specimens and flat specimens compared to crown specimens were 

associated with more wear on the opposing dentition [43]. This is possibly due to a 

greater surface area of contact between the ceramic and enamel and also because the 

strain distribution in flat specimens is higher than in anatomically formed specimens 
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like crowns or inlays, thus causing more material wear in flat specimens.  

 

 The outcome of in vitro test parameter variation 6.5.

Despite efforts to standardise test parameters, methodologies, materials and sample 

preparations, the large degree of variation accounts for the lack of consistency 

between studies testing similar or the same materials. This has led to a lack of 

agreement of ranking of specific ceramic materials for enamel and material wear 

because it is difficult to determine what influence, if any that it had on the outcomes 

of the results. In regards to surface finish, there is limited consistency between in 

vitro studies. However the most recent studies suggest that both procedures, either 

polishing or glazing are effective methods in reducing the surface roughness and 

optimising the surface texture of a material [43, 227, 256-258].   

 

 Factors influencing enamel wear when opposed by ceramic  6.6.

Ceramic materials are generally resistant to wear and are abrasiveness to enamel. The 

extent of enamel wear was more of an issue in the earlier decades when our 

understanding of ceramic properties and enamel wear was limited and the importance 

of polishing and reducing surface texture of ceramic occlusal surfaces was not 

appreciated. The severity of tooth surface wear can be influenced by a number of 

dental material and patient related factors [43]. Firstly, ceramic material factors 

which influence the rate of enamel wear include physical, micro structural, chemical 

and surface characteristics [259, 260]. For example, a polycrystalline ceramic such as 

a 3Y-TZP zirconia core which has a much higher hardness and surface roughness 

than a glass ceramic may result in more opposing tooth wear. Low fusing ceramics 

appear to be more protective to the opposing enamel compared to older types of 

ceramics. Manufacturers claim that this is due to their lower hardness, lower 

concentrations of the crystal phase and smaller crystal sizes [261].  Patient factors 

including highly acidic and erosive diets, dysfunctional occlusion, high biting force 

and parafunctional habits may also increase the rate of dental hard tissue loss [43].  
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No specific physical parameter of ceramic materials has been identified to be a 

predictor of wear of the opposing enamel. Surface hardness of ceramics was thought 

to determine enamel wear in the 1980’s [199] however studies in the 1990’s 

demonstrated that surface hardness is not a reliable predictor for wear of the 

opposing enamel [43, 81, 262]. The most recent studies strongly suggest surface 

texture and specifically surface roughness to have the most influence on opposing 

tooth wear compared to all other ceramic physical factors considered [212, 223, 263].  

It is important to keep in mind that reported ‘influencing’ factors are derived from in 

vitro chewing simulation studies which as discussed are often inconsistent, 

contradictory, lack external validity and overall do not highly correlate clinically 

[259, 260].   

 

 Ceramic Physical Microstructural Properties 6.6.1.

The physical properties of ceramic materials can influence the polishability of the 

surface and also the wear of the opposing material, whether it be a ceramic of dental 

hard tissues [264]. The exact influence of physical properties including hardness, 

frictional resistance, fracture toughness leucite content, crystal size, porosities, 

creaming and surface texture is still debated [265].  

 

 Hardness 6.6.2.

Hardness is a term to describe the degree of resistance a material has to plastic 

deformation. It was previously assumed that a greater hardness was associated with 

an increased rate of enamel wear however more recent studies have shown that there 

is not a strong correlation between the hardness of ceramic and the wear rate of 

enamel [266]. Instead, the wear process appears to be more closely related to the 

ceramic microstructure, the surface roughness of contacting surfaces, and 

environmental influences such as lubrication pH [173, 234]. There are several 

explanations to explain to weak correlation between hardness and enamel wear. 
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Firstly it is because when ceramic slides against ceramic or enamel, wear does not 

occur by plastic deformation, as with metals, but by fracturing [43, 243]. Secondly, 

the micro-hardness of the crystalline ceramics varies depending on the orientation of 

the indenter to the crystals, and finally it is due to the variability in the hardness 

between the glass matrix and the crystals [201]. For these reasons, it is not surprising 

that  relatively soft ceramics exhibit more abrasive action against human enamel than 

harder ceramics [201].  

 

 Frictional resistance 6.6.3.

Frictional resistance is the term used to describe the resistance two materials in 

contact with one another have to lateral sliding. This characteristic depends on the 

relative motion, the properties and structures of the contacting materials, and the 

surrounding environment. For example, friction between porcelain-to-porcelain 

contacts has been reported as nearly twice that of porcelain-to-acrylic resin contacts 

and almost three times that of enamel-to enamel contacts [170]. Rough surfaces, high 

loads, and high sliding speeds have been shown to increase the coefficient of friction, 

resulting in greater wear [170]. Even the most meticulously polished surfaces have 

microscopic irregularities, and it is the interaction between the microscopic peaks 

and valleys that determines the friction between two opposing surfaces. Because the 

surface hardness of ceramic decreases in an aqueous environment, the friction 

between the two materials can increase due to adhesion at a microscopic level 

especially in the presence of saliva or lubricating medium. For these reasons the 

outcomes of in vitro tooth wear studies can be influenced by the lubrication medium 

and may possibly obscure the relevance to what actually is likely to occur in vivo 

[169].   

 

 Fracture toughness 6.6.4.

Fracture toughness describes the resistance of a material has to rapid crack 

propagation under tensile stress [173]. It is an intrinsic material property that depends 

on two factors. The first factor it depends on is the stress intensity at a crack tip in the 
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material, and the second factor is the size of the crack relative to the micro structural 

features of the material (such as crystal size, aspect ratio, and orientation; distribution 

of the glass phase; and porosity). Fracture of a ceramic material starts when the 

applied load produces a stress at the tip of a flaw or crack. Because ceramic failure 

occurs without any noticeable plastic deformation, the importance of fracture 

toughness in the ceramic wear process can be significant. This type of characteristic 

wear can start with crack formation, and then slow crack propagation over time and 

then eventual catastrophic failure and fracture of the material [169, 170, 173]. 

 

If the restorative ceramic material does not have sufficient toughness to resist 

fracture, then brittle chipping may occur leading to an increase in the surface 

roughness. Brittle chips formed during the abrasive process can cause resharpening 

of the edge of the particles with a further increase in the wear rate. The sharp edges 

of broken glass do not dull rapidly because of their higher hardness. Brittle fracture 

of ceramics may be more pronounced when they are situated adjacent to processing 

defects such as porosity and impurity inclusions and they can all further increase the 

probability of crack propagation under loading and over time.     

 

Lithium disilicate and leucite-reinforced ceramic has a higher Vickers hardness and 

fracture toughness compared to enamel [43]. The lower hardness of enamel 

compared to the leucite-reinforced and lithium disilicate ceramic materials cause the 

enamel antagonist to wear more than the ceramic material. The wear of the opposing 

enamel is further accelerated by the rough ceramic surface that is created during the 

simulation and chipped pieces may act as an abrasive medium. In addition, when the 

fracture toughness of the enamel is significantly lower than that of the ceramic 

material, even more pronounced antagonist wear may occur [43].  

 

 Porosity  6.6.5.

Sintered porcelain is produced when a powder is mixed with a liquid which is then 
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condensed and sintered. The main problem with this process is the accumulation of 

porosities which is difficult to completely remove from the porcelain structure. These 

porosities can promote undesirable characteristics such as reduced strength and 

aesthetics. Air entrapment can be minimised however by casting or pressing ceramic 

ingots supplied by manufacturers [267]. If a subsurface porosity is exposed during 

the wear process, the sharp edge of the defect presents as an area of stress 

concentration and produces more wear against the opposing dentition [169]. 

Industrially manufactured ceramic CAD blocks are more homogenous and less likely 

to have porosities within the ceramic. 

 

 Crystals 6.6.6.

Dental porcelain is composed of silica glass that is modified by fluxes such as CaO, 

K2O, Na2O, B2O3, and Al2O3. With an appropriate composition of the oxides, leucite 

crystals (K2O.Al2O3.4SiO2) are formed to improve mechanical and optical properties 

and control the coefficient of thermal expansion of the ceramic. Ceramics used in 

metal-ceramic restorations contain 15 to 25 vol% leucite as their major crystalline 

phase whereas all-ceramic restorations contain up to 90 vol% leucite as their major 

crystalline phase. The leucite crystals consist primarily of alumina, magnesia, 

zirconia, or lithia in a glassy matrix [178].  

 

These crystals which are commonly about 5 to 7 microns in diameter are 

incorporated into a glassy matrix are responsible for the greater wear of the opposing 

dentition because of their higher hardness. The potential abrasiveness of the crystals 

also varies depending on the type, content, morphology, and distribution of the 

crystalline particles. Nevertheless it may be inappropriate to correlate the wear 

characteristics of a ceramic material only on the crystal qualities and amount in the 

glassy matrix since studies show that crystals in the glassy matrix do not necessarily 

have a negative impact on the wear of the enamel [267, 268]. 
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Care must be taken in interpreting data from in vitro tests because the wear 

behaviour of a ceramic with low fusing crystal content, which was developed to 

achieve better wear characteristics, may be characterised differently by different 

wear tests. For example, enamel loss against low-fusing porcelain was reported as 

significantly lower than that against conventional feldspathic porcelain in a sliding 

wear test [269] and greater than conventional porcelain in a sliding and impact 

loading test [270]. The wear resistance of the low-fusing porcelain was consistently 

lower than that of conventional porcelain for both of the test methods, supporting the 

theory that crystals in a glassy matrix improve the fracture resistance of ceramic 

[267, 270]. To clarify this debate in the literature, better standardisation of in vitro 

test methods has been recommended. 

 

It has been suggested that ceramic materials with a higher leucite percentage may be 

more difficult to polish [271], thus needing more polishing time compared to 

materials with less leucite and more glassy matrix [272].   

 

 Ceram Layer   6.6.7.

Ceramming is the controlled crystallisation of the glass resulting in formation of 

crystals evenly distributed throughout the glass structure.  The size, amount and rate 

of growth of crystals are determined by the time and temperature of the ceramming 

heat treatment. This ceramming process results in crystals orientated perpendicular to 

the external surface of the glass-ceramic. The most outer layer of the ceramic which 

is called the ceram layer is reported to be up to twice as abrasive to the opposing 

natural dentition and four times less wear resistant than a polished ceramic [270].  

 

6.6.8  Chemical degradation by acid attack 

The wear rate of enamel and ceramic is significantly higher in a highly acidic 

environment than in a less acidic environment [267]. This observation is attributed 

due to two reasons. Firstly the acidic environment affects the solubility of tooth 
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structure and by decreasing the oral pH from 6.5 to a more acidic 5.5 increases the 

solubility by a factor of seven to eight times of enamel. Secondly, forms of chemical 

degradation such as glass corrosion, etching, and crystal deposition increase the 

degree of surface roughness and lower the wear resistance of ceramics against 

opposing teeth by continuously exposing a rough surface. If a degraded ceramic 

surface is further subjected to dysfunctional occlusion or parafunctional habits such 

as clenching and bruxism, the wear process may be accelerated [273].   

 

 Effect of surface finish 6.6.8.

The uneven distribution of pressed ceramic crystals in the glassy matrix may lead to 

flaws in their internal structure. These defects, which can be further enhanced during 

the ceramic processing in the dental laboratory can reduce the material strength and 

increase the wear of enamel [247]. Sealing or reducing flaws and porosities at the 

surface by polishing or glazing the surface may reduce the abrasiveness of the 

ceramic material towards the opposing tooth structure. The treatment of the ceramic 

surface, whether it is glazed or polished, may possibly only influence the early stages 

of the wear process [205].  

 

 Ceramic surface texture and tooth wear 6.7.

The surface texture of dental ceramics should be as smooth as possible to enhance 

the function, aesthetics, and biologic compatibility of a restoration [274, 275]. Rough 

surfaces can decrease the flexural strength of material [276], abrade antagonistic hard 

tissues [245, 277], and accumulate stain, plaque, and tartar [124, 278]. As a result, 

the susceptibility to infection in oral soft tissues and caries increases [279, 280], 

because the free surface energy is lower at uneven surfaces than at smooth ones, 

microorganisms can easily adhere and colonise [257, 281].  Such factors and 

outcomes subsequently reduce the aesthetic quality of the restoration [133]. The 

surface roughness of ceramic restorations can be minimised by polishing or glazing.   
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There are a limited number of in vivo studies of wear rates of enamel and porcelain, 

largely because clinical studies are time-consuming and difficult to conduct [198]. 

Furthermore, there is a lack of the clinical relevance of in vitro wear studies since 

prospective studies correlating in vitro with long-term in vivo results with identical 

materials are not available [208].   

 

One study evaluated the wear of IPS Empress ceramic (Ivoclar-Vivadent, 

Licheinstein) inlays, onlays, enamel and luting cement over eight years of clinical 

service [282]. It was found that the opposing enamel wore significantly faster than 

ceramic inlays regardless of the location of inlays and antagonists in the oral cavity 

[282].  

 

Another in vivo study evaluated the wear of enamel opposing a new heat-pressed 

core ceramic IPS e.max Press (Ivoclar Vivadent) over a period of one year [213].  

This core ceramic was made of lithium disilicate with high fracture toughness. The 

result showed that the mean occlusal wear rate of enamel was 88.4m for premolars 

and 88.3m for molars, with a range of 29 to 255m [213]. This wear rate was faster 

than the reported annual normal enamel wear rate of 18m for premolars and 38m 

for molars [283].   

 

The most recent in vivo study assessing the wear of enamel opposing metal (Simidur 

S2, Panadent, a high noble ceramo-metal alloy composing gold, platinum, palladium 

and silver used for metal-ceramic crown), a metal ceramic material (IPS Classic, 

Ivoclar Vivadent), an experimental hot-pressed ceramic with lithium disilicate 

crystals (Ivoclar Vivadent) and Procera Allceram (Nobel Biocare) was reported in 

2008 [214]. It was found that the Procera AllCeram produced more wear on the 

opposing enamel and the material itself was worn down more than other selected 

materials over a period of 24 months. 
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Many long-term studies on leucite-reinforced ceramic (IPS Empress) posterior 

crowns (up to 12 years) did not report on excessive wear of the opposing enamel and 

concluded that the material is “tooth-friendly” [146, 203, 209, 284]. However, these 

studies did not quantify the enamel wear.  

 

Although in vitro conditions can never simulate completely the complicated oral 

environment, they offer some advantages such as being inexpensive and not 

requiring a follow up on patients over an extended period of time and despite the 

difficulty in comparing results between in vitro wear studies due to different wear 

conditions and tested materials, some important conclusions have been generated.  

First, porcelain has a potential to induce wear to the opposing enamel, with effects 

correlated more with the surface roughness than with the material hardness [212, 

223, 263]. Furthermore, low-fusing temperature porcelain was not less abrasive than 

the traditional feldspathic porcelain [224], and porcelain denture teeth would cause 

more vertical loss to the opposing enamel compared to those made from acrylic resin 

or nano-filled composite [285]. Interestingly, the wear in a two-body condition is 

significantly higher than that in a three-body environment for both porcelain and 

opposing materials (gold, composite resin and enamel) [216].    

 

In the dental literature papers on surface roughness measurements have often been 

presented in which a certain roughness quantity or parameter has been used without 

any discussion of its properties or any explanation of why it was preferred. 

Roughness can also be conceived in various ways. In general a surface is considered 

rough if it is characterised by protrusions and recesses of high amplitudes and short 

wavelengths. If the wavelengths are long, the surface may be thought of as being 

smooth, but wavy [286]. The roughness of dental enamel surfaces can be measured 

in such a way that the perikymata, appearing in numbers of 10-30 per millimeter, 

contribute to the roughness value. However, this undulation of the enamel surface 

can also be considered as a base line and the roughness measured as the deviations 

from this base. When calculating roughness in this case the roughness meter must be 

adjusted to exclude long-waved oscillations and to use only the short-waved 
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deviations, superimposed on the curved base line. In studying surface roughness, a 

distinction must often be made between roughness and curvature. In modern 

roughness meters this can usually be done since the equipment offers a possibility of 

filtering away some of the long-waved oscillations. In the dental literature filtration 

as a means of distinguishing between shape and roughness has only been very briefly 

mentioned in a few papers. The technical literature, on the other hand, contains 

papers which discuss filtration and the separating of roughness from curvature 

[138].The results obtained in the measuring of roughness depends on several factors. 

Some of these pertain to the material itself, its softness, the presence of voids. Others 

refer to equipment design, in particular to the design of the surface tracer [286].
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CHAPTER 7 

MINIMISING SURFACE ROUGHNESS  

 

 Ceramic Clinical Polishing 7.1.

The surface texture, lustre and contour of ceramics after a period of intra-oral service 

should be reviewed and refined if necessary [128]. This is because the surface 

roughness may increase with time due to contact with opposing dental materials, 

exogenous materials, acidulated phosphate fluoride applications, and carbonated 

beverages and air-powder abrasion processes. Periodic clinical mechanical polishing 

aims to restore the surface roughness to an optimum value, thereby decreasing the 

abrasion on teeth, reduce the risk of porcelain fracture, and provide the continuity of 

biologic and aesthetic criteria by avoiding accumulation of tartar [128, 274, 287, 

288]. 

 

 Polishing Engineering Principles   7.1.1.

Polishing is the mechanical process involving friction which produces a smooth and 

glossy finish [289]. Specifically the mechanism of polishing is a chip-removal 

process. The cutting tool is an individual abrasive grain in the polishing wheel. A 

straight grinding wheel of diameter D removes a layer of material to a depth d. An 

individual grain on the periphery of the wheel moves at an angular velocity. This 

polishing process and its parameters are illustrated in Figure 7.1 [290]. 
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Figure 7.1: Schematic illustration of the polishing process showing process variables. The figure 

depicts conventional grinding. A straight grinding wheel of diameter D removes a layer of material to 

a depth d. An individual grain on the periphery of the wheel moves at an angular velocity [290].  

 

Grain force increases with increasing work piece velocity and depth of cut; and 

decreases with increasing wheel speed, number of cutting points per unit area of the 

periphery of the wheel and wheel diameter. The workpiece speed, number of cutting 

points per unit area and wheel speeds have greater influence on grain force than 

depth of cut and wheel diameter. The energy dissipated in producing a chip consists 

of the energy required for: chip formation, ploughing and friction caused by rubbing 

of the grain along the surface. The grain develops a wear flat as a result of the 

polishing operation. The wear flat rubs along the polished surface and, because of 

friction, dissipates energy mainly in the form of heat. This temperature rise during 

polishing is an important consideration because it can adversely affect the surface 

properties by inducing residual stresses on the workpiece. Residual stresses are 

induced by non-uniform plastic deformation near the workpiece surface. Mechanical 

interactions of abrasive grains with the workpiece produce predominantly residual 

compressive stresses as a result of localized plastic flow (Figure 7.2). Since dental 



89 

 

ceramics are much weaker in tension than in compression, residual compressive 

stresses are considered beneficial, whereas residual tensile stresses adversely affect 

strength. The compressive layer can act to partially close an existing surface crack. 

This in turn increases the stress required for crack propagation and effectively 

increases the strength of the material [291]. Temperature increases with increasing 

depth of cut, wheel diameter, and wheel speed; and decreases with increasing 

specimen speed. It can be seen that the depth of cut, d has the greatest influence on 

temperature. Because of the deleterious effect of residual tensile stresses on 

mechanical properties, the process variables should be carefully selected so that 

residual compression stress at the surface is more likely. Lowering wheel speed and 

increasing specimen speed (gentle grinding) can usually reduce the temperature and 

this reduces residual tensile stresses and increases residual compressive stresses 

[286]. Gentle grinding however may prolong the polishing procedure and expose the 

ceramic surface to elevated temperature for a longer period of time leading to an 

increased risk of residual tensile stress at the surface [291].  

 

 

Figure 7.2: Schematic representation of compressive stress as a result of mechanical interactions of 

abrasive grains with the workpiece. For cracks to propagate , energy must be consumed to overcome 

the compressive stresses [290]. 

 

 Glaze Process  7.2.

There are two glaze methods which produce a smooth ceramic surface. These 
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methods are called  ‘overglaze’ and ‘natural glaze’ [164]. Glazing produces a very 

smooth and hygiene surface [292], and increases the functional strength and  

aesthetics [166, 293, 294].    

 

Overglaze is the addition of glass material that is vitrified at a low temperature and 

decreases the heat of fusion.  When external stains need to be applied or a labial 

margin needs to be created, the porcelain should not be exposed to high 

temperatures, ruling out a natural glazing. Overglazing should be used to prevent 

damage to the stains or labial margin [295, 296]. Overglaze is generated by exposing 

a low-temperature porcelain to a temperature that is 20°C to 60°C below the firing 

temperature [292].   

 

Natural glaze keeps the surface of material at the temperature of its last firing 

without adding other materials [164]. The restoration is fired to a temperature that is 

usually equal to or slightly higher than the original firing temperature. If the crown is 

to have a natural glaze, it will be fired after the stains are applied. The restoration 

should first be allowed to dry at the entrance of the furnace muffle until the stain 

medium has evaporated completely, leaving a dry, chalky surface. Then, the crown is 

inserted into the furnace slowly and fired to the manufacturer’s recommended 

glazing temperature for a short period, usually 1 to 2 minutes, until the outer surface 

of the porcelain develops the desired level of gloss. The porcelain surface of the 

restoration is exposed to temperatures high enough to permit the porcelain to fuse 

together and create a smooth, glossy outer “skin.” This process is performed at 

atmospheric pressure [164, 295, 297] (Naylor 1992, Sarac 2006, Tamaura 1987). 

 

 Ceramic surface texture and different surface finishing protocols     7.3.

Glazing and polishing protocols aim to reduce the surface texture of a ceramic 

material [298-302], thereby minimising the potential of negative clinical outcomes 

associated with an unfavourable surface texture [1, 2, 303]. Polishing is a mechanical 
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process and involves the use of diamond burs and points, flexible diamond discs , 

fluted carbide, mounted points, abrasive stones and discs, sandpaper discs, rubber  

wheels, and abrasive diamond pastes [3, 124, 131, 133, 234, 304]. Glazing is a 

temperature dependant physicochemical process which may or may not involve the 

use of additional ceramic glaze material.  

 

Glazing has in the past decades generally been favoured since the popular, traditional 

metal ceramic restorations could be assessed, adjusted and then returned to the 

laboratory for any refinements and reglazing [302, 305, 306]. The disadvantage of a 

glazed surface is that it can be removed after an occlusal adjustment or after a short 

period in function and also if it has been cemented then glazing is obviously not an 

option in the future [1, 8]. Due to the increase in popularity of all ceramic 

restorations, effective polishing protocols have become suitable to reduce the surface 

texture of ceramic surfaces chair side before and also after cementation or bonding 

procedures.  

 

Glazing has been traditionally stated to be the gold standard in terms of surface finish 

[307], producing the smoothest ceramic surface possible [9, 265, 308-311] when 

compared to polishing protocols [312, 313]. Other studies have concluded that 

various polishing protocols can produce ceramic surfaces to be equally smooth than 

glazed surfaces [308, 314, 315] and there are also other studies which state that 

polishing can result in even less abrasive and more aesthetic surface textures  than 

glazed ceramic surfaces [264, 272, 302, 315-320]. The studies analysed all focused 

on determining the best method for creating a smooth ceramic surface. Tholt et al 

[124] assessed the surface roughness of Allceram, IPS Empress 2 and Vitadur Alpha 

ceramics when modified by five different finishing methods. The samples were 

initially glazed, then abraded with diamond burs followed by various finishing 

methods. The finishing methods included diamond polish paste (Eve), rubber points 

(Identoflex), and the Shofu polishing kit. There was no statistical difference in the 

surface roughness between IPS Empress 2 (lithium disilicate) glazed surface (Ra 

0.65um) and a IPS Empress 2 surface polished with either rubber points (Ra 0.6µm) 
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or Shofu porcelain polish kits (Ra 0.65µm). The Vitadur and Allceram glazed surface 

was also statistically similar to a Shofu polished and diamond polished surface. The 

study concluded that glazed surfaces tend to produce the lowest Ra values (0.4µm-

0.6µm) consistently regardless of the ceramic materials whereas the polishing 

protocol seems to aid some ceramics more than other ceramics.   

 

Ai Hiyasat et al [245] studied the effects of different finishing methods in relation to 

surface roughness and opposing tooth wear under various ph conditions. The study 

reported that both glazed (Ra 0.68µm) and polished surfaces (Ra 0.73µm) were 

smoother than unglazed surfaces (Ra 0.1.5µm) and statistically, the differences 

between the glazed and polished samples were not significant [321].  

Martinex-Gomis et al [280] completed a study which assessed the surface roughness 

of forty IPS classic shade guide ceramic after abrasion with a 120µm grit bur and 

then polished by four different methods. The polishing methods included white 

silicon and black rubber, Shofu rubbers, diamond burs, and Sof-Lex disks. All 

samples were then polished by Yeti diamond paste. All polishing methods produced 

smooth ceramic surfaces which were not statistically different. The study stated that 

overall the efficacy of the diamond polishing paste was questionable. 

 

In the earlier studies, the polishing parameters used, handpiece speed, abrasive 

characteristic, and polishing load were not controlled or standardised. Only more 

recently, some effort have been made by the researchers to control the handpiece 

speed and polishing load used [130, 290]. Due to the lack of comprehensive research 

examining these issues, is very difficult to draw a meaningful conclusion when 

comparing studies done to evaluate the effect of polishing on ceramic. Since the 

polishing parameters used were not quantified, the contradicting study results 

between various studies may in fact be due to the polishing process itself. 

 

Scurria and Powers [322] compared the roughness produced by five different 
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combinations of intraoral instrumentation on feldspathic porcelain and machinable 

glass ceramic. The relative speed used was reported as pounds per square inch of air 

pressure delivered to the handpiece. No attempt was made, however, to confirm the 

speed used. Force applied to the handpiece was measured by performing all polishing 

on samples stabilised on a special balance designed to weigh laboratory animals 

(Mettler Balance PM4600, Mettler Instrument AG, Hightstown, N.J). They found 

that feldspathic porcelain could be polished smoother than glazed, and Dicor (Dicor 

MGC, Dentsply, York,PA) ceramic could be polished smoother than Ceramco II 

(Ceramco Inc, Burlington N.J) ceramic. In this study the use of a 30-fluted carbide 

bur did not improve smoothness as reported by Haywood et al [323]. 

 

Glavina et al [324] assessed the surface roughness of Vitamark II cerec blocks after 

various polishing methods. The study concluded that Sof-Lex discs resulted in a 

statistically significantly smoother surface compared to other polishing methods such 

as the Hawe brush and diamond polish paste, and politip-P rubber cups. A study by 

Stoll et al [325] evaluated the Sof-Lex system against four industrially sintered 

feldspath ceramics including Vitamark II ceramic and stated that the Ra after 

polishing with the Sof-Lex disc system and found similar results. Karapetian et al 

[326], Mörmann [327] and Jung [328] all reported similar Ra values of ceramics 

after polishing with Sof-Lex polishing system .  

 

Elmaria et al [243]  evaluated three different ceramic substrates and compared the 

surface roughness to a type III gold alloy. The ceramics were glazed or polished with 

Dialite polishing system. They included pressed ceramic IPS Empress, condensable 

Finesse and All-Ceram. The Ra of glazed IPS Empress was 0.46µm and the Ra of 

polished IPS Empress was 0.15µm. Glazed Finesse ceramic Ra was 0.72µm, 

polished Ra 0.37µm and All-ceram Ra was 0.17µm for both polished and glazed 

surfaces [329]. The SEM analysis of all ceramic substrates revealed increased 

porosity of the polished surfaces when compared with the glazed surfaces [329]. 
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An in vitro study by Flury et al [330] assessed the performance of two CAD CAM 

ceramic materials after polishing with various protocols. The ceramics tested were   

included Vitamark II (lithium disilicate crystalline ceramic) and IPS Empress CAD 

(leucite reinformed crystalline ceramic). The five polishing methods included EVE 

diacera ceramic polishing set (diamond stones), JOTA ceramic polishing kit 

(diamond stones), Optrafine HP paste and brushes, Sof-Lex discs and finally Shofu 

brown and greenie silicone polishers and Occlubrush. The glazed surfaces exhibit 

significantly lower Rz values but higher Ra values compared to the polishing groups. 

For IPS Empress CAD, Sof-Lex polishing produced the lowest Ra value of 0.154µm 

followed by JOTA which was Ra 0.342µm. The Ra for glazing IPS Empress CAD 

was 0.433µm. For Vitamark II, the Sof-Lex discs also produced a smoother surface 

than the glazed specimens. These results are similar to and supported by Martines 

Gomis et al [264]. The study stated the medium Sof-Lex was sufficient to reduce the 

surface roughness and that the Al2O3 particles of the super fine (1-7µm) and fine 

discs (9-3µm) were not able to additionally smooth the hard ceramic material [331].  

 

Haywood et al [207] investigated the effects of water, speed, and experimental 

instrumentation on finishing and polishing porcelain intraorally. They reported that 

the best results were obtained when diamond instruments were used wet at moderate 

speed, and when carbide instruments were used dry at high speed. The relative 

speeds used were characterised by the amount of air pressure delivered to the 

handpiece. No effort to control polishing load was made [207].  

 

A study by Olivera et al [332] tested five ceramic materials. The ceramics included 

IPS Empress 2, IPS Empress (Ivoclar Vivadent), Duceram Plus (Degussa, Dentsply), 

Duceram LFC (Degussa), and Symbio (Degussa). The Ra value of glazed or polished 

ceramics was comparable and not statistically significant. This study is supported by 

Jacobi et al [333] but no by Al-Hiyasat et al [321]. The study concluded there was no 

correlation between glazed and polished ceramics and enamel wear, and secondly 

that there was no statistical difference in the surface roughness of either finishing 

method. 
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Sarikaya et al [258] evaluated the effects of eleven different finish techniques on four 

commonly used dental porcelains. The porcelains evaluated included feldspathic 

porcelain (Vita WMK 95, Ceramco III) a low fusing porcelain (matchmaker MC) 

and machinable (Vitamark I) porcelain. The polishing systems included pastes of 

Zircate silica or Al203, porcelain polish kits or Sof-Lex discs or a combination of 

these materials. No differences in the Ra were noted between the Glaze, Sof-Lex and 

porcelain polish system groups. The Ra values were between 0.6 -0.7µm for the 

feldspathic and low fusing porcelain for all polishing protocols and the Ra value of 

the machinable ceramics was significantly lower with values of 0.3 to 0.4µm for all 

polishing systems. No polishing system produced significantly lower Ra values 

compared to the other polishing systems for any ceramic used. 

 

Yilmaz et al [334] aimed to determine the best method for smoothing surface 

roughness in various dental ceramics. Classic IPS ceramic, Empress 2 and Empress 

aesthetic ceramics were tested. Regardless of the ceramic material, the glaze, then 

natural glaze then mechanical polishing produced the lowest Ra values. These results 

are not consistent with other studies by Brewer et al [133], Ward et al [335], and 

Wright et al [320] but they are supported by Campbell [132] and Patterson et al 

[315]. 

On the basis of an SEM visual examination, Riamondo et al [131] compared the 

finishes of porcelain samples. It was noted that glazing produce a better surface than 

the other polishing methods. The scientific weighting of SEM results may to subject 

to criticism since it has been shown that the surface roughness parameters such as Ra 

values do not necessarily correlate to relative smoothness as noted by SEM or the 

relative shine and when a ceramic is glazed [131].  

 

Hulterstrom and Bergman [336] evaluated the thirteen polishing systems against 

eight ceramic materials in vitro. Glazed surface and polished surfaces had similar Ra 

values which were between 0.5um-0.8um. The Sof-Lex system and Shofu porcelain 
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laminate polishing kit produced the best polishing results compared to other polish 

systems. There was no difference in Ra with respect to time of polishing. A study by 

Sulik et al [337] found no differences clinically or by means of SEM between 

polished and naturally glazed surfaces.  

 

The effectiveness of a final polishing with diamond paste is variable depending on 

the initial polishing system and ceramic material used [338] [339] [340]. Hulterstrom 

and Bergman [336] stated diamond paste did not statistically improve the smoothness 

of the ceramic surface when polished with the Sof-Lex system, but did have some 

benefit when used after the Shofu system. This additional step can therefore be 

omitted  in  intraoral polishing [338]. These recommendations are supported by Sarac 

et al [272], Klausner et al [130] and Al Wahadni et al [265] who tested pressed IPS 

empress ceramic and stated that polishing with the Shofu system followed by 

diamond polish paste was equivalent to reglazing and reduced the surface roughness 

[265]. Studies by Flurry et al [330] and Martinez and Gomis et al [280] both stated 

that diamond polishing paste might round the profile shape and lower the height of 

maximum roughness peaks which leads to a reduction in the arithmetic mean height 

of the surface profile (Rz) but would not influence the average surface roughness 

(Ra) [264, 331]. 

A table outlining the various methods used by authors and researchers is presented in 

Appendix 8   

 

 Ceramic surface texture and mechanical properties 7.4.

There are a number of studies in the dental and ceramic literature on the 

strengthening effects of grinding and polishing, as well as heat treatment of ceramics. 

The effectiveness of these strengthening mechanisms is not well established and may 

not be applicable to clinical dentistry. Previous studies both support and refute the 

strengthening effect of surface and heat treatments. Levy [341] evaluated the effect 

of polishing with pumice and etching on the flexural strength of dental ceramics after 

air, and vacuum glazing, and over glazing. It was reported that no significant 
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difference among treatments; however, polished glazed specimens had higher 

strength values. Brackett et al [342] tested the effects of auto glaze, overglaze, and 

auto glaze plus polish on the strength of five dental ceramics. Polishing was done 

with a Shofu Polishing Kit. The authors reported that the flexural strength of the 

specimens tested with an overglaze was significantly greater than specimens treated 

with auto glaze and those treated with autoglaze and polish. Unfortunately, the 

polishing parameters used in these studies were not quantified and the difference in 

polishing may have affected the results. Results that contradicted these studies were 

reported by Fairhurst et al [343]. He investigated the strengthening of feldspathic 

porcelain by analysing the effect of various polishing and firing procedures on four 

groups (n = 50) of Jelenko body porcelains (Jelenko Gingival,Jelenko Dental Health 

Products, Armonk, NY). The specimens that were fired, polished to 1µm surface 

finish, and not glazed were significantly higher in flexural strength compared to the 

other groups. The other three groups that received additional firing recorded a 

significant decrease in strength. The study concluded that self-glazing did not 

increase flexural strength and that some glazing techniques can be detrimental to the 

fracture properties of leucite-containing porcelains.  

 

Griggs et al [344] repeated the study by Fairhurst et al [343] with a larger average 

flaw size and a wider distribution in flaw sizes. It was thought that the effects of 

glazing might be more obvious if the initial flaw size were bigger. The same type 

body porcelain was used in their study. The firing schedules and type of furnace used 

were different. The results indicated that re-firing of porcelain did not significantly 

increase the flexural strength regardless of the size of the surface flaws.    

 

Giordano et al [19] reported that overglazing, grinding, and polishing all significantly 

increased the flexural strength of dental ceramics by 15% to 30 %, and re-firing of 

the ground and polished samples decreased the flexural strength significantly from 

11% to 18%.  
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Chen [345] conducted a study comparing the flexural strength of dental ceramics 

polished manually and by a machine (Buehler Ecomet III). The results indicated that 

the flexural strength of machine-polished samples was higher but not statistically 

significantly higher compared to manually polished and control (self-glaze) groups. 

Surface roughness was evaluated quantitatively by surface profilometry, and 

specimens polished with the Buehler machine had the best surface finish.
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SECTION TWO 
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CHAPTER 8  

RATIONALE, AIMS AND HYPOTHESIS 

 

 Rationale  8.1.

Understanding the relationship between ceramic surface characteristics and in 

particular altitude parameters to opposing enamel wear will outline to clinicians the 

necessity to polish and in some circumstances, repolish ceramics after a certain 

period of time in situ to prevent excessive enamel wear. 

 

Due to rapid advancements in dental ceramic technology, there are limited studies 

addressing the various polishing methods, resulting surface texture and risk of wear 

to opposing enamel of contemporary dental ceramic materials.    

 

There has been a significant increase in the delivery of ceramic inlays and onlays 

especially with the global explosion of CAD CAM technology. Frequently, the 

ceramic restorations require refinements to the surfaces with abrasives prior to or 

after cementation. If adjustments are made to a glazed or non-glazed surface after 

cementation, only mechanical polishing is an option to restore the surface texture. 

This study will increase understanding of the surface characteristics produced from 

glazing and polishing and will assist with clinical decision making regarding the 

most effective method for restorative ceramic surface. 

 

 Study Aims   8.2.

The specific aims of this study are to: 

 Investigate and compare the surface characteristics of leucite-reinforced (IPS 

Empress CAD, Ivoclar Vivadent) and lithium disilicate ceramic (IPS e.max 
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CAD, Ivoclar vivadent) after chair-side polishing using Optra Fine polishing 

system (Ivoclar Vivadent), and Sof-Lex discs (3M ESPE) and after overglazing 

using In-Ceram glaze paste (Ivoclar Vivadent). 

 

 Investigate the influence of surface roughness of ceramic specimens on the wear 

rate of opposing enamel.      

 Hypothesis 8.3.

Increasing the surface texture of lithium discilicate and leuicite reinforced ceramics 

will statistically increase the wear rate of opposing tooth surface enamel under 

standardisd laboratory conditions 
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CHAPTER 9  

MATERIALS AND METHODS 

 

 STUDY A 9.1.

 Sample preparation   9.1.1.

Ceramic specimens were prepared by sectioning IPS e.max CAD and IPS Empress 

CAD ceramic blocks into 2mm thick specimens using a slow speed saw (Buehler, 

Chicago, IL, USA). To simulate clinical procedure, the grinding and polishing steps 

were carried out manually by a single operator similar to previous studies [328, 335, 

346-348].  Abrasion of the ceramic surface was completed with a high speed dental 

handpiece to simulate the adjustment and refinement of an occlusal surface of a 

ceramic restoration. Various mechanical polishing procedures were then completed 

simulating the effort to re-establish an ideal ceramic surface texture. To eliminate the 

risk of three body wear and the accumulation of heat and negative surface effects 

such as surface crack initiation and propagation from occurring, all grinding and 

polishing abrasion was completed under high speed water cooling. To further 

standardise specimen preparation, one operator applied uniform pressure in 

consistent three different planes and uniform application time of thirty seconds for 

each grinding and polishing surface treatment.  

 

 Ceramic samples 9.1.2.

The two low fusing ceramic materials manufactured by Ivoclar-Vivadent were tested. 

These included homogenous IPS e.max CAD lithium disilicate (Figure 9.1.1) and 

IPS Empress I CAD leucite-reinforced ceramic (Figure 9.1.2).    
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Figure 9.1.1: IPS e.max CAD partially crystallised blocks (Ivoclar-Vivadent). 

 

 

 

Figure 9.1.2: IPS Empress CAD blocks (Ivoclar Vivadent). 

 

A total of 150 ceramic specimens were prepared. Seventy specimens of leucite 

reinforced (IPS Empress CAD) and eighty specimens of lithium disilicate (IPS e.max 

CAD) ceramic material were divided into seven and eight groups of ten specimens 

respectively. A power analysis determined that ten specimens were necessary for 

each sample group. Each group of ten ceramic specimens had a different abrasive 
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and finishing protocol to simulate various types of clinical occlusal refinement 

situations.  After the various finishing protocols were completed the samples were 

subjected to ultrasonic cleaning with distilled water and carefully analysed. 

The surface finishing protocols included: 

Leucite-reinforced ceramics (IPS Empress CAD, Ivoclar Vivadent)  

 Group 1: 50µm grit diamond bur then over glazed with In-Ceram glaze paste 

 Group 2: 50µm grit diamond bur and neither polished nor glazed  

 Group 3: 50µm grit followed by 25µm grit bur 

 Group 4: 50µm, 25µm grit bur, polished with Optrafine polishing system  

 Group 5: 50µm, 25µm grit bur, polished with Optrafine, diamond polishing paste 

 Group 6: 50µm, 25µm grit bur, polished with Optrafine, diamond paste, glazed  

 Group 7: 50µm grit diamond bur and polished with Sof-Lex polishing discs 

 

Lithium disilicate ceramics (IPS e.max CAD, Ivoclar Vivadent) 

 Group 1: 50µm, 25µm grit bur, Optrafine system, crystallised and glazed  

 Group 2: 50µm grit diamond bur, crystallised   

 Group 3: 50µm, 25µm grit bur, crystallised  

 Group 4: 50µm grit bur, crystallised, abraded again with 50µm grit but 

 Group 5: 50µm, 25µm grit bur, crystallised, Optrafine,diamond polishing paste 

 Group 6: 50µm, 25µm grit bur, Optrafine polishing system, crystallised  

 Group 7: 50µm, 25µm grit bur, Optrafine, diamond polishing paste, crystallised 

 Group 8: 50µm grit diamond bur, crystallised,  Sof-Lex polishing discs 

 

 Surface texture altitude parameters 9.1.3.

Surface texture altitude parameters were analysed to assess the influence of various 

finishing protocols to the ceramic specimen surfaces. The same parameters were 

used to assess surface textures after the wear study was completed. The parameters 

include:  
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 Ra   Arithmetical average of surface heights 

 Rpm  Magnitude of the peak to valley height in all cut off lengths 

 Rz   Average height difference between the five highest peaks and  

   five lowest valleys within each cut off length. 

 Rq   Root Mean Square roughness (Rq) is the root mean square  

   average of the roughness profile ordinates. 

The means and standard errors were calculated and are reported and presented in the 

respective text and tables.   

 

 Double Determinations for surface texture analysis  9.1.3.1.

Reliability of the research data for surface texture assessment was established by 

repeating surface texture parameters nine times for each individual specimen. This 

protocol was repeated for five randomly selected specimens from each group of 

ceramics at a different data collection occasion to ensure the validity of the 

measurements was as unbiased and reproducible.   

 

The ANOVA two sample test confirmed that the differences between the surface 

texture parameter measurements were not statistically significant (p=0.05). 

 

 Programat CS Furnace 9.1.3.2.

The Programat CS (Ivoclar Vivadent) (Figure 9.1.3) is ceramic furnace with a 

vacuum option. It allows crystallisation and glaze of IPS e.max CAD restorations in 

the dental office or laboratory. The specifications for crystallisation of IPS e.max 

CAD ceramic and In ceram glazing procedures are shown in Table 9.1.4. 
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Figure 9.1.3: Progromat furnace. 

 

Table 9.1.4: Programat CS  furnace firing parameters. Source: Ivoclar Vivadent Progromat CS furnace 

data sheet. 

 

 

 Slow speed Saw  9.1.3.3.

The IsoMet Low speed saw was used to section the ceramic CAD blocks (Figure 
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9.1.5). The IsoMetR Low Speed Saw is a precision sectioning saw of various 

materials. Its advantages include a low keft loss capacity and low risk of material 

deformation and damage. The Low Speed Saw consists of a 4” (102mm) Series 15H 

rim diamond wafering blade which functions at speeds between 0 and 5000 rpm. 

Techniques that allow low deformation sectioning include gravity specimen feed, 

dead weight load application and drag feed lubrication. Cutting loads can be applied 

to the holding arm in increments of 25 grams and the specimen weight can be tared 

through the use of a counter balance. Intermediate weight adjustments can be 

achieved by sliding the counter weight at the rear of the arm. This design allows 

reproducible cutting parameters from sample to sample.  The sample holding arm 

incorporates a precise micrometer adjustment for alignment of the specimens prior to 

sectioning. Figure 9.1.6 shows the sectioning of a single IPS e.max CAD block into 

several 2mm thick specimens. 

 

 

Figure 9.1.5: IsoMet Low Speed Saw. 
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Figure 9.1.6: Sectioned IPS e.max CAD block into 2mm thick slices. 

 

 Finishing diamonds 9.1.3.4.

Finishing diamonds with 50µm and 25µm diamond impregnated grit drills were used 

to mimic clinical adjustment and occlusal refinement to the ceramic restorations 

(Figure 9.1.7). The diamond burs abraded the ceramic specimen in three plans for 

sixty seconds using a speed-increasing handpiece (1:3) under constant water coolant 

spray (120,000 rpm). 

 

 

Figure 9.1.7: Red band 50 µm grit diamond impregnated high speed bur  (8879L, Komet, Gebr 

Brasseler, Lemgo, Cermany (left). Yellow band 25 micron grit diamond impregnated high speed bur 

(S.sg CKEF, Komet) (right). 

 

 Optrafine polishing system 9.1.3.5.

Optrafine polishing system is a specifically designed ceramic polishing system 
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developed by Ivoclar Vivadent (Figure 9.1.8). The system is autoclavable. It is 

available in the shapes "flame", "cup", and "disc". Polishing is carried out in three 

steps. Firstly, finishing and smoothing is completed with the light blue coloured 

‘Finisher F’ bur, followed by polishing with the dark blue coloured ‘Polisher P’  and 

then finally the ceramic is finished to a high gloss using the high-gloss brush and 

diamond polishing paste HP. The polishing burs are recommended to be used in a 

slow speed contra angle hand piece at a maximum 15000 rpm. The manufacturer 

studies conclude  polishing with Optrafine burs for 40-50 seconds each (20mm
2
 area) 

results in a surface roughness of <0.2um for low fusing ceramics. 

  

Diamond polishing paste HP is the final component of the Optrafine polishing 

system (Ivoclar Vivadent). The paste consists of diamond powder, glycerin, 

propylene glycol and sodium lauryl sulphate (Figure 9.1.8). The manufacturer 

recommends use of paste with a high gloss brush at a maximum 15 000 rpm.  

 

     

Figure 9.1.8: Optrafine polishing system and diamond polishing paste (left)  Source: R&D Ivoclar 

Vivadent AG / Schaan. 

 

 Sof-Lex discs 9.1.3.6.

Sof-Lex discs (3M/ ESPE, St. Paul, MN, US) are a series of polishing discs of 12.7-

mm or 8.5mm diameter (Figure 9.1.9). The series of essentially sand paper discs are 

impregnated with aluminium oxide of varying grit size. The discs are attached to a 

metallic mandrel and then inserted into an electric slow speed contra angle hand 

piece. The manufacturer recommends the discs to be used at a speed of 10,000 rpm 

for ten seconds for coarse and medium discs, and 30,000rpm for a minimum of ten 
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seconds for the fine and superfine discs. The operator must use all four grits to 

achieve optimal surface smoothness, ending with super fine 

 

 

Figure 9.1.9: Sof-Lex discs (3M/ ESPE, St. Paul, MN, US) are essentially sand paper discs 

impregnated with aluminium oxide of varying grit size listed above. Note: “Grit" is a reference to the 

number of abrasive particles per square inch of sandpaper.  

 

 Glazing 9.1.3.7.

Overglazing was completed with In-Ceram glaze paste (Figure 9.1.10). (Ivoclar-

Vivadent) The glaze was applied to polished and non-polished ceramic specimens by 

an experiences ceramist. Two thin coats of glaze paste was applied to the ceramics 

and placed in the furnace for the appropriate period of time.  

 

 

Figure 9.1.10: In-Ceram Glaze paste (Ivoclar-Vivadent, Lichtenstein). 

 

 

 STUDY B 9.2.

 Preparation of tooth specimens 9.2.1.

Seventy five freshly extracted human teeth were obtained from various private dental 

Extra Coarse Coarse grit                 Medium grit     Fine grit     Super Fine grit 

Grit: 75      150     360        600           1200 
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clinics in Western Australia and stored in thymol solution at 4
0
C for use. The teeth 

consisted of premolars and third molars, all of which were non-carious with very 

little or no wear. The use of extracted human teeth followed an informed consent 

protocol that was reviewed and approved by the Committee on the Ethics of Human 

Experimentation, The University of Adelaide (H/27/90). The teeth were sectioned 

longitudinally in a mesio-distal direction so that each specimen consisted of a buccal 

or lingual half-crown with a root portion the pulp tissue was removed with a spoon 

excavator and the root tissue was removed along the cementum-enamel junction 

using a diamond disc attached to a high speed cutting machine under copious water 

coolant (Figure 9.2.1). Once the teeth specimen preparation was complete, the 

specimens were stored in distilled water for 7 days prior to testing. No wear facet 

was prepared in the enamel surface prior to the commencement of the wear cycles.  

 

 

Figure 9.2.1: Tooth-sectioning machine, Adelaide Dental Hospital (left), Flow chart showing 

sequence of tooth sectioning (right). 

 

 Mounting specimens of Scanning Electron Microscopy (SEM) studs 9.2.2.

The surface of SEM studs and the underlying unprepared surface of the ceramic 

specimens were sandblasted with aluminum powder 125m (Argibond Australia) 

under pressure (2 bar) using a sandblasting unit (Renfert GmbH, Germany). The 

ceramic specimens were cemented to the SEM studs, using a chemically-cured resin 
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cement (Panavia F, Kuraray, Japan). The base and catalyst component of the cement 

was mixed with the ratio of 1:1, and applied to the roughened surface of the discs and 

they were attached to the sandblasted surface of the studs and light cured for forty 

seconds with a light cure unit (Visilux 2, 3M
TM

ESPE
TM

, Australia).    

 

On each specimen, three titanium metal spheres of 2mm diameter were attached to 

the side of the stud with cold-cured resin (Vertex self-curing, Vertex Dental BV, the 

Netherlands) to act as reference points for the subsequent scanning process.   

 

Tooth halves were mounted onto the sandblasted SEM studs in a different way.  

They were secured in cold-cured acrylic resin (Vertex self-curing, Vertex Dental BV, 

the Netherlands), which covered one half of the tooth specimen. Care was taken to 

ensure that the most prominent part of the enamel was positioned in the middle of the 

studs.  The three reference metal balls were also partially embedded in resin, leaving 

the top part exposed. It was important that all the metal balls were equally spaced 

and were below the highest point of the enamel, porcelain or gold discs when the 

stud surfaces were horizontally positioned. This played an important role in the 

interpretation of the scanning images and for calculating the object volume above the 

reference plane formed by the metal balls (Figures 9.2.2 and 9.2.3). 

 

Previous studies prepare 2mm wear facets in the enamel specimens prior to the wear 

simulation. In this study, the simulation of a wear facet to create positive contact 

between the opposing sample specimens was not necessary due to the significant 

number of simulated masticatory cycles, maximum amount of enamel was necessary. 

 



113 

 

 

Figure 9.2.2: Enamel specimen on SEM stud with three reference metal balls. 

 

 

Figure 9.2.3: IPS Empress CAD ceramic specimen on SEM stud with three reference metal balls. 
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 Assessment of tooth and ceramic wear   9.2.3.

The degree of enamel wear can be calculated in a number of ways. Common 

methods in the literature include volume loss, depth of wear and weight loss of the 

enamel specimen. Height loss is described in wear studies because of its ease of 

measurement since no digital devices required and clinical relevance regarding the 

vertical dimension of occlusion [234].  

 

Volume loss however is a more sensitive and accurate  method because it changes 

linearly with time [201]. The difference between wear measured in volume and in 

height is largest when opposing surfaces feature cuspal morphologic structures. This 

difference is reduced as cuspal structure is removed and opposing surfaces become 

flat. The volume parameter of wear analysis has been shown to proceed in a linear 

manner [234] and has been shown to correlate with clinical data [30, 201] and thus 

can be used to predict clinical conditions. 

 

 Optical Microscope 3D assessment: Leica MZ16FA stereo microscope 9.2.3.1.

The Leica MZ16FA stereo microscope (Leica Biosystems, Wetzlar, Germany) is a 

high-quality microscope with fluorescence capability (Figure 9.2.4). The 

fluorescence filters available on the MZ16Fa are: UV excitation – visible light 

emission, blue excitation – green emission, green excitation – red emission and a 

filter that is specifically designed for GFP3 imaging. Three objective lenses of 

different magnification are available for the MZ16FA allowing a magnification range 

of 3.5x to 230x thereby covering the sample size range from macro to micro. All 

functions on the MZ16FA such as zoom and focus are computer control which, when 

combined with the Leica IC 3D camera system on the microscope, enables a number 

of unique functionalities for the microscope. The camera system consists of two high 

quality cameras; one camera for each of the stereo light paths. These cameras are 

capable of recording 24-bit colour images with up to 2088 pixels by 1055 pixels and 

enable the full stereo functionality of the microscope to be used. In particular, it is 

possible to record true stereo pair images of a sample. The image capture software 

can be used to convert the stereo pair images to a relief map of the height variations 

in the surface of an object with a vertical accuracy of a few microns. 
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Another unique function of the microscope is to record a series of images where, 

under computer control, the image focus is changed by a small amount from one 

image to next. This image series can be combined using the image capture software 

to form a single image from which any depth of field effects have been removed. 

That is, an image that shows in-focus detail over the complete height of a sample. 

 

 

Figure 9.2.4: Leica MZ16FA stereo microscope (Leica Biosystems, Wetzlar, Germany). 

  

 Three Dimensional Scanning and quantitative results 9.2.3.2.

Accurate, reproducible three-dimensional (3D) data provide an important 

contribution to our ability to describe, compare and understand dental morphology. 

The existing technology however is often expensive or has technical limitations. 

Recently available, inexpensive 3D profilometers interfaced with standard personal 
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computers offer the potential to overcome some of these problems [351]. 

 

9.2.3.2.1. 3D PIX-4 scanner 

For data acquisition a 3D scanner (PIX-4, Roland DG, Tokyo, Japan) interfaced with 

a personal computer was used to record the heights (Z) of surface mesh points (X and 

Y). An active piezo sensor detects contact between its stylus and the scanned surface.  

The X and Y mesh steps can be set between 50μm and 5.00 mm in 50μm steps and 

the Z-axis direction has a resolution of 25μm.  

 

9.2.3.2.2. “Dr.PICZA” software 

The “Dr.PICZA” software (Roland DG, Tokyo, Japan) provided with the scanner is a 

Windows or MAC OSX-based tool that allows the scan area to be defined to 

accommodate the dimensions of the specimen and the scanning resolution to be set 

according to the user’s needs. This decision involves balancing the need for high 

resolution against the size of the resultant data set and the scanning duration, both of 

which are increased with increasing resolution. In addition, a lower limit and the 

approximate X and Y coordinates of the highest point of the specimen can be defined 

to further optimise the size of the data set and shorten the scanner’s calibration and 

scanning times.  

 

The software allows basic manipulation and visualization of the data (Figure 9.2.5) 

and has the facility to export data in a range of formats for subsequent analysis. In 

this study, the aim was to measure the changes in dental enamel volume resulting 

from simulated tooth wear. Therefore specimens were mounted (either the buccal of 

lingual halves of human tooth crowns) with three reference markers (2 mm diameter 

titanium spheres) equally spaced around the specimen. Specimens were subjected to 

the same scanning and calculating process to determine the volume of the specimens 

above the reference plane before and after the predetermined cycles in the chewing 

simulator. Wear volume in cubic millimetre was defined as the difference between 
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the two sets of data collected using the software Excel 2003 (Microsoft Corporation). 

 

It was anticipated that the predicted changes were to be relatively small (expected to 

be of the order of 20 mm
3
) therefore the highest scanning resolution was used (i.e., 

50ì for the X and Y matrix and 25ì for the height (Z)). The derived data set was 

exported as a text file for detailed analysis.  

 

9.2.3.2.3. Matlab 6.5 

For data analysis, a purpose-written software package was developed using 

MATLAB (version 6, The Mathworks Inc, Natick MA, U.S.A.). The package 

accepts data from “Dr PICZA” in the form of (X, Y, Z) triples, where the X values 

are the west-east coordinates and the Y values the north-south coordinates. To make 

optimum use of MATLAB and its graphic facilities, the data set was converted to a 

regular mesh grid and the Z-values were saved to a matrix (Z). The menu-driven 

software package then provides a series of options for defining the reference plane, 

graphing the data in 3D and deriving data describing the volume of the scanned 

object and the surface area and the height of the highest point on the object from the 

reference plane in cases where this is of interest. 

 

For study B, the volume bounded by two surfaces: the tooth surface and a planar 

surface defined by the three external reference points were determined (Figure 9.2.6). 

The data transferred from Dr PICZA were plotted using the MATLAB routines and 

the maximum heights of the three reference points were identified (Figure 9.2.6 and 

Figure 9.2.7).The volume of the scanned object above the reference plane was 

analysed and calculated. The mean volume was determined after each data set was 

evaluated three times.    
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Figure 9.2.5: PIX-4 3D scanner, Roland DG, Tokyo, Japan. 
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Figure 9.2.6: The graphic data in 3D. 

 

 

Figure 9.2.7: Reference plane defined for volume calculation with Matlab 6.5. 
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9.2.3.2.4. Validity and reliability of 3D Scanning and quantitative results  

The Dr PICZA volumetric analysis has previously been validated by comparing 

calculated data with known dimensions and volumes of standard objects by different 

observers.  The reproducibility of the derived data, both within and between 

observers has also been determined from repeated measurements [351]. The 

differences were less than 10% from objects which geometrically are difficult to scan 

and commonly less than 5%. The reproducibility, expressed as intra and inter-

observer coefficients of variation was less than 1% for all scans and observers, and 

with no significant differences between observers or repeated scans [351]. 

  

Therefore the system described is an affordable, valid and reliable method for 

obtaining 3D data for the description and comparison of dental morphology. 

 

 Scanning Electron Microscopy (SEM) and qualitative results 9.2.3.3.

 

9.2.3.3.1. Fabrication of specimen replicas 

 

For each specimen, two resin replicas were fabricated, the first after the initial wear 

facet was created and the second after being subjected to the number of wear cycles 

required as part of each experimental protocol. Polyvinylsiloxane (Imprint
TM

, Quick 

Step, Light and Regular body 3M
TM

 ESPE
TM

) was used to make an impression of the 

specimens and the replicas were constructed in epoxy die material (Adelaide Epoxy 

Supplies, South Australia) according to the manufacturer’s instructions. The replicas 

were mounted on standard SEM studs. These were subjected to subsequent scanning 

electron microscope examination. 

 

9.2.3.3.2. Scanning Electron Microscopy (SEM) observations 

 The SEM has an electron gun at the top of an electron optical column. The beam is 
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focused into a small spot, which is scanned over the specimen in a raster pattern. The 

specimen is mounted in a vacuum chamber. 

 

This signal is electronically converted into an image produced on a monitor screen. 

The magnification is determined by the area of the sample scanned by the beam.   

 

Ceramic specimens and epoxy resin replicas on SEM studs were prepared for visual 

assessment using the Phillips 20XL Scanning Electron Microscope (Figure 9.2.8). 

The specimens were cleaned in an ultrasonic bath for thirty minutes prior to carbon 

coating. Ceramic specimens were assessed after completion of each finishing 

protocol and then again after completion of 600000 cycles against enamel in the 

Willytec chewing simulator.  

  

For each group, two arbitrarily chosen ceramic specimens were selected and 

prepared for SEM observation (Figure 9.2.9). Observations of the overall surface 

were completed first under low magnification (20x) and subsequent details of the 

wear facet were closely observed under higher magnification (200-400x).  At least 

two photographs were made for each chosen sample. To allow direct comparisons 

between the resulting photomicrographs, the acceleration voltage (kV) and the tilt 

angle were kept constant. Images were electronically stored for subsequent 

comparison and analysis. 
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Figure 9.2.8: Phillips 20XL Scanning Electron Microscope, Adelaide Microscopy laboratory 

 

  

Figure 9.2.9: Ceramic specimens on SEM mount coated with Au/Pd for SEM surface analysis. 

 

 Tooth wear simulator protocol 9.2.4.

The one hundred and fifty enamel specimens were attached to the superior 

component of the Willytec chewing simulator. The enamel specimens were abraded 

against the prepared ceramic specimen immersed in distilled water at neutral pH and 

at 37
o
C. The total number of cycles each specimen coupling completed was 600000 

at a chewing rate of 4Hz. The occlusal force was 50N, lateral excursion 3 mm and 

cuspal contact time 0.46 seconds. These masticatory parameters are similar to those 

used in previous in vitro studies [234, 332]. 

   

According to the literature [349, 350] the wear produced by 240000 to 250000 

masticatory cycles in a chewing simulator corresponds to the wear measured after 1 

year of clinical service. Therefore, to simulate a service time of 5 years about 

1200000 masticatory cycles have to be performed in a chewing simulator. 
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 Willytec tooth wear design 9.2.4.1.

Wear simulators aids researchers to assess the variables that influence rates of wear 

of enamel and restorative materials. Tooth specimens to be subjected to wear  while 

controlling variables such as load, direction of movement, duration of contact, 

number of cycles, speed of each cycle, as well as the quantity and quality of selected 

lubricants (Figure 9.2.10). 

  

 

Figure 9.2.10: Willytec wear simulator, Dental School. University of Western Australia. 

 

The Willytec chewing simulator has been commercially available since 1997. In 

principle, the load is produced by weights, which are mounted on a bar. Loads 

between 5 and 50 N can be applied in the vertical axis and an additional horizontal 

movement improves the clinical relevance by further creating a natural chewing 

pattern. This bar is driven by a computer controlled step motor by means of 

programmable logic controllers. After the specimens have been mounted in the test 

chambers, the chewing simulator is calibrated and the reference points (point “zero”) 

are defined. The chewing simulator contains eight test chambers and each test 

chamber has a bar and an individual weight; all bars are linked by a transverse bar 

that is driven by a step motor. When the stylus comes into contact with the specimen, 
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the whole mass of the weight is released. The step motor can also produce lateral 

movements. In addition, the simulator includes a thermocycling system, using 

magnetic valves in conjunction with a heating and cooling system controlled by 

PLCs (thermocycling is no longer available with the Willytec simulator). 

 

 

Figure 9.2.11: Schematic drawing of the dual-axis chewing simulator with eight sample chambers. (1) 

upper crossbeam, (2) lower crossbeam,(3a) water reservoir (in), (3b) water reservoir (out), (4) filter 

for cold water, (5) filter for warm water, (6) pump for removal of cold water, (7) pump for removal of 

warm water, (8) pump for application of cold water, (9) pump for application of warm water, (10) 

motor block, (11) table. 

 

 

The chewing simulator was developed in co-operation with the Company Willytec*. 

It has eight identical sample chambers and two stepper motors which allow 

computer-controlled vertical and horizontal movements between two antagonistic 

specimens in each sample chamber (Figure 9.2.11). The masticatory load curve is 

programmed by the combination of the horizontal and vertical motion. The computer 

unit controls the mechanical motion and the water flow of the cold and warm water 

baths for the thermal cycling of the samples. Each of the eight sample chambers has 

a plastic sample holder which is adjustably fixed by a butterfly nut to the base of the 
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sample chamber and the underlying lower crossbeam. The samples are embedded   

into the lower sample holder. The lower crossbeam is moved by one stepper motor 

and allows a horizontal, sliding motion of the samples (Figure 9.2.12). 

 

 

The antagonistic samples are embedded into the upper sample holders which are 

fixed at the lower end of the vertical guide rails (Figure 9.2.12). The guide rails are 

freely mounted within bearings in the upper crossbeam and the vertical height of the 

antagonistic sample is adjusted by the adjustment screw on top of the upper 

crossbeam. Adjustable weights are mounted on top of the guide rails and allow 

variation of the applied chewing force. The upper crossbeam is moved by the second 

stepper motor and moves the antagonistic samples vertically. When the upper 

crossbeam moves down and the antagonistic upper samples touch the lower samples, 

the upper crossbeam moves an additional 2 mm down. Because the guide rails are 

freely mounted within bearings in the crossbeam, their individual weight is fully 

transferred to each lower sample. The effective impact force is dependent on the 

antagonist’s total weight and its velocity, which can both be precisely controlled. The 

chewing machine’s computer unit calculates and displays the effective impact as 

kinetic energy. 
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Figure 9.2.12: Schematic drawing of one chewing chamber. The sample rests on the sample holder 

which is fixed to the chamber base by a butterfly nut. 

 

 

The Willytec chewing simulator has a number of variables that can be precisely 

adjusted as shown in Table 9.2.13. Such parameters allow ease of use and more 

accurate representation of oral tooth wear simulation. 
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Table 9.2.13: The Willytec chewing simulator with adjustable variables 

 

 

9.2.4.1.1. Method of lubrication 

The lubrication system consisted of immersing the samples in a container filled with 

distilled water. The distilled water and specimens were checked to ensure correct 

working order and functioning in the chewing simulator every 5 hours. The level of 

the distilled water was approximately 5mm above the opposing tooth specimen 

(Figure 9.2.14). 

 

 

Figure 9.2.14: Willytec chewing simulator testing wear of enamel specimens, lubrication by 

immersing samples in distilled water.  
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 Statistical analysis 9.2.5.

The different null hypotheses were tested using one-way and two- way analysis of 

variance (ANOVA). One-way analysis of variance (ANOVA) was used to explore 

the surface texture characteristics for significant differences between the various 

ceramic groups and between the two ceramic materials. Post analysis paired 

comparisons of groups were then carried out using Tukey HSD multiple 

comparisons. The Tukey HSD test method is a follow-up multiple comparison test 

that is used after a significant one-way analysis of variance (ANOVA). It is one of 

the several tests that can be used to determine which mean among a set of means 

differ from the rest. It was used in this study to identify statistically significant group 

subsets identified by ANOVA. Statistical analyses were performed using SPSS 

Statistic software (IBM, USA).  

 

Enamel and ceramic wear data were analysed using repeated measures ANOVA to 

explore the data for statistically significant effects of ceramic finishing surface, and 

number of cycles. The two factors analysed were the type of ceramic and finishing 

technique. After using ANOVA to determine the significance of ceramic type, 

finishing technique, and the interaction of ceramic type and finishing technique, the 

ceramic type was examined to determine why this effect was significant.  

 

The number of observations per subgroup was nine and the statistical significance 

was set at the 0.05 probability level.   

 

 Double Determinations for volumetric analysis 9.2.5.1.

The measuring accuracy and reproducibility of the 3D scanning instrument PICZA as 

well as the computer software Matlab 6.5 has previously been demonstrated to be 

satisfactory [352]. In this study, each enamel specimen was scanned once at the 

highest resolution using the PICZA 3D scanner. The Matlab 6.5 analysis was 

repeated three times for each enamel specimen and an average was taken. In order to 
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determine the reliability of the data, ten randomly selected enamel specimen data 

values were re assessed to determine if they were statistically similar to the previous 

results.   

 

To assess the consistency and reliability of the volumetric data, two separate results 

per sample were acquired on different occasions. The ANOVA two sample test 

confirmed that the differences between the volumetric measurements were not 

statistically significant (p-=0.14) (Appendix 7). 
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CHAPTER 10 

RESULTS 

STUDY A – SUFACE ROUGHNESS 

 

 SEM analysis 10.1.

Qualitative surface texture characteristics for lithium disilicate, leucite-reinforced 

ceramics and tooth enamel specimens are presented (Figure 10.1.1-10.1.9) 

  

    

Figure 10.1.1: Leucite-reinforced ceramic, Glazed surface. LEFT: Surface texture Pre wear study, 

RIGHT: Surface texture Post wear study.  

 

A. Surfac B.  Surface 
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Figure 10.1.2: Lithium Disilicate Ceramic, Glazed surface. LEFT: Surface texture Pre wear study, 

RIGHT: Surface texture Post wear study. 

 

   

Figure 10.1.3: Leucite-reinforced ceramic, Optrafine and diamond polish paste. LEFT: Surface texture 

Pre wear study, RIGHT: Surface texture Post wear study. 

 

A. Sur B. 

A. Surf B. 
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Figure 10.1.4: Lithium disilicate ceramic, Optrafine and diamond polish paste. LEFT: Surface texture 

Pre wear study, RIGHT: Surface texture Post wear study. 

 

   

Figure 10.1.5:  Leucite-reinforced ceramic High speed diamond 25um grit. LEFT: Surface texture Pre 

wear study, RIGHT: Surface texture Post wear study.. 

 

 

A. Surf B. Surface 

A. Surf B. Surface 
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Figure 10.1.6: Lithium disilicate ceramic High speed diamond 25um grit. LEFT: Surface texture Pre 

wear study, RIGHT: Surface texture Post wear study. 

 

  

Figure 10.1.7: Leucite-reinforced ceramic Sof lex disc. LEFT: Surface texture Pre wear study, 

RIGHT: Surface texture Post wear study. 

 

 

A. Surf B. Surface 

A. B. 
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Figure 10.1.8: Lithium disilicate Ceramic Sof-Lex disc. LEFT: Surface texture Pre wear study, 

RIGHT: Surface texture Post wear study. 

 

  

Figure 10.1.9: Enamel specimens. LEFT: Surface texture Pre wear study, RIGHT: Surface texture 

Post wear study.   

 

No apparent visual difference could be determined at magnification 20x, 200x and 

400x between lithium disilicate and leucite-reinforced ceramics when the same 

finishing protocol was completed. Both ceramic materials finished with as surface 

glaze or polished with Optrafine polishing system with or without diamond polishing 

paste had comparable surfaces. Ceramics finished with Sof-Lex under the same 

magnification as other ceramic specimens were notably different and have the 

appearance of a greater surface texture and roughness compared to glazed or 

Optrafine polished ceramic specimens. Ceramic specimens neither finished with a 

A. Surf B. Surface 
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glaze nor polishing system appeared visually to be significantly more abraded and 

rough in surface texture than the other ceramic specimens tested.   

 

 Leica MC 90 light microscope surface texture analysis 10.2.

 

 Surface characteristics before wear simulation 10.2.1.

Leucite-reinforced ceramic specimens were glazed, abraded or mechanically 

polished as previously described. Multiple altitude surface texture parameters were 

assessed to reinforce the reliability and validity of the surface texture measurements.  

 

The different altitude parameters analysed produced consistent results, therefore to 

aid simplicity, the most popular altitude parameter in the dental literature, Arithmetic 

average surface roughness (Ra) will only be described. The other altitude parameters  

analysed including Rpm, Rp, Rq support and improve the validity of the Ra 

parameter results however do not improve the relationship of the Ra parameter and 

its clinical significant. For comparison, the results of the surface texture parameters 

Rpm, Rq, Rz after various finishing protocols are presented in Appendix 1 and 2. 

The surface texture of all ceramic and enamel specimens was analysed at completion 

of all surface finishing protocols which was prior to the commencement of the wear 

study.  

 

 Leucite-reinforced ceramic 10.2.1.1.

According to the Tukey analysis, ceramic specimens finished with different finishing 

protocols resulted in different surface textures (Figure 10.2.1). Ceramics finished by 

Optrafine polishing system plus diamond polishing paste and glazed ceramics were 

statistically similar and had the lowest Ra values, while all other finishing protocols 

produced rougher ceramic surfaces.  
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Glazed specimens and specimens finished with Optrafine polishing system with or 

without diamond polishing paste presented with the lowest surface roughness 

measurements of (0.26µm ±0.06), (0.30µm ±0.02) and (0.44µm ±0.09) respectively. 

Specimens finished with Sof-Lex  discs had a mean surface roughness measurement 

of (0.70µm ± 0.08) and specimens which were only abraded with a 50µm grit 

diamond bur had a measurement of (1.49µm ±0.16).  

The results of the surface texture parameters Rpm, Rq, Rz after various finishing 

protocols for leucite-reinforced ceramics are presented in Appendix 1 for 

comparison. 
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Figure 10.2.1: Arithmetical average of surface heights (Ra) measurement data values for leucite-

reinforced ceramic after completion of different surface finishing protocols. Ceramic groups with 

statistically similar surface texture finishing protocols are shown in the same colour whereas surface 

finishing techniques which create statistically different surfaces are shown in different colours. 

 

 Lithium disilicate ceramic  10.2.1.2.

According to the Tukey analysis, ceramic specimens finished with Optrafine 
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polishing system with (0.41 µm ±0.08) or without (0.59µm ±0.09) diamond 

polishing paste were statistically but rougher than glazed ceramic specimens (Figure 

10.2.2). Glazing lithium disilicate ceramic produced the lowest surface roughness Ra 

values (0.22 µm ±0.08). Sof-Lex discs produced a greater surface roughness (0.82 

µm ±0.15) compared to glazing or the Optrafine polishing system. Specimens 

abraded with a 50µm grit diamond bur after crystallisation had the highest Ra values 

compared to all other finishing protocols (1.59±0.37). 

 

 

Figure 10.2.2: Arithmetical average of surface heights (Ra) data values (+/_S.E.) for lithium disilicate 

ceramic after the various surface finishing protocols. Ceramic groups with statistically similar surface 

texture finishing protocols are shown in the same colour.   
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The measurements and statistical analysis results of other surface texture altitude 

parameters tested for lithium disilicate ceramic specimens after the various surface 

finishing protocols were completed are shown in Appendix 2.   

 

 Surface finishing protocols and glass ceramics    10.3.

There is no statistical difference in the surface roughness when the two different 

ceramics are finished by the same surface finishing protocol. Glazing produces a 

similar smooth surface texture regardless if the ceramic is lithium disilicate or 

leucite-reinforced (Table 10.3.1). 

 

Table 10.3.1 

Finishing Protocol Leucite-reinforced Lithium disilicate 

 

n x SD n x SD 

Glazed 10 0.26 0.06 10 0.22 0.08 

50um grit diamond bur 10 1.49 0.16 10 1.59 0.37 

Sof-Lex polishing discs 10 0.7 0.08 10 0.82 0.15 

Optrafine polish system 10 0.3 0.02 10 0.41 0.08 

Optrafine and diamond polish paste 10 0.44 0.09 10 0.59 0.09 
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CHAPTER 11 

RESULTS 

STUDY B - WEAR 

 

 SEM analysis 11.1.

Qualitative surface texture characteristics for lithium disilicate, leucite-reinforced 

ceramics and tooth enamel specimens after completion of the wear study was 

presented (Figure 10.1.1-10.1.9).  The surface texture of ceramic specimens were 

analysed at magnification 20x, 200x and 400x. After the wear study was completed, 

all ceramic specimens visually were significantly abraded and consistent in 

appearance regardless of the initial surface finishing protocol or type of ceramic 

material.  

  

 Leica MC 90 light microscope surface texture post wear analysis 11.2.

At completion of the wear study, the surface roughness of leucite-reinforced 

ceramics and lithium disilicate ceramic specimens was re-examined. The arithmetical 

average of surface heights (Ra) will be discussed. The remaining surface texture 

parameter measurements and the statistical analysis are presented in Appendix 3 and 

4. 

 

 Leucite-reinforced ceramic  11.2.1.

At completion of the wear study, the leucite-reinforced ceramic surface roughness 

according to the arithmetic average of surface heights parameter (Ra) is shown in 

Figure 11.1. The arithmetical average of surface height (Ra) values for the different 

ceramic specimen groups are as follows;  Glazed ceramics (1.86µm±0.70), 50 µm 

grit diamond bur (2.01 µm ±0.48), Optrafine polishing system (1.53 µm ±0.68), 

Optrafine polishing system and diamond polishing paste (2.25 µm ±0.49) and Sof-
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Lex discs (2.14 µm ±0.59).  According to the Tukey analysis there are no statistical 

differences at p= 0.05 between any ceramic group. Based on this observation all the 

ceramic arithmetical average of surface height (Ra) values was pooled. The overall 

arithmetical average of surface height (Ra) value for all leucite-reinforced ceramic 

specimens after wear testing was 1.95 µm ±0.49.  For comparison, the other surface 

texture parameter measurements and the statistical analysis are presented in 

Appendix 3. 

 

 

Figure 11.1:  Arithmetical average of surface height (Ra) data values for the different leucite-

reinforced ceramic specimen groups according to the surface finishing protocols, after subjected to 

600000 wear cycles in the chewing simulator against enamel specimens. Ceramic groups with 

statistically similar surface texture finishing protocols are shown in the same colour   

 

 

 Lithium disilicate ceramics 11.2.2.

According to the Tukey analysis, all lithium disilicate ceramic specimen groups had 
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mean values for each group of ceramic specimens are as follows; Glazed 1.10 µm 

±0.26, 50µm grit diamond group 1.22 µm ±0.21, Sof-Lex 1.50 µm ±0.15, Optrafine 

polishing 1.54 µm ±0.18 and  Optrafine polishing with diamond polish paste 1.21 

µm ±0.71 (Figure 11.2). The total arithmetic average of surface height value when all 

the samples were pooled together was 1.31µm ±0.51. For comparison, the remaining 

surface texture parameter measurements and the statistical analysis are presented in 

Appendix 4. 

 

 

Figure 11.2:  Arithmetical average of surface heights (Ra) after wear against enamel for the different 

lithium disilicate ceramic specimen groups according to the surface finishing protocols, after 

subjected to 600000 wear cycles in the chewing simulator against enamel specimens. Ceramic groups 

with statistically similar surface texture finishing protocols are shown in the same colour   

 

 Surface texture comparison between ceramics after wear simulation 11.2.3.

For each ceramic material, all  specimens were pooled together to determine the 

overall arithmetical average of surface heights (Ra) for each ceramic material after 
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two body wear simulation against enamel. This was justified since there was no 

statistical difference between ceramic specimen groups after the wear study was 

completed, regardless of the initial surface texture (Appendix 5). According to the 

two sample t test, the mean arithmetical average of surface heights (Ra) of pooled 

lithium disilicate (1.31µm ± 0.45) is significantly lower (p=0.01) than the pooled 

leucite reinforced ceramics (1.95µm ± 0.33) (Figure 11.3).   

 

 

Figure 11.3: Comparison of mean surface texture altitude parameter Ra of leucite reinforced and 

lithium disilicate pooled ceramic specimens after two body wear simulation in the Willytec chewing 

simulator.   

 

 Enamel specimens 11.2.4.
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after the wear study which were calculated for comparison were statistically different 

to each other (Appendix 6). 

The enamel surface roughness (Ra) was significantly greater (1.1µm ±0.41) after 

600000 cycles of enamel-enamel wear than initially (0.51µm ±0.29) (Figure 11.4).   

  

 

Figure 11.4: Mean values (µm) of enamel specimen surface texture altitude parameter Arithmetic 

average of surface heights (Ra) before and after in vitro wear simulation using a Willytec chewing 

simulator. 

 

 

 Volumetric analysis of enamel opposing leucite-reinforced ceramic   11.3.
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the wear rate of enamel at the completion of the wear study (Figure 11.5). For this 

reason enamel specimens worn against leucite-reinforced ceramics were pooled 

together. 

 

A total of 23 enamel specimens were abraded against leucite-reinforced ceramic 

specimens. The average volumetric surface loss of enamel opposing leucite-

reinforced ceramic specimens was 17.33µm±1.97 per 600000 cycles which 

correlates to a wear rate of 0.024µm per 1000 cycles of parafunctional wear 

simulation. 

 

 

Figure 11.5: Average total volumetric loss of enamel opposing leucite-reinforced ceramic with 

different surface finishing protocols (mm
3
).  Average total volumetric loss of enamel opposing leucite 

reinforced ceramic with different surface finishing protocols (mm
3
).  The surface finishing protocol of 

the ceramic groups did not influence the rate of opposing enamel wear. The statistically similar 

ceramic groups are presented in the same colour. 
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 Volumetric analysis of enamel opposing lithium disilicate ceramic   11.4.

  

Different surface finishing protocols of lithium disilicate ceramics did not influence 

the wear rate of the opposing enamel at the completion of the wear study (Figure 

11.6). Therefore enamel specimens worn against leucite-reinforced ceramics were 

pooled together. 

 

A total of 27 enamel specimens were abraded against lithium disilicate ceramic 

specimens. The average volumetric surface loss of enamel opposing lithium disilicate 

ceramic specimens was 15.39µm±1.08 per 600000 cycles which correlates to a wear 

rate of 0.025µm per 1000 cycles of parafunctional wear simulation. There are no 

statistical differences between the rate of enamel wear and what the opposing 

ceramic specimen initial surface finish the specimen is abraded against. 

 

Figure 11.6: Average total volumetric loss of enamel opposing lithium disilicate ceramic specimens 

with various finishing protocols. Ceramic groups which resulted in statistically similar volumetric 

enamel loss are presented in the same colour.   
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 Volumetric analysis of enamel when abraded against an enamel specimen 11.5.

A total of 25 enamel specimens were abraded against enamel specimens. The group 

of enamel specimens was considered the control group and allowed the comparison 

of the enamel specimen wear rates when opposing ceramics. The average volumetric 

surface loss of enamel was 12.77µm±1.32 per 600000 cycles which correlates to a 

wear rate of 0.021µm per 1000 cycles of parafunctional wear simulation. 

 

 Volumetric loss of enamel when abraded against enamel, leucite-reinforced 11.6.

and lithium disilicate ceramic specimens  

The wear rate of enamel opposing enamel compared to the wear rate of enamel when 

opposing lithium disilicate is not statistically different (p=0.07). However the wear 

rate of enamel opposing leucite-reinforced ceramic is significantly greater (p=0.01) 

according to the two sample t test (Figure 11.7). 
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Figure 11.7: Mean volumetric loss of enamel specimen when opposing either enamel or ceramic 

specimens after wear study against enamel (mm
3
).
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SECTION THREE  
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CHAPTER 12 

DISCUSSION 

 

 Importance of ceramic surface texture and effectiveness of finishing methods 12.1.

The surface texture of dental ceramics should be as smooth as possible to enhance 

the function, aesthetics, and biologic compatibility of a restoration [274, 275]. 

Mechanical polishing or glazing, are methods suitable to create a smooth ceramic 

surface. 

 

The effectiveness of different polishing methods was assessed by comparing the 

resulting surface texture to glazed ceramic surfaces. Some types of polishing 

methods can produce a ceramic surfaces texture equal to that of glazing [308, 314, 

315] or better than a glazed ceramic surface [264, 272, 302, 315-320]. The variation 

in conclusions between the different studies surface texture roughness is due to the 

variability in polishing protocols and variability of ceramic materials. Different 

methods and materials for polishing are more beneficial for some types of ceramics 

than others.   

 

The clinical significance of the ceramic surface textures was analysed by comparing 

the wear rate of enamel specimens opposing enamel or ceramic specimens with 

various surface textures after 600 000 cycles in a Willytec chewing simulator.  

 

 Visual appearance of the effect of different finishing protocols  12.2.

Traditional ceramic polishing techniques produced visually suboptimal ceramic 

surfaces compared to a glazed ceramic surface [353, 354]. The degree of success of 

any polishing technique for ceramics is dependent upon having a well condensed 

ceramic, because porosities in the ceramic are not completely eliminated by 
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polishing as they are in a natural or overglaze firing. With a well-condensed ceramic, 

the surface achieved by polishing can be as smooth as that of a glazed surface [337]. 

Modern dental ceramics such as leucite-reinforced and lithium disilicate ceramics are 

industrially manufactured and subsequently have a low percentage of flaws and 

porosities throughout the surface microstructure. This physical property is 

responsible for its advantageous mechanical polishability. This study has 

demonstrated mechanically polishing leucite-reinforced or lithium disilicate ceramics 

with Optrafine polishing system produces a visual ceramic surface lustre which, 

under SEM magnification, is comparable to a glazed surface. The use of aluminium 

oxide impregnated Sof- Lex discs did not produce a ceramic surface which was 

visually comparable to either Optrafine finished or glazed surfaces.  

 

Researchers have recommended the combined use of glazing and polishing to 

improve surface characteristics of ceramics [234]. Qualitative SEM analysis showed 

the superiority of this technique [234] in relation to the appearance of a smooth 

surface finish and in relation to objective aesthetic parameters. 

 

 Efficacy of Optrafine finishing system and leucite-reinforced ceramics 12.3.

Mechanical polishing leucite-reinforced ceramics with Optrafine polishing system 

produces a surface texture which is consistent with an over-glazed leucite-reinforced 

ceramic surface. This study did not find any statistical difference in the resultant 

surface texture of leucite-reinforced ceramic (Empress CAD) when it was finished by 

polishing with Optrafine or if the surface was glazed. Polishing with Sof-Lex 

aluminium impregnated discs produced a rougher surface texture. The results from 

the polishability of IPS Empress is consistent with Olivera et al [332] and  Raimondo 

et al [131]. 

 

 Efficacy of Optrafine finishing system and lithium disilicate ceramics 12.4.

For lithium disilicate (e.max CAD), the Optrafine polishing system with diamond 
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polish paste did not produce as smooth a surface as overglazing in In-Ceram glaze 

paste. Therefore to achieve the smoothest surface texture for lithium disilicate 

ceramic, glazing is recommended rather than mechanical polishing.  

 

 Efficacy of Sof-Lex finishing method 12.5.

The Sof-Lex polishing system resulted in a surface texture which was significantly 

rougher compared to Optrafine polishing system and glazing. The surface texture 

altitude parameters were reduced by an average of 50% from the initial abraded 

specimen after polishing with Sof-Lex discs. In this study, flat ceramic specimens 

were used and the disc contact with the ceramic was optimal. The functionality and 

practicality of polishing occlusal surfaces with Sof-Lex discs clinically, however, is 

further compromised by the undulating nature of the occlusal surfaces.   

 

Martinez-Gomis et al [280] advocated the use of Sof-Lex finishing system and Yeti 

diamond polishing paste (Yeti Dental Produkte) for reducing IPS Classic ceramic 

surface roughness to an optimal smoothness. The results from the study concluded 

that the use of Sof-Lex polishing discs can reduce the surface texture parameters (Ra) 

to a mean of 0.3µm and 0.7µm for the Rpm parameter. In the present study 

completed, Sof-Lex discs resulted in surface texture parameters which were slightly, 

but statistically significantly higher. Specifically Sof -Lex disc polishing system  

produced mean Ra values of 0.7µm  for leucite-reinforced ceramic and 0.82µm for  

lithium discilicate, and mean Rpm values of  3.30 µm for leucite-reinforced and 

3.88µm  for lithium disilicate. These results are similar to data from Yilmaz et al 

[334] and [336] who reported Ra mean values of 0.5-1.0µm. Al-ahadni [136] and 

Sassahara et al [128] stated that the polishing process outcome may largely depend 

on the nature of the material. Al-Wahadni [136] concluded that lithium disilicate and 

leucite-based ceramics have a resistance structure due to their crystal content which 

makes them difficult to polish with aluminium oxide discs. The present study appears 

to show that Sof-Lex aluminium discs are not as effective as other polishing methods 

such as the Optrafine Polishing system. As mentioned by Sasahara et al [128], it is 

commonly difficult to know what polishing method is most appropriate for a 
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particular ceramic.  

 

 Efficacy of diamond polishing paste finishing method 12.6.

The current study concluded that diamond polishing paste reduced the surface 

roughness Ra parameter by approximately 0.1-0.2um which corresponds to findings 

by Martinez and Gomis et al [280] and Sarac et al [296]. This suggests that the use of 

diamond polish paste is effective regardless of the type of ceramic used or the 

previous polishing or finishing technique undertaken. Al-Wahadni and Martin [136]  

found that polishing with diamond paste is necessary to obtain a surface similar to 

glazed ceramic. 

 

 Surface texture comparison of leucite-reinforced and lithium disilicate ceramic 12.7.

before after wear simulation 

The surface roughness of ceramics after completion of the wear study was not 

influenced by the initial surface roughness and finishing protocols of the ceramic 

specimens.  Leucite-reinforced ceramic specimens had a mean Ra value of 1.95µm ± 

0.33 and lithium disilicate ceramic specimens had a mean Ra value of 1.31µm ± 

0.45. The resulting surface texture after abrasion against enamel may reflect the 

microstructure of the ceramic materials. The physical properties of ceramics have 

been shown to influence the surface characteristics and wear rate properties [265] 

[264]. No previous studies which analyses the surface roughness of ceramic surfaces 

after the completion of a wear study analysis are available for comparison. 

 

 Comparison of enamel specimen surface texture before and after wear 12.8.

simulation 

The surface roughness of enamel was two times greater after the wear study 

compared to the beginning of the wear study. The surface texture of enamel was 

similar regardless of what ceramic it was abraded against. Again, there is no 

published data for comparison. 
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 Limitations of in vitro wear studies 12.9.

In vitro wear studies provide valuable information regarding the wear behaviour of 

dental materials in a short period of time. An ideal restorative material should  not 

abrade the opposing enamel in function any  more than the rate of wear when enamel 

is abraded against enamel [173]. However, when opposed by currently available 

ceramics, enamel may be subject to accelerated wear [294] and the pattern of which 

may vary according to the ceramic system and its surface characteristics [355].  

 

A limitation in the wear-related literature is the lack of standardisation in the 

methodology [234]. The wide variety of abrasives, measuring instruments, methods 

of wear testing used and specimen preparation techniques [355] in studies make it 

difficult to compare different laboratory and clinical based studies  [356], to the point 

where comparison is irrelevant [173]. Standardisation between wear studies is 

paramount to improve the quality of in vitro wear testing. Currently, there has been 

no consensus regarding the ideal method of laboratory wear testing restorative 

materials [234].  

 

A study by Heitz et al [106] assessed the validity of various laboratory wear testing  

machines and the correlation of laboratory-based wear outcomes to clinical wear 

studies. The study concluded that different laboratory wear simulators were not 

comparable most likely because the laboratory wear methods followed different 

tribological concepts. As the clinical wear process is a complex mechanism with 

different tribological phenomena occurring at the same time, it can be assumed that 

there is no single laboratory wear method capable of showing a good correlation with 

clinical wear. Unfortunately wearing restorative materials in different laboratory 

wear machines did not improve the correlation of wear with observed clinical wear 

rates. Repeating the methodology of this study using a variety of laboratory wear 

simulators would provide little scientific benefit.  
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 Current in vitro study parameters 12.10.

Wear machines attempt to simulate the clinical masticatory cycle and oral 

environment [62, 357] however  complete simulation by a machine may never be 

achieved [357]. Thus, this fact should always be considered in both the interpretation 

of results and any conclusions drawn from these in vitro studies. 

 

The literature states that most occlusal contact areas are 1mm
2
 and  opposing teeth 

contact up to 500 times a day [358] and for less than thirty minutes per day [359].   

The force during tooth contact is commonly less than 20N [360]. In the current in 

vitro wear study, the parameters are more aggressive in nature and correlate with 

heavy in vivo parafunctional activity. The area of abrasive contact between the 

specimens was 3mm
2 

and the specimens were subject to a constant 50N force which 

has been used in previous studies [28, 355, 361]. Therefore the resulting wear rates 

of enamel opposing enamel, leucite-reinforced or lithium disilicate ceramics present 

a more negative image than what would be expected clinically.  

   

 Influence of ceramic initial surface texture and, finishing methods on 12.11.

opposing enamel wear rate 

The initial ceramic surface texture recorded at the beginning of the wear study did 

not show any relationship with the overall wear rate and loss of enamel at the 

completion of the wear study. The initial ceramic surface texture may influence the 

wear rate of enamel in the short term however this was not assessed in the current 

study since samples were only measured at the beginning and end of the wear study.  

Therefore abrading or polishing ceramic does not result in a higher or lower rate of 

enamel wear compared to a glazed ceramic specimen. Glazing and/or polishing 

ceramic may influence the early stage of the wear process, but the suspected positive 

effect of a glazed/polished surface is quickly lost when the material is placed in 

function. Therefore the importance of the ceramic surface finishing method in terms 

of the wear rate of opposing enamel is low.  
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The importance of the surface texture and surface finishing protocols on the wear 

characteristics of opposing enamel specimens might not be as great as speculated  

[234]. Previous studies however have suggested that a polished ceramic surface is 

less abrasive than glazed porcelain [280], and others state a glazed surface is less 

abrasive[136]. A study by Olivera et al [332] also suggests that the wear rate of 

opposing enamel against different of glazed and polished ceramics tend to become 

more similar with an increasing number of wear cycles. Korber et al [362] reported 

that the abrasiveness of rough porcelain was initially greater than that of glazed 

porcelain, but fell to the same level after a 300-cycle wear-in period against enamel.  

DeLong et al stated that there is limited evidence that the ceramic surface finish 

influences enamel wear at all [227]. Krejci et al [209] demonstrated that after a 

glazed surface was worn away, the wear rate was nearly the same for the polished 

and the glazed ceramic. Jagger [256] and al-Hiyasat [245] also concluded that 

polished and glazed ceramic specimens resulted in similar wear rates in opposing 

enamel specimens. In relatively short-duration in vitro studies, Monasky et al [205] 

White et al [206]  and Wiley [294] demonstrated that the smoothness of the ceramic 

glaze resulted in a reduction in the wear rate of the opposing enamel [205, 294]. 

Klausner et al [363] had similar findings in favour of polished porcelain in an in vitro 

investigation of the evaluation of four different porcelain polishing sequences. They 

reported no statistically significant difference in the average surface roughness 

between the final polished surfaces and the initial autoglazed surface. 

 

Jagger and Harrison [364]  concluded that there was no difference in the height loss 

of enamel when opposed to abraded, or glazed ceramic specimens. Jagger and 

Harrison used Sof-Lex discs and Shofu rubber points to polish Vita,Vitadur N 

ceramic specimens and noted that a polished ceramic surface resulted in less enamel 

wear. They suggested that the reason there is no difference in the wear rates of 

glazed and abraded ceramic is because after a short period of wear, the glaze surface 

is worn away. Therefore more recent studies recommend polishing prior to natural or 

overglazing ceramic. This is also in agreement with Jacobi et al [355] who referred to 
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Korber as stating that the surface roughness of 280-grit porcelain was initially greater 

than that of glazed porcelain but fell to the same level after a 300-wear cycle period 

against enamel. 

 

This tends to suggest that in terms of enamel wear, the finishing protocol is not a 

significant factor for modern machinable glassy ceramics such as lithium disilicate 

and leucite-reinforced ceramics in a long term wear study. The positive effects of a 

glazed smooth surface may be lost soon after commencement of a wear study and 

thus not evident in long duration wear based studies such as the current study. In this 

study, periodic assessment of surface roughness was not completed therefore an 

appreciation of the rate of enamel wear throughout the study was not analysed.   

 

After a relative short period of time in the wear simulator, the initial surface texture 

increases due to abrasion against enamel. The resulting inherent ceramic surface 

texture and roughness may correlate to the ceramic microstructure. Machinable 

ceramics such as leucite-reinforced and lithium disilicate ceramics are known to 

result in less abrasive wear against enamel [234] and this may likely be  due to the 

improved microstructural properties [209].  

 

The resultant ceramic surface texture recorded at the end of the wear study appears 

to influence the wear rate of the opposing enamel. The wear rate of enamel was 

higher when opposing leucite-reinforced when compared to lithium disilicate 

ceramic. Leucite-reinforced ceramic had a mean Ra value of 1.95µm ± 0.33 whereas 

lithium disilicate had a mean Ra value of 1.31µm ± 0.45 at the completion of the 

wear study. 

 

 Influence of ceramic hardness on opposing enamel wear rate 12.12.

Hardness of leucite-reinforced and lithium disilicate ceramic is 6200 and 5800 VHN 
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respectively. This is significantly greater than the hardness of enamel which is 

approximately 420 VHN [201]. It was assumed that hardness was associated with the 

greater abrasiveness of ceramics [205, 256]. Recently however, hardness has been 

found not to correlate with opposing enamel wear [201] and thus is not a reliable 

predictor of opposing enamel wear [4]. Additional physical properties of the ceramic 

material may influence the wear rate but this is out of the scope of the current 

research.   

 

The current study demonstrated that the wear rate of opposing enamel may be 

influenced by the inherent surface texture and the material hardness. The degree to 

which these properties influence opposing enamel wear is unknown. 

 

 Influence of the ceramic material on opposing enamel wear 12.13.

The type of ceramic material influenced the rate of opposing enamel wear. In this 

study leucite-reinforced ceramic specimens inherently had a greater surface 

roughness and hardness compared to lithium disilicate ceramics. Subsequently, the 

wear rate of enamel opposing leucite-reinforced ceramics was significantly greater 

than when enamel opposed lithium disilicate ceramic specimens. The wear rate of 

enamel opposing lithium disilicate was not statistically different to the wear rate of 

enamel opposing enamel. Specifically the enamel wear rate was 35% higher when 

opposed against leucite-reinforced ceramic and 20% greater when opposed against 

lithium disilicate ceramics. 

 

Krejci [203] reported CAD/CAM Vita specimens produced statistically similar 

vertical height loss when opposing enamel as enamel opposing enamel and 

significantly less wear on enamel that Dicor MGC  (α=0.01). Ratledge et al [361] 

reported no significant difference between in vitro wear data of unglazed IPS 

Empress opposing enamel from their control which was enamel opposing enamel 

[361]. Ramp et al speculated that IPS Empress and VitaMark II ceramic cause more 
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wear to opposing enamel because the ceramics are more brittle and it may be 

possible that ceramic fragments may act as a third body in the wear process [244]. A 

study by Olivera et al [332]  reported that IPS Empress ceramic significantly 

increased the wear of opposing enamel. Since this study measured wear by height 

loss only, comparison with the current study is limited. 

  

 Influence of the ceramic microstructure porosity and flaws on opposing 12.14.

enamel wear 

The micro-structural differences may be more important that their superficial 

roughness. In the present study, lithium disilicate and leucite-reinforced ceramics are 

glass ceramics which show some degree of correlation in their microstructures which 

may explain the similar effect on the degree of opposing enamel wear. 

 

Machinable glass-ceramics are not free of porosity. Pores are caused by volume 

changes associated with thermal differences experienced during thermal processing.  

Pores impart undesirable characteristics to ceramics, including reduced strength and 

aesthetics [365]. The porosity of a ceramic may influences its wear characteristics to 

opposing enamel. For example, stress in a porous area of a ceramic can increase the 

risk of fracture. If a subsurface porosity is exposed during the wear process a circular 

fracture may result and the sharp edge of the defect produces more wear against the 

opposing dentition [201]. 

 

Machinable glass ceramics also have multiple flaws because of the inhomogeneous 

distribution of crystals in a glassy matrix. The flaws within the ceramic material may 

increase the wear of enamel [234]. Sealing of flaws by polishing and glazing can not 

only improve the strength but may also reduce the abrasiveness of dental ceramics. 

Previous studies have considered that glazing does not however reduce the rate of 

wear as once thought, since once the surface glaze is removed, the underlying and 

more abrasive ceramic is exposed. For such reasons, polishing of the ceramic surface 
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prior to glazing may further reduce the abrasiveness of the ceramic material when 

opposing natural tooth structure [205]. 
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CHAPTER 13 

CONCLUSIONS 

  

 Polishing modern CAD glass ceramics with Optrafine polishing system 

produces a surface texture comparable to that of a glazed ceramic specifically 

for leucite reinforced ceramic and slightly less for lithium disilicate. 

 Polishing with Sof-Lex discs results in a su-optimal surface texture compared 

to ceramic surfaces finished by Optrafine polishing and auto glazing 

 The long term wear rate of opposing enamel appears to be more related to the 

inherent surface texture of modern CAD glass ceramics and not the initial 

surface texture measured after surface finishing procedures 

 Surface texture increases after the initial glazed or polished surfaces is 

abraded and appears to correlate with the microstructure of the modern CAD 

glass ceramics 

 Compared to the wear rate of enamel opposing enamel, the wear rate of 

enamel is 20% greater when opposing lithium disilicate and 35% greater 

when opposing leucite reinforced ceramics. The wear rate of enamel 

opposing is only statistically significant when opposing leucite reinforced 

ceramic compared to when it is opposing lithium discilicate, 
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SECTION FOUR 
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CHAPTER 15 

APPENDICES 

APPENDIX 1 

STUDY A 

Leucite-Reinforced Ceramics 

Surface texture altitude parameter analysis  

After completion of Surface finishing protocols   

 

 

Figure A1.1: Arithmetical average of surface heights (Ra) data values for leucite-reinforced 

ceramic after the various surface finishing protocols. 
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According to the Tukey analysis, specimens abraded with 50 µm grit diamond bur 

had the highest surface roughness measurement (1.50 µm ±0.16). Specimens finished 

with a 25 µm grit diamond bur and specimens finished with Sof-Lex polishing discs 

had statistically similar surface texture results (0.72 µm ±0.13) and (0.70 µm ± 0.08) 

respectively. Ceramic specimens finished with Optrafine polishing system had the 

third highest Ra values (0.44 µm ±0.09) which were statistically significant from the 

other finishing protocols. Specimens finished with Optrafine polishing system and 

diamond polishing paste and ceramic specimens finished with an overglaze presented 

with the lowest surface roughness measurements (0.30 µm ±0.02) and (0.22 µm 

±0.060) respectively. Statistical differences between the groups finished by 

difference clinical procedures was measured at p=0.05. Ceramic groups with 

statistically similar surface texture finishing protocols are shown in the same colour.  

 

 

Figure A1.2:  Magnitude of the peak to valley height in all cut off lengths (Rpm) for leucite-

reinforced ceramic after the various surface finishing protocols. 
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According to the Tukey analysis ceramic specimens abraded with a 50 µm grit 

diamond bur had the highest Rpm value (5.62 µm ±0.86). Ceramics polished with 

Sof-Lex discs (3.32 µm ±1.18) had the second highest Rpm value. Ceramics finished 

either by Optrafine  polishing system (1.34 µm ±0.47), of with diamond polish paste 

(1.10 µm ±0.43) or glazed (1.04 µm ±0.29)  had the lowest Rpm values which were 

not   statistically significant from each other at p=0.05.  Ceramic groups with 

statistically similar surface texture finishing protocols are shown in the same colour.   

 

 

Figure A1.3:  Average height difference between five highest peaks and five lowest valleys 

(Rz)for leucite-reinforced ceramic after the various surface finishing protocols. 
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(1.9 µm ±0.16), diamond polish paste (1.71 µm ±0.43) or glazed (1.80 µm ±0.27) 

had the lowest Rz values. There were no statistical differences specimens finished 

with a glaze or Optrafine polishing kit with or without diamond polish paste. 

Ceramic groups with statistically similar surface texture finishing protocols are 

shown in the same colour. 

 

Figure A1.4:  Root mean square roughness (Rq) for leucite-reinforced ceramic after the various 

surface finishing protocols. 

 

According to the Tukey analysis Ceramics abraded with a 50 µm grit diamond bur 

had the highest Rq value (1.86 µm ±0.27).  Ceramics finished by Sof-Lex discs had 

an average Rz value of 0.97 µm ±0.20. The lowest Rq values were achieved by 

ceramics that were surface finished by Optrafine polishing system (0.39 ± 0.04 µm), 

diamond polish paste (0.31 µm ±0.83) or by glazing the surface (0.32 µm ±0.58).  

The Rq values of glazed and Optrafine polished ceramics are not statically 

significant from one another at p=0.05. Ceramic groups with statistically similar 

surface texture finishing protocols are shown in the same colour. 
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APPENDIX 2 

STUDY A 

Lithium Disilicate Ceramics 

Surface texture altitude parameter analysis  

After completion of Surface finishing protocols   

 

 

Figure A2.1:  Arithmetical average of surface heights (Ra) for lithium disilicate ceramic after the 

various surface finishing protocols. 

 

According to the Tukey analysis, specimens abraded with a 50 µm grit diamond bur 

after crystallisation had the highest Ra values compared to all other finishing 

protocols (1.59 µm ±0.37). Specimens abraded with 50µm grit diamond bur then 

polished with Sof-Lex polishing discs had the second highest Ra values (0.82 µm 

±0.15). Specimens finished with 50µm grit then 25µm grit diamond burs (0.64 µm 

±0.01),  specimens finished with Optrafine polishing system (0.59  ±0.09) and 
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ceramic specimens finished with Optrafine polishing system and diamond polishing 

paste (0.40 ±0.42) produced statistically similar surface texture altitude parameter 

results. Surface texture of specimens finished with Optrafine polishing and diamond 

polish paste was not influenced by whether it was completed either before or after 

the crystallisation of the ceramic. The crystallisation step did however reduce the 

surface texture altitude parameters of specimens abraded with 50 µm grit diamond 

burs. The surface texture of glazed lithium disilicate ceramic was (0.21 µm ±0.58). 

This was the lowest value recorded and statistically significant compared to other 

ceramic groups at p=0.05. Ceramic groups with statistically similar surface texture 

finishing protocols are shown in the same colour. 

  

Figure A2.2:  Multitude of the peak to valley height in all cut off lengths (Rpm) for lithium 

disilicate ceramic after the various surface finishing protocols 

 

According to the Tukey analysis specimens abraded with 50 µm grit diamond had 

the highest Rpm values (6.23 µm±0.81) had the highest Rpm values.  Sof-Lex 

specimens had Rpm values of 3.88 µm ± 0.09. Ceramics finished with Optrafine 
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glazed (1.15 µm ±0.57) had the lowest statistically similar Rpm values when tested  

at p=0.05. Ceramic groups with statistically similar surface texture finishing 

protocols are shown in the same colour. 

 

 

Figure A2.3:  Root mean square roughness (Rq) for lithium disilicate ceramic after the various 

surface finishing protocols. 

 

According to the Tukey analysis, ceramic specimens abraded with a 50 µm grit 

diamond bur had the highest Rq values (2.18 µm ±0.81). Sof-Lex discs had an Rq 

value of 1.15 µm ± 0.09. This was statistically higher than ceramics finished with 

Optrafine polishing system or glazing. Optrafine finished ceramics resulted in Rq 

values of 0.72 µm±0.11, Optrafine polishing followed by diamond polishing paste 

produced Rq values of 0.49 µm±0.12 and glazed ceramic specimens produced Rq 

values of 0.36 µm±0.07. The Rq values of the three lowest groups were not 

statistically significant to one another at p=0.05. Ceramic groups with statistically 

similar surface texture finishing protocols are shown in the same colour. 
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Figure A2.4:  Average height difference between the five peaks and five lowest valleys (Rz) for 

lithium disilicate ceramic after the various surface finishing protocols. 

 

According to the Tukey analysis, ceramic specimens abraded with a 50 µm grit 

diamond bur had the highest Rq values (12.67 µm±6.07). Sof-Lex discs had an Rq 

value of 6.21 µm ±1.12. This was statistically higher than ceramics finished with 

Optrafine polishing system or glazing. Optrafine finished ceramics resulted in Rq 

values of 3.63 µm ±0.69, Optrafine polishing followed by diamond polishing paste 

produced Rq values of 2.42 µm ±0.68 and glazed ceramic specimens produced Rz 

values of 1.51 µm ±0.39. The Rq values of the three lowest groups were not 

statistically significant to one another at p=0.05.    
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APPENDIX 3 

STUDY B 

Leucite-reinforced Ceramics 

Surface texture altitude parameter analysis  

 Post wear simulation   

 

 

Figure A3.1:  Magnitude of the peak to valley height in all cut off lengths (Rpm)   for the different 

leucite-reinforced ceramic specimen groups according to the surface finishing protocols, after 

subjected to 600000 wear cycles in the chewing simulator against enamel specimens.  

 

According to the Tukey analysis there are no statistically differences at p= 0.05 

between any of the group Rpm values after the ceramic specimens were subjected to 

600000 cycles in the chewing simulator against natural human enamel. The Rpm 

values for glazed ceramics was  7.98 µm ±1.89, 50 µm grit diamond bur 10.15 µm 
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±2.12, Sof-Lex 6.33±1.82, Optrafine polishing system 11.14 ±2.24 and Optrafine 

polishing system with diamond polishing paste was 10.87 ±1.86. 

 

 

Figure A3.2:  Average height difference between five highest peaks and five lowest valleys (Rz) 

for the different leucite-reinforced ceramic specimen groups according to the surface finishing 

protocols, after subjected to 600000 wear cycles in the chewing simulator against enamel specimens. 

 

According to the Tukey analysis there are no statistical differences at p= 0.05 

between any ceramic group. The Average height difference between five highest 

peaks and five lowest valleys (Rz) values for the different ceramic specimen groups 

are as follows;  Glazed ceramics (15.46 µm±2.13), 50 µm grit diamond bur (19.37 

µm ±4.89), Sof-Lex (12.09µm ±4.89), Optrafine polishing system (16.65 µm ±3.34), 

Optrafine polishing system and diamond polishing paste (14.55 µm ±8.074).   
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Figure A3.3:  Root mean square roughness (Rq) for the different leucite-reinforced ceramic 

specimen groups according to the surface finishing protocols, after subjected to 600000 wear cycles in 

the chewing simulator against enamel specimens. 

 

According to the Tukey analysis there are no statistical differences at p= 0.05 

between any ceramic group. The root mean square roughness (Rq) values for the 

different ceramic specimen groups are as follows;  Glazed ceramics (3.32 ±0.45), 50 

µm grit diamond bur (2.14 µm ±1.12), Sof-Lex (3.01µm ±0.99), Optrafine polishing 

system (2.45 µm ±.075), Optrafine polishing system and diamond polishing paste 

(3.46 µm ±2.12).   
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APPENDIX 4 

STUDY B 

Lithium Disilicate 

Surface texture altitude parameter analysis  

Post wear simulation 

 

 

Figure A4.1:  Arithmetical average of surface heights (Ra) after wear against enamel for the 

different lithium disilicate ceramic specimen groups according to the surface finishing protocols, after 

subjected to 600000 wear cycles in the chewing simulator against enamel specimens. 

 

According to the Tukey analysis, all specimen groups had statistically similar 

arithmetic average of surface height (Ra) values at p=0.05. The mean values for each 

group of ceramic specimens are as follows; Glazed 1.10 µm ±0.26, 50µm grit 

diamond group 1.22 µm ±0.21, Sof-Lex 1.50µm ±0.15, Optrafine polishing 1.54 µm 

±0.18 and  Optrafine polishing with diamond polish paste 1.21 µm ±0.71. Ceramic 

groups with statistically similar surface texture finishing protocols are shown in the 

same colour. 
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Figure A4.2:  Multitude of the peak to valley height in all cut off lengths (Rpm) after wear against 

enamel for the different lithium disilicate ceramic specimen groups according to the surface finishing 

protocols, after subjected to 600000 wear cycles in the chewing simulator against enamel specimens 

 

According to the Tukey analysis, all specimen groups had statistically similar Rpm 

values at p=0.05. The mean values are as follows. Glazed (3.65µm ±0.96), 50 µm  

grit diamond but (7.41 µm  ±1.62), Sof-Lex polishing discs (5.09 µm ±1.62), 

Optrafine polishing system (6.07 µm ±0.97) and Optrafine polishing system plus 

diamond polish paste (5.85 µm ±1.45). Ceramic groups with statistically similar 

surface texture finishing protocols are shown in the same colour. 
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Figure A4.3:  Root mean square roughness (Rq) post wear study after wear against enamel for the 

different lithium disilicate ceramic specimen groups according to the surface finishing protocols, after 

subjected to 600000 wear cycles in the chewing simulator against enamel specimens. 

 

According to the Tukey analysis, all specimen groups had statistically similar Rpm 

values at p=0.05. The mean values are as follows. Glazed (1.32µm ±0.96), 50 µm  

grit diamond but (1.73 µm  ±3.45), Sof-Lex polishing discs (1.69 µm ±0.75), 

Optrafine polishing system (1.93µm ±0.235) and Optrafine polishing system plus 

diamond polish paste (1.65 µm ±0.217). Ceramic groups with statistically similar 

surface texture finishing protocols are shown in the same colour. 
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Figure A4.4:  Average height difference between five highest peaks and five lowest valleys (Rz) 

after wear against enamel for the different lithium disilicate ceramic specimen groups according to the 

surface finishing protocols, after subjected to 600000 wear cycles in the chewing simulator against 

enamel specimens. 

 

According to the Tukey analysis ceramics finished with 50µm grit diamond bur had 

the highest Rz values which were statistically different from the other groups 

(13.93µm±2.51). Glazed (6.42 µm ±1.56), Sof-Lex (8.12 µm ±1.43), Optrafine 

(10.05 µm ±3.06) and diamond polish paste groups (11.34 µm ±2.65)  all had 

statistically similar Rz values to one another at p=0.05.   
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APPENDIX 5 

STUDY B 

Comparison of ceramic surface texture 

Surface texture post wear simulation   

 

  

 

Figure A5.1: Surface texture comparison between leucite-reinforced and lithium disilicate 

ceramic after two body wear simulation in the Willytec chewing simulator for 600000 cycles. 
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The arithmetic average surface roughness values for leucite-reinforced ceramic are 

consistently statistically higher than the values for lithium disilicate ceramics except 

with the ceramic surface finish protocol is by the Optrafine polishing system.  
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APPENDIX 6 

STUDY A & B 

Enamel specimens 

Surface texture analysis   

  

The enamel surface texture altitude parameter measurements taken before and after 

the wear study are presented. No statistical differences were noted in the surface 

texture altitude parameters of enamel when they were abraded against either leucite-

reinforced or lithium disilicate ceramics. 
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Figure A6.1:  Enamel surface texture altitude parameter measurements taken before and after the 

wear study. 

APPENDIX 7 

Summation of references for various materials  

and polishing systems 
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shade 
guide 

ceramic 
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I  
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Zirconia 
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discs 1 

2, 9,15, 
21 2,7,15 6,15 7 7,8 7 

5,6,7,16, 
21 6 6 

Diamond 
polishing 
paste   9, 21 7, 19, 20 7 4,7, 19 7 7,16, 21     
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polishing 
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2, 9, 21, 
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Diamond 
drills   2 2 6   4   5,6 6 6 

Rubber 
felt 
wheels     17               

Glazing 1 
9,15, 21, 

23 7,15,18 
7,15, 18, 

19, 20 3,7 
4,7,8, 

19 7 7,16, 21     
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polishing 
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silicon 
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polishing 
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Diamond 
drills 6, 20 6   11 12           

Rubber 
felt 
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Glazing 20, 23     11 16 13, 22, 23 14 16 18 18, 22 

 
Figure A7.1:  Summation of materials and various polishing systems. 
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FIGURES 

FIGURE 1.1 SCANNING ELECTRON MICROGRAPH OF ETCHED ENAMEL. THE ENAMEL 

RODS HAVE BEEN CUT LONGITUDINALLY (LEFT). THE ENAMEL RODS HAVE 

BEEN CUT DIAGONALLY (RIGHT) [23]. 3 

TABLE 1.1: PHYSICAL PARAMETERS (MEAN VALUE) OF ENAMEL AND DENTINE. [17,21, 

22] 4 

FIGURE 2.1.1: CLINCIAL IMAGE OF MALE PATIENT, 22 YEARS OF AGE. SEVERE 

ATTRITION ASSOCIATED WITH PARAFUNCTIONAL HABIT. 9 

FIGURE 2.1.2: OCCLUSAL VIEW OF UPPER TEETH. NOTE LOSS OF CUSP TIPS AND 

FLATTENED OCCLUSAL SURFACES. 10 

FIGURE 2.1.3: OCCLUSAL VIEW OF LOWER TEETH. 10 

FIGURE 2.1.4: RIGHT LATERAL VIEW. NOTE EQUAL DENTINE AND ENAMEL TISSUE 

HEIGHT AND COMMUNICATION OF OPPOSING TEETH WEAR FACETS IN LATERAL 

MANDIBULAR MOVEMENT 10 

FIGURE 2.1.5: LEFT LATERAL VIEW. 11 

FIGURE 2.2: SCANNING ELECTRON MICROSCOPE IMAGE OF WEAR FACET SHOWING 

PARALLEL STRIATIONS. THE DENTINE (D) IS NOT SCOOPED OUT AND IS AT THE 

SAME LEVEL AS THE ENAMEL (E)[33]. 11 

FIGURE 2.3: AN EXAMPLE SHOWING THE EFFECT OF AN ABRASIVE DIET ON THE 

TEETH OF A PRE-CONTEMPORARY AUSTRALIAN ABORIGINAL. NOTE THE 

GOUGED AND PITTED ENAMEL AND THE SCOOPING OF THE DENTINE [33]. 13 

FIGURE 2.4: MICROWEAR DETAIL OF AN ABRASION AREA SHOWING HAPHAZARD 

SCRATCH MARKS [33]. 14 

FIGURE 2.5: CLINICAL IMAGE OF ABRASION LESIONS ON OCCLUSAL SURFACES. 

PATIENT IS 43 YEARS OLD WITH HISTORY OF GASTRIC OESOPHAGEAL REFLUX 

DISEASE, SEVERE PARAFUNCTIONAL ACTIVITY AND HARD BRISTLE TOOTH 

BRUSH. NOTE STRIATIONS OF ENAMEL AND SCOOPING OF THE DENTINE. 14 

FIGURE 2.6: CLINICAL IMAGE OF 65 YEAR OLD PATIENT WITH NON CARIOUS 

CERVICAL LESIONS. SELF-PERFORMED PLAQUE CONTROL WITH HARD BRISTLE 
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