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Abstract 

Ceramics and resin composites have been used in dentistry as restorative materials for 

over fifty years ago, and meanwhile their properties have been substantially improved. 

Recently a new class of restorative materials known as ‘polymer infiltrated ceramic 

network-PICN’ materials has been introduced as CAD/CAM materials, and to optimise the 

performance of ceramic and composite materials by combining them into a single 

material. The aim of the present research was to assess PICN in comparison to 

conventional materials with respect to their composition, structure, physical and 

mechanical properties. A new polycrystalline based PICN material was fabricated and 

assessed in this study. 

Alumina discs were fabricated and sintered at different temperatures followed by 

silanaisation and UDMA-TEGDMA resin polymer infiltration. The density, optical 

properties and biaxial flexural strength were assessed and the microstructure was 

examined using a scanning electron microscope. It was found that polymer infiltration 

significantly improved the density% of ceramic samples. An increase in sintering 

temperature results in a significant improvement in the optical properties but not the 

biaxial flexural strength. 

The effect of sintering temperature, the quality and the quantity of ceramic compositions 

on the mechanical coherence of PICN materials and other restorative materials were 

assessed and compared at different microstructural dimensions: macro, micro and nano. 

Materials showed variable results and micro hardness and nano hardness of the studied 

materials increased systematically with an increase in filler loading.  Mechanical 

properties of PICN ceramic were significantly influenced by the sintering temperatures of 

their ceramic matrices. The elastic modulus values showed bimodal distribution and 

associated with the various phases present which were able to be distinguished at nano 

level. 

Sorption and solubility were assessed after 7 months of water storage. Water sorption of 

CAD/CAM composite blocks are material-dependent and are affected by the filler weight 

percentage. Commercial and model PICN ceramics showed hydrolytic stability between 

resin composite and conventional ceramic, reflecting its microstructural components. 

Sintering temperature appears to have a significant effect on the hydrolytic stability of 

PICN ceramics.  
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Chapter 1 
1 General Introduction and Literature Review
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1.1 Introduction to Dental Restorations 

The loss of tooth structure may occur due to pathological and non-pathological reasons. 

Dental caries or teeth decay is one of the most prevalent causes of tooth structure loss 

among people worldwide (1). It is considered an infectious disease and individuals are 

susceptible to this disease throughout their life time.  It can cause a localised destruction 

of the hard tooth tissue due to the acidic by-product which results from bacterial 

fermentation of a carbohydrate-rich diet (2).  

Dental caries has a multifactorial aetiology that starts with a microbial shift within a 

complex biofilm. It is now universally accepted that four main factors are necessary to 

produce a demineralisation or cavitation. These factors are: 

 Tooth surface 

 Bacteria in dental biofilm  

 Dietary carbohydrates 

 Time   

The diseases process initiates inside the bacterial biofilm that is located on the surface of 

the tooth. The early sign of caries presents as a surface demineralisation of the enamel. 

Over time the disease can either progress into cavitation of the tooth or may repair and 

remineralise (3). 

Dental caries can be easily preventable provided that one of the above factors is 

eliminated at an early stage.  However, the disease progresses slowly in a large number of 

the population leading to unfavourable consequences. These are pain, poor functions and 

aesthetic, and infection which may sometimes even be life -threatening.  

The early management of caries was to excise the caries-prone fissures around the 

diseased tissue as an ‘extension for prevention’. The management concept has changed 

over time and relies on more preventable and preservative approaches such as fluoride 

applications, removal of biofilm and pits and fissure sealants. However, the caries 

progression rate varies among individuals and the need for excising diseased tissue and 

restoring the resultant cavity, and the need to intervene where there is cavitation of the 

surface is still needed in a large number of people. 
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Restoring or replacing the lost tooth structure has been practiced since ancient times. A 

variety of materials including stone chips, ivory, human teeth, cork, gums and metal foils 

were used until the eighteen century. Queen Elizabeth I used cloth fragments to fill in her 

dental cavities. Fauchard who is referred sometimes as the father of modern dentistry 

used tin foil to fill cavities in teeth (4).  

As the overriding goal in dentistry is to improve the quality of life for dental patients, a 

wide variety of dental biomaterials have been used to accomplish that goal. Restorative 

materials for the replacement of the missing or damaged portion of tooth structure have 

been rapidly progressed over the past decades. However, despite improvements, none of 

these materials are considered as permanent. Dentists and biomaterial scientists are still 

working on improving the quality of dental restorations in order to develop an ideal 

restorative material. The properties of an ideal material include: 

 Biocompatible 

 Permanently bond to the tooth and/or bone 

 Exhibit similar physical and mechanical properties to the tooth enamel, dentin and 

other dental structures. 

 Match the natural colour and appearance of tooth structure.  

 Being regenerative or initiating tooth repair 

 Radiopaque 

Restoring teeth to mimic the aesthetic appearance of natural teeth is one of the main 

goals of contemporary restorative dentistry. In 1989 an international congress held in 

California, titled “The criteria for placement and replacement of dental restorations”, 

established the principle that the non-aesthetic appearance of a restoration was a valid 

reason for replacing it (5).  Today, the most commonly used aesthetic materials are resin-

based composites and ceramic (and hybrids of these two).
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Figure 1.1 General outline of the literature review of the present study. 
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1.2 Introduction to Resin composites 

A composite material is a material that is made from two or more different substances 

with different physical or chemical properties, which when combined together produce a 

material that has properties better than the individual components. Composite can be 

available naturally or synthetically. Natural composites may be represented as dentine or 

bones, while synthetic composite materials include  concrete reinforced with steel or 

polymer reinforced with additive or fillers (6).  Dental resin composite is a type of 

synthetic composite that is used in dentistry as a restorative material to replace lost or 

damaged tooth structure. Dental composite is basically composed of three main 

components, 1) resin based matrix comprising: i) monomer system ii) initiator system to 

initiate the free radical polymerisation and iii) stabiliser to maximise the shelf life of the 

uncured resin composite and the chemical stability for the cured resin composite.; 2) 

inorganic fillers and 3) coupling agent to act as a bridge connecting the inorganic fillers 

with the resin matrix (7).  

1.2.1  Resin Matrix 

1.2.1.1 PMMA and Epoxy Resins 

The first resin used in dentistry as a filling material was polymethyl methacrylate (PMMA) 

which was in the 1930s(8). However, this material was associated with many drawbacks 

including high coefficient of thermal expansion, high polymerisation shrinkage, marginal 

discoloration and serious pulp damage. Because of these limitations, PMMA resins were 

replaced by epoxy resins which set at room temperature and showed relatively less 

polymerisation shrinkage. However, the use of epoxy resins as restorative materials 

stopped because of their slow setting reaction (7, 9). Figure 1.2 shows the basic chemical 

structure of a) MMA and b) Epoxy resins.  
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1.2.1.2 Bis-GMA Resins 

Bis-GMA is a by-product reaction of an epoxy resin (ethylene glycol of bis-phenol A) and 

methyl methacrylate (2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy)phenyl]propane) 

which was developed by Bowen (1962)(10), hence why it is sometimes called Bowen’s 

Resin.  Bis-GMA can be described as an aromatic ester of dimethacrylate oligomers that 

has two terminal hydroxyl (–OH) groups to enable them to form hydrogen bonds between 

monomers which explains its high viscosity (Figure 1.3) (11). This monomer is still being 

used in modern dentistry because of its superior properties compared to PMMA. Bis-GMA 

has a large molecular size and chemical structure leading to a lower concentration of 

reactive groups and hence relatively less polymerisation shrinkage, rapid setting reaction, 

stiffer and stronger material (12).  

One of the major drawbacks to the use of a monomer with a large molecular size is that it 

is very viscous and not easy to manipulate. In order to improve the handling property in 

clinical practice, this monomer is often diluted with low molecular mass dimethacrylate 

monomers such as triethylene glycol dimethacrylate [TEGDMA]. Alternative options 

include replacing one of the –OH groups with an ethoxy group (-CH2-CH2-O- ) to  produce 

an ‘ ethoxylated Bis-GMA’ (13). 

  

Figure 1.2 Chemical structures of a) MMA b) Epoxy resin. 
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1.2.1.3 UDMA Resins 

UDMA, 1,6-bis (methacrylyloxy-2-ethoxycarbonylamino)-2,4,4 trimethylhexane, (Figure 

1.3)  was first developed by Foster and Walker in 1974 (14)as an alternative monomer to 

bis-GMA. It is produced as a reaction by-product of 2,4,4-trimethylhexamethylene 

diisocyanate and 2-hydroxyethyl methacrylate (HEMA) and it is now included in many 

modern composites either as a sole monomer or in combination with other different 

monomers. In comparison to bis-GMA, UDMA has relatively lower molecular mass with 

less viscosity  due to absence of the hydroxyl group, which leads to superior mechanical 

properties and higher degree of conversion and thus less polymerisation shrinkage (15).  

1.2.1.4 TEGDMA Resins 

TEGDMA, [triethyleneglycol-dimethacrylate] (Figure 1.3) is an ester of ethyleneglycol and 

the α, β-unsaturated methacrylic acid. This monomer is included in many modern 

composites due to its excellent viscosity and copolymerisation behaviour. Its low 

molecular weight (286 g mol-1) and reduced viscosity (η= 0.05 Pa.s) produces a significant 

increase in its degree of conversion.  However, the high degree of conversion leads to 

clinically unacceptable polymerisation shrinkage(16) and thus it is commonly either 

combined or totally replaced with a monomer that has low viscosity and relatively higher 

molecular weight such as ethoxylated bisphenol-A dimeth-acrylate (BisEMA: MW = 540 g 

mol-1, η =3 Pa.s) (17).   
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Figure 1.3 Chemical structures of Bis-GMA, UDMA and TEGDMA 

1.2.2   Fillers  

1.2.2.1 Development and Roles of Filler Particles: 

Fillers are added as a reinforcement to improve the overall physical and mechanical 

properties of dental composite. When compared to an unfilled resin, filled composite is 

stronger, more stable during and after the polymerisation reaction and has better 

handling and optical properties (18). 

Fillers with different chemical compositions are used in resin composite. The first fillers 

used to reinforce early resin composites were quartz. Major drawbacks of adding quartz 

were due to its radiolucency and also its abrasivity which could cause wear of opposing 

enamel. In modern resin composite however, common fillers used are radiopaque silicate 

particles based on oxides of barium, strontium, zinc, aluminum, or zirconium. These fillers 

are added because of their advantageous mechanical and optical properties and ease of 

use (19).  
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1.2.2.2 Types of Filler Particles  

Resin composites are generally classified according to the size and the volume fractions of 

their filler particles. Based on the size of the particles, resin composites were originally 

categorised by Lutz and Philips (1983) into: conventional (8 - 12 μm), small particle (1 - 5 

μm), microfilled (0.04 - 0.4 μm), and hybrid (1.0 μm) (20). The microfilled then being 

subcategorised according to the type of incorporated pre-polymerised filler into: 

spherical, agglomerated and splintered (21). However, Willems et al. (1992) suggested 

that the term  ‘hybrid’ should no longer be used as most of modern resin composite are 

now hybrid with two or more range of particles sizes to achieve superior mechanical 

properties, good handling and the ability to maintain a high surface polish (22). 

Alternatively, resins composite can be classified according the volume fraction of filler 

particles into: midway-filled (< 60 vol %) and compact-filled (> 60 vol %), with 

classifications of ultrafine (avg. particle size < 3 μm) and fine (avg. particle size > 3 μm) 

within each category.  

Current hybrid resin composites are then further classified as “micro hybrid”, and “nano 

hybrid”. The particle size in micro hybrid composites, which initially were referred as 

“minifills”, ranges from 40 nm to 1.0 μm. In nano hybrid, the small particles were further 

refined and reduced into nano sized fillers with 5 to 100 nm (21). In general, these 

composites are widely adopted as modern restorative materials due their superior 

mechanical properties and can be used for both anterior and posterior teeth (23).  

Nano scale fillers can also be used on its own in “nanofill” composites.  These fillers can 

be incorporated either as individual particles (20-75 nm) or in combinations (nano-

clusters) of an overall size of 0.6-1.4 μm (24). Nano-filled resin composites show high 

translucency, and due to the small size of the particles have high polish and polish 

retention. Their mechanical and physical properties and their wear resistance are similar 

to those of hybrid composites. They can be used in load-bearing regions in addition to 

aesthetically critical area (25).
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1.2.3   Coupling Agent 

Stress distribution and homogeneity in dental composite are achieved if resin matrix and 

inorganic fillers are well adhered to each other. Because resin composites are made of 

two dissimilar materials (organic and inorganic) a third intermediate material is required 

to improve the bonding of the organic resin to mineral surfaces of fillers. This can be 

achieved by coating the surface of the filler particles with a silane coupling agent which 

may provide an overall improvement of the mechanical properties of the final resin 

composite material. Silane or organosilane is a hybrid inorganic-organic bifunctional 

molecule that can react with the filler with its methoxysilane group and resin monomers 

by its methacrylate functional group. The history of the use of silanes as coupling agent 

dates back to 1962, when Plueddemann (1991) assessed the role of silane as a coupling 

agent in glass-reinforced polyester and epoxy composite  (26). The most commonly used 

silane in resin composite is 3-methacryloxypropyltrimethoxysilane (MPS). Other types of 

silane agents, such as 3-acryloxypropyltrimethoxysilane (APM), and 10-

methacryloxydecyltrimethoxysilne (MDS) are also employed in dental applications. The 

selection of different types of silane in dental composite is largely dependent on the type 

of filler used (27). 

1.2.4   Initiators and Accelerators 

The polymerisation reaction of dental composite can be initiated either chemically (self-

cure) or by visible light (photopolymerisation).  In chemically activated composite, an 

organic peroxide initiator reacts with a tertiary amine accelerator to produce free radicals 

which in turn break off the double bond of the oligomer molecules to start the 

polymerisation reaction.  On the other hand, the initiation mechanism in light cured 

composite starts when the initiator (most often D,L-camphorquinone - CQ), acts as a 

sensitizer and absorbs the visible light to form a photoexcitationcomplex (CQ*-amine 

exciplex) with a tertiary amine (a hydrogen-donating agent) and subsequently generates 

amine-derived free radicals. Some resin composites incorporate the two initiation 

processes together to form what is commonly known as a ‘dual cure’ system. In this 

system, the polymerisation is activated by the light and then progresses by self-curing 

(28). 



  

34 
  

1.2.5   Inhibitors 

In order to prevent the premature polymerisation of dental composite, inhibitors are 

added to the resin matrix. These inhibitors are added with a controlled concentration to a 

level that does not interfere with initiator functions. Examples of commonly used 

inhibitors are butylated hydroxytoluene and monomethyl ether of hydroquinone (4).   

1.2.6   Pigments 

In order to modify the colour of resin composite to match the shades of natural teeth, 

inorganic oxides are often added in small amounts. Varieties of shades are available 

ranging from very light to yellow and grey and different colour scales are also supplied to 

assist in the selection of a suitable shade.  Oxides of iron are the most commonly added 

pigments and UV absorbers may be added also to help in colour stabilisation which might 

otherwise change due to oxidation. Other additives may be added to minimise the yellow 

effect of CQ by their blue light reflection property (28).  

1.2.7  Polymerisation Reactions 

The polymerisation reaction of resin composite generally takes place in three stages: 

activation or initiation, propagation and termination (Figure 1.4). The increase in the 

amount of cross-linking of the polymerised resin can be explained by the presence of 

difunctional carbon double bonds.   

Many other factors also affect the degree of polymerization of resin composites, including 

the shade, light curing duration, increment thickness, light unit system used, cavity 

diameter, cavity location, light curing tip distance from the resin surface, the type of 

substrate through which the light is cured (e.g., curing through ceramic, enamel, or 

dentin), filler type, and temperature (4, 29-33). 
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Figure 1.4 Polymerisation process in resin composite. Free radicals are generated 

by the activation process; initiate the cross-linking reaction or polymerisation.  

The chain length continues to propagate until no monomer is available or 

termination reaction occurs. Reaction terminates when the two ends of the 

chain couple together. 
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1.2.8 Physico-mechanical Properties of Dental Composite 

1.2.8.1 Strength Properties of Resin Composite 

In addition to good aesthetic properties, resin composites have shown relatively good 

physical and mechanical properties. Current resin composite materials may be used for 

posterior restoration as well as for anterior restoration. Posteriorly located defects (Class 

I or II) require restorative materials that have high mechanical properties in order to 

withstand occlusal loads which are relatively higher compared to anterior (34).   

Although in vitro mechanical properties do not necessarily reflect the clinical 

performance, they help clinicians to compare and select between materials and brands. 

Testing of the mechanical properties also provides a way to evaluate the effect of 

changing material composition on these properties. In resin composite, changing filler 

composition, filler size, matrix viscosity and polymerisation system have a great influence 

on mechanical properties (35-37). 

Compressive strength is the internal resistance of a material that is subjected to an axially 

applied force.  Tensile strength is the capacity of the material to elongate or stretch upon 

applying such force. Flexural strength is one of the most essential properties that is 

usually tested to assess a restorative material. In general, strength can be calculated by 

dividing the applied force by the cross sectional area perpendicular to that force. To 

measure the elastic deformation, usually an elastic modulus test is employed.  Modulus of 

elasticity describes the relative rigidity or stiffness of a material with a high number 

indicating a stiff material. Ideally, it is required to be similar to that of the tooth structure 

so both parts (the restorative material and the tooth) behave similarly under load. 

However, resin composite typically has a lower elastic modulus that of dentine and 

enamel which are ranged between 14 GPa (dentine) to 84 GPa (enamel) (38). 

1.2.8.2 Hardness of Resin Composite 

Hardness is usually defined as the resistance of a material to indentation. The indentation 

is developed on the surface of a material as a result of an applied sharp-pointed force.  

More detailed description about this property and measurement will be explained later in 

this chapter. Hardness of a resin composite, like any other mechanical property, is 
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influenced by the quantity and the quality of its chemical compositions and the 

polymerisation process. It has been studied extensively in the literature and found to be 

an effective way to determine the degree of polymerisation, with the degree of cure or 

depth of cure being significantly correlated with the surface hardness of composite (39-

41).  Surface hardness has been also used to indicate the wear property of the material or 

the ability of this material to produce wear effect on the opposing substrate (42).  

1.2.8.3 Fracture Toughness of Resin Composite 

Fracture toughness is the capacity of a material to withstand an applied stress before a 

certain amount of plastic deformation or fracture occurs. In particular, it describes the 

resistance of a material containing cracks or flaws to the catastrophic propagation of 

these cracks or flaws under applied stresses. The fracture toughness is inversely 

proportional to the square root of the flaw depth into the surface.  Higher fracture 

toughness values indicate stronger materials that are highly resistant to fracture. The 

fracture toughness of resin composite has been assessed and reported previously: it is 

greatly influenced by inorganic content, particularly the filler content, size and shape (43, 

44).   

1.2.9  Clinical Implications of Dental Composite 

Posterior resin composite has been used for more than 40 years. Early composite showed 

more clinical challenges and higher failure rates compared to amalgam (45, 46). Since 

then, many studies have been conducted to improve the materials in terms of their 

mechanical properties, clinical techniques and handling abilities. However, there are still 

some clinical challenges that may affect the performance and the longevity of resin 

composite as a restorative material. Current evidence indicates that these challenges are 

related to the material itself, the clinical application or dental practitioners.   

1.2.9.1 Materials Related Challenges 

Early studies on posterior composite materials observed extensive wear of composite 

which affected the durability of the material in the oral cavity (46). Wear is influenced by 

filler compositions, filler size and bonding between fillers and resin matrix (47). Excessive 

wear can result from loss of filler particles that are located on the surface of a composite 
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restoration. Loss of filler particles is related to either its large size, or weak bond between 

filler and resin matrix (48).  Water sorption can also accelerate the wear rate by hydrolytic 

breakdown of filler surface layers (49). Current composite materials are composed of 

much smaller filler particles allowing more filler loading and show improvement in terms 

of wear resistance. However, wear is still a problem especially in molar areas where broad 

occlusal/functional surfaces and high masticatory forces are considered to be relatively 

more challenging than anterior teeth or contact-free areas (50).   

Other complications like surface roughness (51), colour instability (52), bulk fracture (53) 

and polymerisation shrinkage (54) have been reported. Despite improvements in 

composition and hence mechanical properties, these problems are still not completely 

resolved. These indicate that further research is required and welcomed to improve the 

durability of resin composite, especially those made for posterior areas.  

1.2.9.2 Dentist Related Challenges 

It is generally accepted that dental composite is technique sensitive; experience and 

clinical skills may play a significant role in the outcome of composite restorations, for 

example significant difference in wear rates has been found between different operators 

(50). Operative challenges include the ability to place a void-free restoration, optimum 

moisture control, optimum finishing and providing a smooth surface finish. 

1.2.9.3 Patient Related Challenges 

The patient receiving the restoration is also a factor in performance of composite 

restorations. Differences in wear rates have been noticed between different study 

populations (45, 55). The differences are most likely correlated to differences in individual 

masticatory forces, parafunctional habits, salivary quality and quantity, and oral hygiene 

maintenance (56, 57). Dietary factors such as hardness and abrasiveness of foods can also 

affect the durability of restorations and might lead to an early failure (58).  
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1.3 Introduction to Ceramic Restorations 

The desire for an aesthetic restoration that mimics the shade and translucency of natural 

teeth has led to the development of ceramic materials, and these are now regarded as a 

fundamental component of dentistry. The development of ceramics in dentistry actually 

dates back to 1889, when Charles H. Land introduced the porcelain jacket crown (59).  

The basic chemical composition of ceramics involves a mixture of metallic and non-

metallic elements which form ionic and/or covalent inter-atomic bonds.  The inherent 

nature of these bonds defines the hard, stiff and brittle properties of ceramic materials 

(60).   

Structurally, dental ceramics are comprised mainly of silica, a common component of 

sand or quartz. Silica is polymorphic, which means that it has the ability to exist in a 

number of crystalline or amorphous forms. In the crystalline phase the atoms display a 

regular periodic arrangement and are densely packed together in a tetrahedral shape. 

However, when molten silica is rapidly cooled, a process known as ‘vitrification’, the 

atoms tend to lose their long-range order and the silica solidifies into an amorphous glass 

phase. Against this background, dental ceramics tend to behave differently under 

different local conditions (60, 61).  

1.3.1  Classifications of Dental Ceramics 

1.3.1.1 Classification Based on the Chemical Compositions 

Three types of all-ceramic material are currently available, predominantly glassy 

materials, partially-crystalline materials, and polycrystalline materials. The glass content 

provides aesthetic translucency, whereas the crystalline content contributes to strength 

and superior mechanical properties. The structure of the predominantly glassy materials 

is amorphous and is composed mainly of silica; their ceramic nature mimics the optical 

properties of enamel and dentine, but it has poor mechanical properties, and for this 

reason its use is mainly limited to veneers, or overlay veneers on metal or ceramic cores 

(62).  
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In order to improve mechanical properties, manufacturers developed partially crystalline 

ceramic by adding some ceramic particles such as aluminium oxide (Al2O3) and leucite. 

However, the crystalline content not only affects the mechanical properties of the 

ceramic but also its optical properties, such as translucency and opalescence (63). For 

example, in the case of a very translucent tooth a predominantly glassy ceramic is a 

better choice due to its more acceptable optical properties. On the other hand, in the 

case of a moderately discoloured tooth a ceramic with high crystal content is a more 

suitable option, since it can mask the underlying discoloration.  

Unlike the types described above, polycrystalline ceramics have no glass content, the 

crystals  being condensed and arranged in regular crystalline arrays which enable an ‘anti-

crack propagation’ feature to be created. Such an arrangement provides greatly improved 

mechanical properties, such as strength and fracture toughness, as will be explained later. 

1.3.1.2 Classifications Based on the Fabrication Techniques 

Dental ceramics can be also classified according to manufacturing method. The most 

commonly used methods are: powder composition (layering technique), slip casting, hot 

pressing and computer aided design-computer aided manufacture (CAD-CAM) (64). 

 Powder Layered Ceramics 

Powder layering is a traditional technique and is commonly used for porcelain in 

porcelain-fused-to-metal (PFM) and all-ceramic crowns. It involves the addition of moist 

powder to a die in order to build up the crown. The porcelain is then condensed by 

removal of excess fluid followed by vacuum firing. The major disadvantage of this 

technique is the porosity developed during the condensation step and the dispersed 

arrangement of the crystals in the glassy material. As a result, this technique produces 

porcelain of relatively low strength and poor mechanical properties (64). 

 Slip Casted Ceramics 

Slip casting involves the formation of a framework over which the porcelain can be 

applied. The ‘slip’ is a viscous mixture of powder and water which is applied as a thin layer 

over the mould before sintering with molten glass. The advantage of this technique 

compared with layering is that the crystals are highly concentrated and form a network 
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that provides a ceramic with good mechanical properties. However, the technique is not 

popular due to its technical difficulty, which requires multiple steps to achieve accurate fit 

(64). 

 Hot Pressed Ceramics 

Hot-pressed ceramics involve investment and wax burn-out. Initially a wax-up of a 

prosthesis is created and invested. The mould is then heated and the wax completely 

removed. Following this, a highly viscous crystalline ceramic in a glassy mixture is slowly 

pressed into the mould. Unlike earlier techniques, the ceramic produced using this 

technique has lower porosity (64). 

1.3.2 CAD/CAM Ceramics 

Background  

The introduction of computer-aided design-computer-aided manufacturing (CAD-CAM) in 

dentistry dates back to the 1970’s, with major developments in the 1980’s (65). Since 

then, a variety of CAD-CAM systems are available in dental markets and employed in 

fabrications of many modern dental restorations: examples of these systems include 

Sopha®, Cerec® and Procera® systems. 

The rational for the use of CAD/CAM in dentistry is to construct dental restorations with 

high precision in a simple way and with little or no human intervention. The basic 

CAD/CAM production involves three steps (Figure 1.5): scanning, CAD modeling, and CAM 

production. The prepared teeth are digitally scanned, either intraorally or from a master 

cast.  Using a computer the data are then processed and the restoration designed. The 

data from the computer are programmed into a milling machine and a prefabricated 

ingot is milled to reproduce the shape of the designed prosthesis. The ingot can either 

take the form of a partial or fully sintered ceramic, the former being softer and much 

easier to mill, but it requires an additional final sintering stage to develop full density and 

strength. 
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CAD/CAM Ceramic Materials 

I. CAD/CAM-Compatible Feldspathic Ceramics 

The first CAD/CAM compatible ceramic was made in 1985 in the form of inlay using  a 

ceramic block comprising fine grain feldspathic ceramic (VitaTM Mark I, Vita Zahnfabrik, 

Bad Sackingen, Germany) (66). A prospective study evaluated the clinical performance of 

these inlays and onlays for about 10 years and found a success rate of 90.4% was 

achieved (67).  However, over 36% breakage rate in 2 years was also reported (68). 

VitaTM Mark II (Vita Zahnfabrik, Bad Sackingen, Germany) was developed specifically for 

CEREC (CerecTM 1 – Siemens GmbH,Bensheim, Germany) and showed better mechanical 

properties with flexural strength of 100-160 MPa (69, 70). Clinical studies showed 94.7% 

survival rate at 5 years period which decreased to 85.7% after 10 years (71, 72).  

However, this material is not recommended to be used in heavy load-bearing areas (i.e. 

posterior regions) due to its limited strength properties (73).  

 

Figure 1.5 Clinical and laboratory steps to obtain CAD-CAM restorations. 

CAD-CAM feldspathic ceramic blocks are generally made similarly to the conventional 

feldspathic porcelain but produced differently via a process called ‘extrusion moulding’.  

In this process, the ceramic mixture is pressed and extruded through a nozzle to provide 

its normal form. Then, the produced blocks are dried for several days before the sintering 

process (74).   
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II. CAD/CAM and Mica-Based Ceramics 

Mica ceramic is a type of glass ceramic was first made in early 1970’s by George H. Beall 

(75). It is made of a group of sheet silicate (phyllosilicate) minerals with varying 

concentrations of Si, K, Na, Ca, F, O, Fe and Al (76). Mica-based ceramics are available in 

the market and the most commercially popular product has been DicorTM (Dentsply, York, 

USA) which is produced for conventional and CAD/CAM fabrication. Machinable mica has 

greater than 25% more crystalline phase than the one used for laboratory productions; 

hence this may explain the higher flexural strength of the former (229MPa) compared to 

the latter (77). Clinically, CAD/CAM mica ceramics show similar survival rate to feldspathic 

based ceramics. However, mica ceramics have been shown to have a higher breakage 

rate than feldspathic in a 2 year period (77, 78). Dicor has been well studied in the 

literature, but due to its high breakage rates, this material is no longer available in the 

market.  

III. CAD/CAM with Leucite-Reinforced Ceramics 

ProCADTM (Ivoclar-Vivadent, Schaan, Liechtenstein) was the first leucite-reinforced 

CAD/CAM ceramic used in restorative dentistry and its first appearance in the dental 

market was in 1998. It is a heat pressed ceramic containing a high amount of leucite 

crystals (35 vol%). ProCADTM was followed by EmpressTM CAD (Ivoclar-Vivadent) in 2006 

which has a higher concentration of leucite crystals (45 vol%) with a finer particle size of 

about 1–5 µm that helps resist machining damage. The mean flexural strength was found 

to be around 160 MPa and it is recommended for single crown restorations. Another 

example of this category is ParadigmTM C (3M ESPE, Seefeld, Germany)(61). 

IV. CAD/CAM Milling Lithium Disilicate Reinforced Ceramics 

CAD/CAM milling lithium disilicate reinforced ceramic was developed in order to extend 

the use of all-ceramic restorative materials into more complex treatments such as fixed 

partial dentures. It is a glass ceramic based on a SiO2–Li2O system with a crystalline phase 

containing a lithium disilicate (Li2Si2O5) that constitute  about 70% of the volume. A 

lithium disilicate CAD/CAM ceramic IPSTM e.max CAD (Ivoclar-Vivadent) was first 

introduced in 2006 as a chair-side monolithic restorative material. The blocks are 

manufactured in a process based on the so-called pressure-casting procedure used in the 
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glass industry and are supplied also in a pre-crystallization form, sometimes called ‘blue-

state’. The blue ceramic contains metasilicate and lithium disilicate nuclei and exhibits a 

flexural strength of 130 ±30 MPa. In this state the block can be milled easily, after which 

the restoration is re-crystallized in a chair-side ceramic oven at 850 °C in vacuum for 20–

25 min. During this heat treatment, the metasilicates are dissolved, lithium disilicate 

crystallizes and the ceramic is glazed at the same time.  The block also changes from blue 

to the chosen shade and translucency. The ceramic contains 70 vol% of crystals of 

approximately 1.5 µm in size and the strength increases dramatically to 360 MPa (79). 

Few clinical studies are available to provide a sufficient evidence-based recommendation 

regarding the use of lithium disilcate ceramics in restorative dentistry. However, current 

clinical studies have shown that the short term survival rate (2-5 years) is 97% - 100% and 

the long term survival (up to 10 years) ranges from 71.4% to 87.9 (80-83).  

V. CAD/CAM and Glass Infiltrated Alumina and Zirconia Ceramics 

Slip-cast glass-infiltrated ceramics that have at least two interpenetrating phases 

intertwined throughout the material are also available. They have been available for 

CAD/CAM production since 1993; ceramic blocks can be fabricated by dry pressing the 

ceramic powder into a mould and compacted until an open pore microstructure is 

reached. In comparison to the conventional slip casting technique, the number of pores is 

lower yet more homogenous. The material is then sintered and infiltrated by a molten 

glass which is drawn into the macro pores via capillary action (61). 

Glass infiltrated ceramics are available in the market and commonly known as ‘InCeram’ 

which is referred to VitaTM InCeram with its classic group of ceramics (InCeramTM 

Alumina, Spinell and Zirconia, Vita Zahnfabrik, Bad Sackin-gen, Germany). In vitro studies 

have reported the flexural strength for InCeramTM Alumina, Spinell and Zirconia to be 

450–600 MPa, 350 MPa, and 700 MPa, respectively (70).  

CAD/CAM InCeramTM Spinell has the most translucency compared to other groups and is 

generally recommended for aesthetic areas (anterior restorations). CAD/CAM InCeramTM 

Alumina is relatively less aesthetic and usually recommended for single crowns (79). 

CAD/CAM InCeramTM Zirconia has the highest fracture toughness in this group. However, 

due to the opacity of zirconia, it has the least aesthetic property and it is recommended 

to be used for posterior crowns as substructures (84).  
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1.3.3 Clinical Implications of Dental Ceramics 

Although ceramics have relatively superior mechanical properties to resin composite, 

clinical evidence tends to show catastrophic mechanical failure of ceramic restorations 

(85). Table 1.1 shows the survival rates as reported by prospective studies.  

Fracture of veneering porcelain or ceramic copings in all ceramic restorations is the most 

commonly reported failure that requires total replacement of a restoration.  Other 

reported causes of failure include: marginal inadaptability, secondary caries, framework 

fracture, loss of abutment vitality and loss of retention (86, 87).  

Table 1.1 Studies details and their reported survival range in years. 

Study Material 
Type of 

Restoration 
Type of 
Study 

Place 
Sample 

size 
Survival 
(Years) 

(88) Lava FPD Prospective University 20 1-5 

(89) DC-Zirkon FPD Prospective University 23 2 

(90) 
Procera 

(alumina) 
Crowns Prospective 

Private 

practice 
205 0.5-5 

(91) IPS e.max 
Crowns 

Inlays 
Prospective University 

36 

45 

2.5-4.6 

1.7-5 

(92) IPS Empress 2 FPD Prospective University 30 1-2 

(93) 
In-Ceram 

Spinell 
Crowns Prospective University 19 1.2-4 

(94) 
In-Ceram 

Alumina 
Crowns Prospective 

Not 

reported 
95 2-4 

All ceramic systems traditionally comprise coping ceramics and overlying porcelain 

veneers.  Such ‘bi-layer’ designs lead to several challenges/drawbacks, including multi-

step fabrications, different mechanical properties between the two layers and the 

veneer-coping bond strength (95). The success of all ceramic restorations is largely 

dependent on the thickness of the underlying coping and the bond between the coping 

and the overlying veneers.  Since the coping is significantly tougher than the overlying 

ceramic, this bond plays a critical role for their success (96). Optimising the thickness of 

these two layers is essential to maintain the balance between the generated stresses 

during mastication. Although it is recommended to increase the thickness of the porcelain 
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veneer to increase the fracture resistance(97, 98), such increase would not be possible 

without either over-contouring the restoration; hence interfere with its cleansability, or 

over-reduction of the underlying tooth preparation (99).  

Monolithic ceramics have been developed to overcome some of the drawbacks of all 

ceramic restorations. However, their microstructures and compositions that provide 

superior mechanical properties do not tend to provide comparable aesthetics, and vice 

versa. A more recent approach is to manipulate zirconia by adding translucent additives, 

to produce an acceptable translucency. However, the chemical inertness of the zirconia 

and its superior physical properties, make providing a strong and durable cement-zirconia 

bond quite of a challenge (100).   
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1.4 Polymer Infiltrated Glass Ceramics Network (PICN) 

Polymers with various matrix compositions and different percentages of ceramic and 

resin fillers are currently available as monolithic blocks for use with CAD/CAM systems. 

The rational of developing these materials is to provide a material that has better 

mechanical properties, lower discoloration rates, and higher wear resistance than 

conventional polymerized polymers. Better manufacturing processes, which consist of 

high pressures and temperatures, lead to better and more constant restoration qualities. 

Current CAD/CAM polymer-infiltrated ceramics can be divided into two types:  polymer 

infiltrated glass ceramic and polymer infiltrated polycrystalline.  

1.4.1  Polymer Infiltrated Glass Ceramic (Vita Enamic) 

An alternative polymer based CAD/CAM material was invented by Dr Russell Giordano in 

order to improve mechanical and aesthetic properties (101). This material is based on a 

polymer infiltrated ceramic network (PICN) in which the properties of the resin composite 

and ceramic are combined. The aim of its development was to form a restorative material 

with properties similar to enamel and dentine that could be easily repaired. PICN has 

different nomenclature in published literature, including: hybrid ceramics, resin-ceramic 

blocks, and ceramic composites. To avoid conflicts with resin composite and for a proper 

material description, the term PICN has been used throughout the current study. 

1.4.1.1 Composition 

The mechanical and physical properties of a dental material are largely influenced by its 

composition and microstructure. In dental ceramic, the microstructure (which is largely 

ruled by the sintering process) affects a variety of aspects including the coefficient of 

thermal expansion, chemical solubility and optical properties (102).  

Compositional analysis of PICN shows a dominant ceramic-network (86 wt%) (Table 1.2) 

with a fine-structure feldspar ceramic network interconnected with a polymer-based 

network (14 wt%). A large amount of carbon is found in the polymer phase. Some micro-

cracks are observed between the phases of the materials (103-105).
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Table 1.2 Composition of the ceramic part in PICN as provided by the manufacturer. 

Chemical compositions Abbreviation wt% 

Silicon dioxide SiO2 58 – 63% 

Aluminum oxide Al2O3 20 – 23% 

Sodium oxide Na2O 9 – 11% 

Potassium oxide K2O 4 – 6% 

Boron trioxide B2O3 0.5 – 2% 

Zirconia ZrO2 < 1% 

Calcium oxide CaO < 1% 

1.4.1.2 Synthesis and fabrication of PICN 

In order to determine the mechanical properties and clinical performance of a material, it 

is important to understand its microstructural characterization. Scanning electron 

microscopy (SEM) is commonly used to provide topographic and microstructural 

information such as particle size and shape. Energy dispersive spectroscopy (EDS) and 

finite element analysis (FEA) are additional tools that provide more chemical detail (EDS) 

on the material phases and behaviours (FEA).  

The synthesis of PICN requires multiple steps. First, ceramic powder is compressed into 

blocks and then sintered into a porous network after adjusting the particle size and the 

firing temperature. Then the pre-sintered ceramic blocks are conditioned with a coupling 

agent to allow for a chemical adhesion between ceramic and resins. The blocks are then 

infiltrated with resin polymer network by capillary action followed by subsequent heat 

induced polymerization (106).  

The dominant component in polymer infiltrated porcelain is the feldspar ceramic network 

(86 wt%) interpenetrated with a copolymer-based network (UDMA and TEGDMA) (103). 

However, there is little information on the microstructural composition of this material.  
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1.4.1.3 Mechanical Properties 

PICN shares the advantages of resin composites, such as less wear to the opposing natural 

teeth, the possibility to be repaired and the ability to form chemical bonds with adhesive 

resin cements (107). In vitro studies have shown that PICN has similar flexural strength to 

dentine but a lower compressive strength (108). 

Studies assessing and comparing the mechanical properties of PICN and other restorative 

materials are debatable (Table 1.3), mostly when flexural strength is evaluated. According 

to Albero et al (2015), PICN showed a flexural value (180.9 MPa) that lay between 

feldspathic porcelain (Mark II:137.8 MPa) and lithium disilicate (IPS e.max:271.6 MPa) 

(109). The value was similar to that of nano-ceramic resin composite (Lava Ultimate; 

164.3 MPa). Other studies (110, 111) on the other hand have shown greater flexural 

strength values for nano-ceramic resin in comparison to PICN. Coldea et al (2013) also 

compared PICN with different classes of ceramics. The highest values of 3-point flexural 

strength were for yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) (1358 MPa), 

followed by glass-infiltrated alumina-based ceramic (402MPa), lithium disilicate glass–

ceramic (344 MPa), PICN (158 MPa) and feldspathic porcelains (Mark II: 137 MPa and 

VM9: 121 MPa) (106).  

Three-point flexural strength followed by Weibull analysis was also conducted by Homaei 

et al (2016). The flexural strength values were 886.9 MPa for Y-TZP, 356.7 MPa for lithium 

disilicate glass–ceramic and 135.8 MPa for PICN (112). These results were similar to 

Coldea et al., where the greatest values were found for the groups Y-TZP and lithium 

disilicate glass–ceramic (106, 109, 111). However, for the Weibull modulus PICN showed 

the greatest value (19.7), suggesting high structural reliability. 

Other mechanical properties have been also investigated including fracture toughness, 

edge strength, wear resistance, and surface damage tolerance (110, 113). Fracture 

toughness is defined as the critical stress intensity level at which a given flaw starts to 

grow, and “indicates the ability of a material to resist rapid crack propagation and its 

consequent catastrophic failure” (83).  In other words, fracture toughness provides 

important information about the brittleness nature of the material used. According to ISO 

specifications for dental ceramics, “Fracture toughness is an important property since it is 
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inherent to the material and can be used to predict other properties, such as strength 

which is sensitive to flaw size and flaw population” (84). The fracture toughness of PICN 

has been evaluated by Della Bon et al (2014) using the single edge V-notch beam (SEVNB) 

method (ISO6872).  The mean value obtained for PICN in that study was 1.51 MPa√m. 

Compared to other ceramic materials, the fracture toughness value of PICN was greater 

than feldspathic porcelains (Mark II and VM9) (1 MPa√m), but lower than polycrystalline 

ceramics such as glass infiltrated alumina based ceramic, litium disilicate, and Y-TZP (3.73, 

2.37 and 4.94 MPa √m, respectively) (103).   

Vickers hardness has also been evaluated and compared to other ceramics via micro 

indentation in several studies (106, 109, 112). PICN demonstrates lower hardness values 

compared to glass ceramics and Y-TZP but greater than nano-ceramic resin composites. 

These studies indicate that the hardness of values of PICN are similar to dental tissues.  

Coldea et al. evaluated damage tolerance of PICN1 and a new experimental PICN2 (with a 

polymer reinforcement phase) using Vickers indentation. PICN materials and other 

different types of CAD/CAM blocks were tested and seven Vickers indentation loads (1.96, 

4.9, 9.81, 19.61, 29.42, 49.03, and 98.07 N) were applied for each bending bar. Three-

point Flexural strength values were obtained for each material before and after the 

indentations.  As the indentation load increased, the flexural strength of the materials 

decreased. At  an applied load of 98.07 N, Y-TZP  was the material with the highest value 

of strength degradation (81%), followed by VM9 porcelain(77%), lithium disilicate glass–

ceramic (72%), Mark II porcelain (64%),PICN1 (62%), glass-infiltrated alumina-based 

ceramic (56%) and PICN2 (51%). PICN2 showed the lowest strength degradation. PICN 2 

and glass-infiltrated alumina-based ceramic showed flexural strength stability until a 

Vickers indentation load of 4.9 N. The initial strength of all other materials decreased 

significantly at the minimum indentation load of 1.96 N. PICN2 showed higher damage 

tolerance to indentation than lithium disilicate glass ceramic. Thus, introduced flaws by 

grinding adjustment or chewing are expected to have less effect on the strength of PICN 

clinically (113).
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Table 1.3 Properties of PICN material and their corresponding values and/or range of 

values, according to the literature. 

1.4.1.4 Optical Properties 

While dental ceramics and glass ceramics in particular have superior aesthetics and colour 

stability, CAD/CAM resin composites have better machinability and direct reparability. 

However, compared to conventional resin composites, contemporary CAD/CAM 

composites are believed to be generally superior in terms of mechanical properties, 

owing to the standardised and controlled industrial production wherein the 

polymerisation process is optimised due to high temperature and pressure.  

Studies investigating the optical behaviour of PICN, on the other hand, are relatively 

limited and debatable. Quek et al (2018) investigated the colour (∆E) and translucency 

Mechanical property Value Reference 

Flexural strength (3-point bending) 
213.1 (±59.9) 

MPa 
(107) 

Flexural strength (3-point bending) 124 Mpa (110) 

Compressive strength of implant-supported crowns 2386–1935 N (114) 

Compressive strength of zirconia implant-supported 

crowns 
0.22–0.26 kN (112) 

Weibull modulus 4.99 (105) 

Weibull modulus 19.7 (112) 

Elastic modulus 27.26 GPa (110) 

Elastic modulus 
37.95 (±0.34) 

GPa 
(103) 

Vickers hardness 1,70 GPa (109) 

Vickers hardness 261.7 Hv (112) 

Fracture toughness 1. 4 MPa m1/2 (112) 

Fracture toughness 1.09 (±0.05 ) 
MPa m1/2 

(115) 

Density 2.0960.01 g/cm3 (103) 

Fatigue resistance of crowns: load 198 N/1.2 millions 

of cycles 1.6 Hz 
No crowns failed (105) 
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changes (∆TP) of PICN and compared it to different CAD/CAM composites after exposure 

to various staining solutions by using both a spectrophotometer and a shade-matching 

device. PICN was found to have the least colour stability after being exposed to tea 

solution. Another study found greater shade differences in both nano-ceramic resin (LU) 

and PICN than lithium disilicate ceramic (IPS e.max) (116).  However, other studies have 

found that the colour stability of PICN specimens was better than LU specimens after 

immersion in coffee and red wine, and also found that the residual discoloration values of 

PICN were smaller than that of LU after a bleaching procedure of these stained specimens 

(117, 118).  In general, it seems that PICN shade stability is similar or relatively better than 

resin composite but less than dental ceramics.  

1.4.1.5 Surface roughness 

The quality of surface topography has a great influence on the longevity of any dental 

material. Surface roughness can affect the success of a restoration on biological and 

aesthetic levels. A restoration with a rough surface might have poorer aesthetics and can 

be more prone to plaque accumulation. In vivo studies on the threshold surface 

roughness for bacterial plaque retention have shown that a mean roughness above 0.2 

μm is related to a substantial increase in bacterial retention. Not only that but it is also 

important for a patient comfort to have a restoration with a smooth surface, with a 

roughness up to 0.3 μm being easily detected by the tip of a patient’s tongue .  

The surface roughness of different CAD/CAM materials has been evaluated and compared 

(119). Between ceramics, PICN and resin composites, the rougher material was resin 

composite, followed by PICN and feldspathic porcelain. In the current literature, surface 

roughness of PICN materials are evaluated following certain procedures such as cyclic 

mechanical loading (e.g tooth brushing), different polishing techniques or surface 

treatments.  

Surface roughness of PICN and pressed glass ceramic following 60,000 cycles of tooth 

brushing under 20 N was previously evaluated (120). PICN showed lower surface 

roughness change compared to glass ceramic. Other study, showed similar roughness 

behaviour to natural enamel (121). Under SEM, micro-cracks and pitting defects were 

detected at the wear facet suggesting fatigue wear which may be attributed to the fact 
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that PICN is an interpenetrating phase composite with combination of ceramic and 

polymer(120). Such combination may make the PICN more damage tolerant with some 

degree of elastic deformations (113). 

The type of finishing method has a significant role on the surface roughness of PICN. 

Different finishing procedures produce different values of surface roughness. The 

manufacturer of PICN (Vita) suggests 3 different finishing and polishing procedures 

(Technical Kit, Clinical Kit and VITA Enamic Glaze), which have been evaluated and 

compared: the greatest surface roughness values are found for Glaze Groups. Clinical Kit 

and Technical Kit groups did not show a significant difference regarding surface 

roughness. Thus, it is suggested that the use of the Technical and Clinical Kits can give 

better performance of the PICN material (122). 

The effect of different surface treatments on the surface roughness of PICN materials was 

also previously investigated. Hydrofluoric acid 10% (HA) and tribochemical silica-coating 

(TCS) surface treatments produced higher surface roughness than 37% phosphoric acid. 

Prominent undercuts and honeycomb-shaped surface irregularities were noticed in HA 

specimens while in TCS specimens, sharply demarcated acute angled surface features 

caused by spallation of small areas of the glass matrix were detected (123).
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1.5 Glass and Polymer-infiltrated Polycrystalline  

1.5.1 Introduction 

The final properties of ceramic materials are influenced by the amount of crystalline 

phase, the size and type of crystals, and their dispersion within the glass matrix. In 

general, increasing the amount of the crystalline phase will lead to better mechanical 

reinforcement of ceramic materials (124).   

Polycrystalline ceramics sometimes referred as ‘load-bearing bioinert oxide ceramics’, are 

types of ceramic that demonstrate useful mechanical properties combined with excellent 

chemical stability and tissue compatibility. Aluminium oxide (alumina, Al2O3) or zirconium 

oxide (ZrO2) are both common types of polycrystalline ceramics used in dentistry. Being 

oxides, does not mean that they are subjected to oxidative reactions. In fact, this implies 

a complete inhibition of the release of cytotoxic ions due to corrosive attacks in the body, 

thereby providing high biological safety (125). This is why sometimes these are referred 

as ‘bio-ceramics’ in the literature.  

Despite the current appeal of zirconia, alumina is a technologically important material 

widely used in numerous applications. It was first introduced in the 1970s  (126) and  was 

the first polycrystalline ceramic to be used in dentistry.  

1.5.2 Chemical Compositions and Structural Characterization of Alumina 

Unlike zirconia, alumina (Al2O3) can exist in many multi-stable phases that would 

irreversibly transform into alpha-alumina when heated up to 1050–1200°C, depending on 

the crystal properties of the metastable precursors. In nature, alumina exists in its 

anisotropic crystalline phase of α-Al2O3, as corundum or emery if it contains impurities. It 

also occurs as gemstones (Figure 1.6) with a colour depending on the doping elements 

(e.g. ruby red due to the presence of chromium, or sapphire blue in different shades due 

to the presence of Ti3+ or Fe3+ ions in the lattice) (125). 

The crystal structure of alpha-alumina is known to have a close-packed hexagonal 

arrangement of oxygen ions. In its lattice, each aluminum cation (Al3+) is surrounded by 

oxygen anions O2- that form two regular triangles on both sides, twisted by 180° and lying 

on parallel planes. From the thermodynamic point of view, alpha-alumina is the most 
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stable aluminum oxide compared to its transient, metastable counterparts. The strong 

ionic and covalent chemical bonds between Al3+ and O2- contribute to the characteristic 

material properties, such as high melting point; low electric and thermal conductivity; 

high elastic modulus (stiffness) and hardness; and excellent resistance to the attack of 

strong inorganic acids, such as orthophosphoric or hydrofluoric acid (125). 

Some of the physical properties of alumina can be drawbacks when used in dentistry. The 

high melting point especially makes it impossible to shape alumina ceramics by casting; 

high hardness (20–30 GPa) makes machining difficult and costly; and high stiffness (10 

times larger modulus than that of dentine) contributes to high elastic mismatch between 

the natural tooth structure and the prosthetic work (125). 

Figure 1.6 Two forms of alumina precursors (Corundum), ruby (left) and sapphire blue 

(right) depending on the doping elements present. 
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1.5.3 Physico-Mechanical Properties of Alumina  

As a consequence of clinical demands, medical grade alumina has undergone substantial 

improvements, especially with regards to mechanical properties and reliability. 

Mechanical improvement involves an increase in the flexural strength (from less than 400 

MPa to more than 600 MPa in some medical-grade alumina used in orthopedics). This is 

because of the many improvements introduced in materials processing (e.g. the selection 

of raw materials used as precursors, powder processing, sintering, quality control, etc.) 

(127).  

The introduction of high-purity powders and the limit set for the content of calcia, alkali 

metal oxides, and silica impurities by ISO 6474 in 1980, largely reduced the problem of 

strength degradation in alumina. CaO, NaO, and SiO2 play an important role in the 

mechanical stability of alumina. CaO interaction with the aqueous environment, together 

with calcium migration and segregation, is responsible for strength degradation (128, 

129). While SiO2 indirectly increases the risk of fatigue fracture by hindering densification 

and promoting grain growth during sintering (130). Moreover, silica and alkalis (e.g. NaO) 

can segregate at grain boundaries, and their dissolution in physiologic liquids may lead to 

accelerated fatigue fracture (131). For the same reason, MgO added to alumina as a 

sintered additive to enhance densification while preventing discontinuous grain growth, 

has to be tuned to avoid deleterious excessive formation of Al3MgO4 spinel. 

Alumina can be used as pure polycrystalline material or can be prepared and applied in a 

variety of forms and microstructure, such as fillers to reinforce porcelain and composite 

resin, or as matrix for interpenetrating-phase composites. Alumina composites can be 

made with metals, glass, polymers and other ceramics such as zirconia (126).  

Mclean and Hughes in 1965 published the first study describing the concept of reinforcing 

a porcelain veneer with an alumina substructure. The aluminous core was a mixture of 50 

wt% Al2O3 and silica that was fired and covered with a porcelain veneer to achieve 

optimum aesthetics. However, the flexural strength of this core material was low 

(approximately 131 MPa) which limited its application for anterior teeth (132). 

Another application of alumina in dentistry is the Procera-allCeram system which was 

developed by Andersson and Oden in 1993. These restorations were composed of a 
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densely sintered, high purity aluminum oxide (Al2O3) (more than 99.9%) veneered with a 

compatible low-fusing dental porcelain. They were sintered up to 1600 C after milling to 

achieve full density; however, it was associated with 15 - 20% shrinkage. The material had 

high opacity and flexural strength was reported to be approximately 600 MPa which 

made it suitable for single crowns and short span posterior fixed partial dentures (133). 

In-Ceram is another alumina dental application which was first introduced in 1989 by the 

French dental material scientist Michael Sadoun (134) . This system was based on glass 

(68 vol%) infiltration of a partially sintered porous aluminum oxide matrix (27 vol%).  This 

material showed reliable clinical outcomes for applications as single posterior crowns and 

short span bridges in the anterior region of the mouth (105, 135). In terms of flexural 

strength, it is found to be relatively stronger than pressed ceramics with a value of 548 

MPa and a survival rate similar to PFM crowns placed in anterior teeth and premolars 

(135-137). At least eight clinical trials lasting between 5 and 7 years reported a success 

rate of 91.5 - 100 % for In-Ceram alumina; however, it has never been highly marketed 

(138). This glass infiltrated ceramic composite showed lower hardness, lower elastic 

modulus and higher fracture toughness than pure polycrystalline alumina (139).
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1.5.4 Optical Properties 

When considering aesthetics, all-ceramic restorations have the advantages of increased 

translucency as well as superior aesthetics. Heffernan et al evaluated the relative 

translucency of several ceramic materials and found that the addition of MgAl2O4 to the 

In-Ceram system (In-Ceram Spinell  -VITA Zahnfabrik) resulted in a material with the 

highest amount of relative translucency (84). This was followed by IPS Empress (Ivoclar 

Vivadent), Procera (Nobel Biocare AB), and IPS Empress 2 (Ivoclar Vivadent) which had 

higher levels of translucency than In-Ceram Alumina (VITA Zahnfabrik), followed by In-

Ceram Zirconia (VITA Zahnfabrik), which was comparable to a metal alloy. Therefore, In-

Ceram Spinell, IPS Empress, and IPS Empress 2 were recommended for moderate to high 

translucency situations. Procera was recommended for average translucency situations, 

while In-Ceram Alumina and In-Ceram Zirconia were only recommended when matching 

to opaque natural teeth or in posterior and non-aesthetic zones.   

In an attempt to improve the translucency, Yoshimura et al. described an approach to 

increase the translucency of In-Ceram alumina by 20.1 %. The approach was based on 

designing the glass composition for targeted glass viscosity and refractive index using a 

computer software and then infiltrating into porous alumina preform at 1200 ˚C (140). 

1.5.5 Synthesis and Fabrication of Polymer Infiltrated Alumina 

Most recent studies have compared the commercially available polymer infiltrated 

porcelain or glass infiltrated alumina with other CAD/CAM restorative materials. 

However, experimental attempts to utilize alumina as a matrix for polymer infiltration has 

received very limited focus. A few medical reports on the mechanical and osteo-

conductivity of Bis-GMA composites have shown superior mechanical properties (126).  

In dentistry, only a few studies have been conducted to develop polymer infiltrated 

alumina ceramics and study their properties. Chaiyabutr et al examined the effects of 

alumina particle size and sintered density on biaxial flexural strength and fracture 

toughness of glass and UDMA and TEGDMA polymer infiltrated matrices. They used three 

different alumina powders with different particle sizes (0.3-1.2 m) (141). The findings of 

their study showed that reducing the particle size improved the sintered density and the 
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mechanical properties. They also found that increasing the sintering temperature lead to 

superior mechanical properties with less percent of porosities. 

Craig and Francis (1998) described a method of developing a chemical bond between 

alumina particles using ortho-phosphoric acid that was later infused with epoxy resin 

polymer creating an interpenetrating phase composite (IPC) microstructure (142). This 

chemical bonding route developed at a temperature of 900 °C lower than that commonly 

used for partially sintered alumina. Aluminum chloride was also added to enhance the 

interaction between alumina and phosphoric acid and lead to the formation of stronger 

bonds at lower sintering temperatures. The open porosity in the ceramic composite 

decreased as the amount of phosphoric acid used in the process increased. 

Kim et al (2012) also developed polymer-infiltrated alumina using photo-polymerised 

polyurethane acrylate (PUA) as an infiltrated polymer (143).  The fabrication process was 

started with preparing the green body of ceramic matrix by a uniaxial pressing process 

using Al2O3 powder, which was then partially sintered at 1000°C for 1 h. At room 

temperature, a mixed polymer was infiltrated into the Al2O3 matrix in a vacuum chamber 

to allow homogeneous infiltration into all pores of ceramic matrix. The polymerisation of 

the polymer-infiltrated matrix was then carried out by UV light (1.5 mW/cm2, 365 nm) for 

3 min. The findings of that study confirmed that the composition ratio of resin had a 

significant positive effect on fracture strength and elastic modulus that were higher for 

polymer infiltrated alumina samples with higher resin/ceramic composition ratio. 

The effects of the application of pressure and heating rate (fast and slow) during 

polymerization on the mechanical properties of UDMA-TEGDMA resin infiltrated alumina 

has been previously studied (139).  A fabricated alumina matrix was infiltrated with resin 

and subjected to thermal polymerization with and without pressure and at heating rate of 

0.1°C /min (slow) or 2 °C /min (fast). The heating rate was found to only have a significant 

effect on flexural strength when pressure was not used during polymerization. The slower 

heating rate resulted in better flexural strength. On the other hand, the pressure applied 

during polymerization led to higher strength of these PICNs compared to those which 

were polymerised without pressure. 
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1.6 Physico-mechanical Properties of Polymer-infiltrated 

Ceramics 

1.6.1 Flexural Strength 

Flexural strength can be defined as the maximum surface stress in a bent bar or a disc at 

the moment of failure (144). For a bar specimen, the failure stress value is referred to as 

three or four-point flexural strength while for the disc sample it is biaxial flexural strength 

(Figure 1.7). Three-point flexural strength can be calculated using the following equation:  

𝜎 =
3𝑃𝐿

2𝑤𝑡2
 

While the four-point flexural strength can be obtained via: 

𝜎 =
3𝑃𝐿

4𝑤𝑡2
 

Where:  

𝝈 = flexural strength 

P= total applied load 

L= distance between lower supports 

w= width of specimen 

t= thickness or height of specimen 

 

One limitation of the three-point flexural test is that if the bar specimen does not   

fracture at the midpoint directly under the applied load, a correction must be made to 

calculate the fracture stress at the actual fracture location. Another limitation is 

undesirable edge failure, which may lead to an error in strength measurements(145).  

 

The four-point flexural strength is preferred over the three-point test because the stress 

within the central loading span of the specimen is constant. Therefore, no correction is 

required if the fracture does not occur precisely at the midpoint. Hammant (1971) (146) 

stated that the four-point flexure test generates a uniform stress field along the surface 

and reduces the stress concentration near the loading midpoint. However, this test has 

not been used as frequently used as the three-point flexure test. This may be due to its 
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experimental difficulties and complex test fixture(147). In addition, the requirement of 

large specimen geometry is not representative of a restoration placed clinically. 

The biaxial flexural test is preferred by some scientists to avoid the problem of edge 

fracture(145). This test is commonly used for the evaluation of flexural strength in dental 

ceramics (148, 149). It is based on a piston-on-three-balls design wherein the load is 

applied by means of a piston with a slightly curved contact surface and the disc specimen 

is supported by three steel balls. The main advantage of this test is that the maximum 

tensile stress occurs within the central loading area and the problem of edge fracture 

from the three-point test is eliminated. Also, the required diameter of the specimen in 

this test (12-15mm) represents the average width of molar teeth which makes the test 

more clinically relevant when compared to three or four- point flexural strength tests (4). 
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Figure 1.7 Different flexural strength test sets a) 3-point flexural strength b) 4-point 

flexural strength test c) biaxial flexural strength test. 
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1.6.2 Hardness 

Hardness is defined as the resistance of a material to plastic deformation, usually 

indentation. However, it can be obtained through scratch, cutting, abrasion or bending 

tests.  Hardness by indentation can be measured at different scales; macro, micro and 

more recently nano-scale. Measuring the hardness at macro scale is quick, simple and can 

give general mechanical information about the bulk material. However, when it comes to 

surface features relating to important properties of dental materials such as wear 

processes, such a scale is too large. Smaller scales such as micro and nano are usually 

employed when examining the mechanical properties of dental materials. There are 

several types of surface hardness tests and these are commonly classified into two types: 

macro-indentation tests (load > 1 kg) and micro-indentation tests (load < 1 kg). Micro-

indentation is used in determining the hardness of dental restorative materials and is 

available using different shapes and loads depending on the material being tested. 

Examples of these are: Barcol, Brinell, Rockwell, Shore, Vickers and Knop. Vickers and 

Knoop indentations are the most commonly used in restorative dentistry. Hardness can 

be measured by dividing the applied force by the indentation area after force removal 

(37, 150).  

1.6.2.1   Micro hardness 

Micro indentation tests are commonly used in comparative studies of dental materials. 

Vickers diamond pyramid or Knoop elongated diamond pyramid are the types of 

intenders that are mostly used in the mechanical evaluation of dental restorative 

materials. In these tests, the indentation area is measured under a microscope to 

calculate the hardness at a prescribed load.  

1.6.2.2   Nano indentation:  

Recently new sensors and actuators allow indentation testing to be performed at 

submicron scales. This technique is called nano indentation and has been popular in 

investigating the mechanical properties of many materials such as, polymers, metals, 

glasses and ceramics. By use of such technique, progress has been achieved in mechanical 
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testing particularly in terms of control, sensitivity and data collection. The most common 

properties tested via nano indentation are hardness and modulus of elasticity.  

During a typical nano indentation examination, a diamond indenter of a known geometry 

and dimension is pushed toward the surface of a tested material with a prescribed 

loading and unloading profile, and the penetration depth as well as the applied load are 

recorded. The data is then presented in the form of a load (P)-displacement (h) curve 

(sometimes called a P-h curve) (Figure 1.8). To calculate hardness, the load is divided by 

the contact area, which is determined by the geometry of the indenter. The elastic 

modulus (S) is measured from the slope of the upper portion of the unloading curve(151).  

 

(152).  

Another viscoelastic property called creep can be calculated from the load-displacement 

curve as shown in Figure 1.9. Creep shows the tendency of a solid material to move slowly 

or deform permanently when subjected to mechanical stresses. In nano indentation the 

tested specimen is gradually loaded until the pre-prescribed load is reached and held for 

a pre-set holding time (in seconds) to creep. The load is then gradually removed until the 

minimum load at which the indenter is held for another holding time to allow recovery 

(151). 

Figure 1.8 Schematic illustration of nanoindentation load-displacement curve with 

measured parameters. Reproduced with permission from Journal of Materials Research  
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Figure 1.9 Typical load-displacement curve of nano indentation loading/unloading 

method showing the measurements of creep and recovery during the maximum load and 

the minimum load, respectively. Reproduced with permission from Materials (153).  

1.6.3 Surface Roughness and Gloss 

Surface roughness is defined as relatively finely spaced surface irregularities whose 

height, width and direction establish the predominant surface pattern. In dental 

materials, the surface properties are critical for their success, since they mediate the 

interaction of restorative materials with the oral environment.  The shape, sharpness, 

size, the depth of the surface flaws and internal defects determines the mechanical and 

optical properties of any restorative material.  

Surface roughness is a widely studied mechanical property. It has significant biological, 

mechanical and optical effects.  Biological effects include plaque accumulation, gingival 

irritation, abrasion and increased wear of antagonists (154). Moreover, smooth surface 

reduce secondary caries(155), assists oral hygiene (156) and adds to the patient’s 

comfort(157). 

Surface roughness also affects the colour stability of a restoration; exterior discolouration 

increases as the surface roughness increases. Mechanical properties such as biaxial 

flexural strength, Vickers hardness, and elastic modulus have been found to be negatively 

associated with the average surface roughness profile.  

Surface gloss is another factor playing an important role on aesthetic of composite resins. 

Gloss is a desirable characteristic for restorative materials as it mimics the appearance of 
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the enamel. More over glossy and smooth surfaces decrease the coefficient of friction 

and subsequently this may reduce the wear rate.  

Various method and instruments can be used to measure the surface roughness of a 

restoration. These include qualitative such as visual inspections and surface finish 

comparison plates; or quantitative such as instruments with contact and non-contact 

measuring gauges. Contact methods involve running a measurement stylus across the 

surface; these instruments are called profilometers. Non-contact methods include: 

interferometry, laser triangulation, confocal chromatic aberration and atomic force 

microscopy.  

1.6.3.1 Surface roughness parameters 

Various measurements of surface roughness can be obtained. A roughness value can 

either be calculated on a 2D or 3D profiles. The 2D profile roughness parameter (Ra, 

Rq,...) are more common than area roughness parameters (Sa, Sq,..etc). The arithmetic 

average height measurement (Ra) is frequently used as a universal roughness parameter 

for general quality control (Gadelmawla et al, 2002). Other less commonly reported 

parameters include maximum valley depth (Rv), maximum peak height (Rp), and root 

mean square (Rq) (Figure 1.10).  

 

Figure 1.10 Details of the 2D surface roughness parameters. Reproduced with permission 

from Wear (158).
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1.6.4 Water Sorption and Solubility 

Sorption by definition is a physical and chemical process in which one substance becomes 

attached to another. In terms of water sorption, it represents the amount of water 

adsorbed on to a surface or absorbed within the body of a material. In dental composite, 

the water sorption occurs by direct absorption into the polymeric resin matrix (Figure 

1.11), whereas in glass fillers, water is only adsorbed on their surfaces.  

 

Ideally, a polymer-network should be insoluble with relatively high chemical and thermal 

stability. However, this is not the case for most monomers used in restorative dentistry. 

They can absorb water and chemicals from the environment, and release components 

into the surrounding environment. As water interacts with the polymer chains, it may 

produce some of the following effects in this order: (i) reorientation and chain 

displacement, i.e., reversible loosening or effective plasticization of the structure; (ii) 

solvation or reversible rupture of weak interchain bonds; (iii) irreversible disruption of the 

polymer matrix (microvoids) (159). Water molecules tend to penetrate the 

macromolecules of a material, force them apart which may then affect its dimensional 

stability and the durability.  

Water sorption is a critical problem that affects the durability of most polymer-based 

restorative materials. A variety of undesirable outcomes can ensue including, hydrolysis-

breaking down of bonds and interface leading to monomer elution (160-162), hygroscopic 

expansion (163, 164), deterioration of mechanical properties (165-167), stress and micro 

cracking (163, 164), and discolouration (168).  In addition, water sorption may cause 

polymer plasticization reducing the hardness, wear resistance and its glass transition 

temperature whilst increasing the creep.

Figure 1.11 Hydrolysis- breaking down of polymer. 



Therefore the water sorption and solubility of polymer-based restorative materials should 

be as low as possible (169). According to ISO 4049, a material is considered to be suitable 

as a restorative material when the water sorption is less than or equal to 40 μg/mm3 and 

the solubility is less than or equal to 7.5 μg/mm3 (170).  

1.6.5 Imaging and Nano-mechanics 

1.6.5.1  Scanning Electron Microscopy (SEM) 

SEM, with its analytical features, has become a very powerful tool in studying the 

microstructures of ceramics in dentistry. Its analysis provides information about the 

shape and distribution of glassy and crystalline phases present (171). Studying the 

microstructure of ceramic materials plays a fundamental role in investigating what raw 

materials were used and how the ceramic was processed.  Not only that, but also SEM 

analysis acts as a source of predicting or understanding some useful and important 

properties (172).  

1.6.5.2 Components and Working Principle of SEM 

Basically, there are key components (Figure 1.12) that are required for SEM machine and 

these include: 

1. An electron source to generate high-energy electrons and it is called (electron 

gun). 

2. A column with a series of condenser lenses.  

3. Scanning coils deflection system 

4. Detectors of backscattered and secondary electrons.  

5. A chamber for the specimen.   

6. Computer with an output monitor to display and analyse the scanned images. 

A scanning electron microscope (SEM) uses a focused beam of high-energy electrons to 

generate a variety of signals at the surface of solid specimens. These signals are then 

detected via a secondary electron detector to provide information about the scanned 

specimen including external morphology (texture), chemical composition, and crystalline 

structure and orientation of materials making up the sample. A two-dimensional image is 

generated that represents spatial variations in these properties. 
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Figure 1.12 Basic work principle of SEM. 

1.6.6 Atomic Force Microscopy (AFM) and Nano mechanics 

 Background 

The progress of material science is underlain by a continual increase of our interactions 

with the surrounding physical environment.   As knowledge has evolved, the critical 

length of cutting-edge of functional devices has shifted from the macro- to micro- scale 

and increasingly into nanoscale. With the scientific ability to control physical processes at 

nanometer scale, we have entered the era of nanomechanics. Following the micro to 

nano shift, material properties are often significantly altered in a scale at which critical 

differences are usually found. 

Throughout history, many fields of science have throughout history rapidly made 

advantage of tools and techniques that allowed for the design of material properties at a 

finer scale. In dentistry, it is possible now to study, control and manipulate structures at 

nano scale. Atomic force microscopy (AFM) is a key method for studying the surface 

topography of any material in real time with no or minimal surface preparation.  It allows 

high-level resolution imaging of a surface at a very high magnification; up to 108 and 

resolution of 0.1 nm in the x, y, and 0.01 nm axes in the z axis. It requires minimal 
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preparation of the sample and is still capable of evaluating the surface 3 dimensionally 

with a very small probe that follows the surface profile (173, 174).  

AFM is a form scanning probe microscopy (SPM) that gathers information about a test 

specimen by probing its surface. Unlike SEM, AFM not only images the sample but also 

provides further quantitative information including dimensions, profile, roughness and 

periodicity. Moreover, because of the mechanism of imaging formation employed, there 

is no need for staining, dehydration, coating or working in a vacuum environment (174, 

175). AFM can work in different environments (e.g. air, liquid or vacuum) regardless of 

conductive or optical properties of the sample. Table 1.4 presents main characteristics 

AFM compared to SEM and transmission electron microscopy (TEM). 

Table 1.4 Comparison of Atomic Force Microscopy (AFM), Scanning electron microscopy 

(SEM) and Transmission electron microscopy (TEM) main characteristics. Adapted from 

Eaton and West (176).  

 AFM SEM TEM 

Sample type Conductive/non-

conductive 

Conductive Conductive 

Sample preparation Easy or none Easy/difficult Easy/difficult 

Sample environment Any Vacuum/Gas Vacuum 

Horizontal resolution 0.1 nm  5 nm  0.1 nm  

Vertical resolution 0.05 nm  NA  NA  

Depth of field Poor  Good  Poor  

Imaging time 2 - 5 min  0.1 - 1 min  0.1 - 1 min  

Maximum field of view 100 µm  1 mm  100 nm  

Maximum sample size Unlimited  30 mm  2 mm  

 AFM Configuration 

An AFM uses a cantilever with a very sharp tip to scan a sample surface (Figure 1.13). As 

the tip approaches the surface, different modes of action occur upon initial selection. 

However, a common feature of all these modes is the method of image creation. The 

image is created as a result of measuring the forces occurring between the probe of the 

cantilever and the surface investigated. The probe is connected to the cantilever that is 
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bend under the influence of interatomic forces. Deflection of the cantilever is processed 

by the photodetector for a current signal, which allows obtaining a surface image of the 

sample. Due to the specificity of surface imaging, AFM is effective for virtually all groups 

of ceramic materials. This method is not limited by the mechanical, optical, or electrical 

properties of the materials (177-180).  

 

AFM Operational and Control Modes 

There are several operational techniques in atomic force microscopy. They differ in the 

interacting force probe-sample aiming to characterise materials. Typically, the cantilever 

systems in AFM are operated in three different modes i) non-contact ii) contact and iii) 

tapping modes. For studying the nanomechanics, peak force mode or more recently peak 

force quantitative nanomechanics) are often employed where the AFM tip act as force-

controlled nanoindentor(181).  The following paragraphs explain each mode in brief.  

Contact Mode 

In this mode, also known as constant mode, the cantilever tip directly and continually 

touches the sample surface at a pre-set constant force (Figure 1.14-a). The cantilever 

deflection is kept constant while scanning the sample by the feedback loop. Image 

contrast depends on the applied force which depends on the cantilever spring constant. 

Softer cantilevers are often used for softer samples and vice versa. The drawback of this 

mode is that as the tip is in permanent contact with the surface while scanning; a 

Figure 1.13 Basic work principle of AFM. 
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considerable shear force can be generated, causing sample damage, especially on very 

soft specimens, such as biomolecules or living cells(182).  

Non-contact Mode 

In this mode, the tip is in close proximity (without touching) with the sample and the 

attractive inter-atomic forces are detected and measured while scanning the surface 

(Figure 1.14-b). Images are taken by keeping a constant frequency shift during scanning, 

and this is performed by monitoring the pre-set amplitude of the cantilever oscillation at 

a fixed frequency and feeding the corresponding value to the feedback loop. The tip 

sample interactions are very small in non-contact mode, and good vertical resolutions can 

be achieved, whereas lateral resolution is lower than in other operating modes. Two 

major disadvantages of this mode are that it cannot be conducted in a liquid environment 

or even in air as there is a risk of the tip becoming trapped in the sample surface if a layer 

of liquid is still present. This is due to the low energy used to oscillate the cantilever in 

this mode(182).  

Tapping Mode 

This mode is considered as a key advance in AFM technology. In this mode, a high 

resolution imaging of samples that are difficult to examine using the contact AFM mode 

can be obtained. Problems such as friction and adhesion that are usually associated with 

conventional AFM imaging systems can be overcome. In this mode, the cantilever is 

oscillated at or near its natural resonant frequency using a piezoelectric actuator (Figure 

1.14-c). The piezoelectric actuator applies a force on the cantilever base and causes the 

cantilever tip to vibrate at amplitudes which are typically in the range of 20–100 nm when 

the tip is not in contact with the surface. The vibrating tip is then moved close to the 

sample until it begins to lightly tap the surface. During scanning, the probe tip alternately 

touches the surface and lifts off at frequencies of about 50–500 Hertz. Owing to the 

energy losses caused by the intermittent contact of the tip with the surface, the 

amplitude of vibration changes according to the surface topography of the sample(182). 



  

73 
  

 

Figure 1.14 Working modes of AFM (a) contact mode (b) non-contact mode (c) tapping 

mode.  

Peak Force Quantitative Nano-mechanical Mapping (PFQNM) 

PFQNM is a new AFM mode launched by Bruker that uses tapping mode technology to 

record very fast force response curves at every pixel in the image, and uses the peak tip-

sample interaction force as the feedback mechanism. PFQNM is able to acquire and 

analyse the individual force curves from each tap that occurs simultaneously while 

imaging the sample topography at high resolution. In addition, by maintaining control of 

direct force at a very low level (pN), this mode of scanning can limit indentation depths to 

deliver a non-destructive and high-resolution imaging technique to sensitive samples. 

Furthermore, material properties can be characterized over a very wide range to address 

samples in many different research areas. The advantage of this technique is that a high 

resolution mapping of nanomechanical properties can be achieved at a very high speed. 

In addition, it includes wide operating range for test samples, from extremely soft 

materials to very stiff metals (183).  



1.7 Summary and Statement of The Problem  

With the continuous introduction of new materials in dentistry, characterisation of 

material properties acts as a bridge between material sciences and clinical application 

and evaluation. The use of hybrid materials such as PICN to replace damaged or lost tooth 

structures is progressively increasing. The success of these materials in different 

applications is understood through clinical performance and experimental evaluation.  

Fabrication of new interpenetrating phase polycrystalline ceramics with optimal 

mechanical properties and aesthetics is an area of ongoing research with published 

studies showing initial promising results regarding the mechanical properties, although no 

data is available in the published literature about their optical properties. Moreover, 

while the implication of nano-mechanics to the dental field for characterising the 

mechanical properties of tooth structures and dental materials has become popular, 

there is no information available in the literature about the nano-mechanics of polymer 

infiltrated polycrystalline ceramics. Therefore, more research is needed to be conducted 

in order to develop better restorative materials that fulfil the demand of fast growing 

CAD/CAM technology and the increasing interest in aesthetic solutions.
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Chapter 2 
2 General Aims and Objectives 
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The aim of this study was to characterize the physico-mechanical properties of fabricated 

PICN materials and to investigate their suitability as CAD/CAM based dental restorative 

material on the basis of comparative in vitro studies. 

The specific objectives of this study were: 

 To synthesize and fabricate interpenetrating-phase alumina composites at 

different temperatures with different densities. 

 To investigate the effect of sintering temperature on the flexural strength and 

optical properties of PICN model materials. 

 To investigate the elastic and viscoelastic properties of PICN and other CAD/CAM 

materials. 

 To investigate the effect of microstructural compositions on the surface roughness 

and gloss of PICN and other CAD/CAM materials. 

 To assess the water sorption and solubility of PICN and other CAD/CAM materials  

A systematic approach of testing was followed to address the knowledge gap identified in 

this research. Five major in vitro experiments were performed according to the diagram 

shown in (Figure 2.1).  
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Figure 2.1 General outline of the present study. 
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3.1 Introduction 

Five in vitro studies were carried out in this research using a variety of standard 

techniques. The methodologies and techniques employed in each study are described in 

their respective chapters, however, a more detailed description of the procedures are 

included in this chapter. 

3.2 Assessment of the effect of sintering temperature of 

PICN on physical and optical properties 

3.2.1 Fabrication of PICN 

3.2.1.1 Fabrication of Ceramic Matrix:  

3.2.1.1.1 Slip Casting Technique  

Fabrication of ceramic was made using the slip cast technique. The slip cast mix was 

prepared from 155 g of reverse osmosis (RO) water, 3.25 g of Darvan C-N (ammonium 

polymethacrylate) dispersing agent and 500 g of alumina powder (Aluminum oxide 

Al2O3,Al16SG, Almatis Inc., Leetsdale, PA)(Table 3.1) which was divided into 5 equal 

increments, added to liquid ingredients and then mixed at 2,000 RPM for 30 seconds 

using high speed GyroMixer to obtain a slurry mixture. The slurry mixture was then 

dispensed via a mechanical pipette (100-1000 L, Pipetman, Gilson Inc., Middleton, WI) 

into cylindrical plastic moulds (with internal diameter of 15 mm and height of 20 mm) on 

a gypsum plate that was coated with a thin layer of alginate solution (Protanal 1816, FMC 

BioPolymer, Philadelphia, PA) (Figure 3.1). The alginate solution was made by mixing 1.5 g 

of alginate and 100 ml of water. The molds were then covered with a tissue paper and left 

on the bench at room temperature to be dried overnight. 

On the next day, the specimens were gently removed from the moulds and bisque fired in 

a furnace (Ney Vulcan 3-1750, Dentsply NeyTech, Yucaipa, CA) at a heating rate of 5 

°C/min and a holding time of 2 hours at 1050 °C to facilitate ease of handling afterwards 

(Figure 3.2).  
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A total of 80 samples were fabricated and divided randomly into four groups (Exp125-

Exp130-Exp135-Exp155) according to their sintering temperatures. Specimens from each 

group (n=20) were sequentially smoothed with sandpapers up to 600 grit and checked 

under a light microscope to ensure no surface flaws or defects. Then all the specimens 

were labelled with an HB pencil.  

Table 3.1 Chemical compositions and physical properties of the Alumina (Al16 SG) used in 

the current study as provided by the manufacturer. 

   Al16 SG 

Compositions Min Max Typical 

Al2O3   99.8 

Na2O  0.1 .07 

Fe2O3  0.03 .02 

MgO  0.06 .05 

SiO2  0.05 0.03 

CaO  0.05 0.02 

B2O3  0.00
6 

<0.005 

Physical Properties    

Surface Area BET 
(m2/g) 

7 11.5 8.9 

Wet -325 Mesh 
Sieve (%) 

99.4  99.6 

Cilas d90 (µm)  2.9 2.00 
 

Cilas d50 (µm) 0.3 0.65 0.5 

Ceramic Properties    

Green Density (g/cc) 2.15 2.25 2.17 

Fired Density (g/cc) 3.88  3.89 

Shrinkage (%) 17 18.5 17.7 



  

81 
 

 

Figure 3.1 Slip casting alumina matrices. The gypsum board was coated with alginate 

(left). The slurry mixture was then dispensed into cylindrical moulds with pipette 

(middle). Specimens were covered to be dried overnight (right). 

 

Figure 3.2 Temperature, time and heating rate settings for bisque firing (left). Ney Vulcan 

furnace was used for bisque firing of alumina matrix (right). 

3.2.1.1.2 Partial Sintering of Matrix Specimens 

All the alumina specimens were partially sintered in a high temperature furnace (Hot Spot 

110, Zircar Zirconia Inc., Florida, NY) at the relevant temperatures for the allocated group 

(Figure 3.3). The temperature required to achieve a particular density of the matrix 

specimens for each group was determined previously via a temperature-density curve 

(Appendix III). 

 First Group (Exp125) was sintered at 1250 °C. 

 Second group (Exp130) was sintered at 1300 °C. 

 Third Group (Exp135) was sintered at 1350 °C. 

 Fourth Group (Exp155) was sintered at 1550 °C. 

The sintering cycle was programmed to start with a heating rate of 10°C/min, then a 

holding time of 4 hours at the specified sintering temperature for each group and finally 
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cooling down with the same heating rate until 50 °C(Figure 3.4). The specimen was then 

removed from the furnace and let it to further cool down at room temperature. Each 

specimen was then sequentially finished and polished (up to 800 grit) to achieve the 

required thickness and to remove any surface irregularities. 

 

Figure 3.3 Zircar Hot Spot furnace was used for sintering of alumina matrices. 

 

Figure 3.4 Sintering protocol of alumina matrix. Different sintering temperatures were 

chosen for each group.
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3.2.1.2 Silanisation Procedure 

To increase the wettability of the porous ceramic matrices and enhance the infiltration of 

resin monomers, all specimens were treated with saline solution. The solution was 

prepared by swirl mixing of 4 g of 3- methacryloxypropyltrimethoxysilane (MPS), 200 ml 

of Ethanol and 200 ml of RO water. The pH of the solution was adjusted by adding drops 

of glacial acetic acid until pH of 4 was reached and that was checked with pH paper 

indicator (Short range alkacid pH test paper, Fisher Scientific, Pittsburgh, PA) (Figure 3.5). 

The prepared silane was stored in a labelled bottle in the refrigerator and used for 6 

months. The specimens were arranged vertically in a glass disc shaped dish and the silane 

solution was slowly added until halves of the specimens were submerged in the solution. 

The procedure was repeated for all the other groups. Then all the dishes were covered 

with glass jars to prevent evaporisation and left in a laboratory fume hood for 3 hours 

(Figure 3.6). After that, specimens were placed into oven (Vacuum oven1410, VWR, 

Radnor, PA) at 90 °C and 1 atm for 24 hours to dry.  
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Figure 3.5 The pH of the silane solution (left) was checked with pH indicator paper (right). 

 

Figure 3.6 Specimens were arranged into a plastic dish and were half-height soaked into 

silane for 3 hours in laboratory fume hood. 

3.2.1.3 Resin monomers infiltration  

380 g of TEGDMA was mixed with 3 g of (benzoyl peroxide) BP, the polymerization 

initiator for 2 minutes in GyroMixer. Then, 680 g of UDMA was added and mixed for a 

total of 6 min. The UDMA-TEGDMA resin was stored at 16 °C for 24 hours to allow the 

elimination of air bubbles rising to the surface after which it was stored in the refrigerator 

at 4 °C in a labelled bottle for 6 months, used several times and discarded when any 

changes or discoloration noticed.  

The resin infiltration into the alumina matrix specimens was made using resin infusion 

apparatus; comprised of vacuum pump, resin chamber and specimen chamber (Figure 

3.7). Resin mixture and specimens were carefully positioned into their designated 

chambers. These chambers were then evacuated and kept under vacuum pressure of 

4x10-2 torr for 24 hours. Infusion was started by opening the valve that permitted the 
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flow of resin from the resin chamber to the specimen chamber through the connecting 

tube until the specimens were fully submerged. The specimens were kept submerged 

under vacuum in the specimen chamber for 2 hours and then stored soaked in the resin 

for 24 hours at 16 °C.  After that, specimens were placed into plastic bags (25 mm with 

0.1 mm thickness, Poly tubing, Uline, Pleasant Prairie, WI) and evacuated by a vacuum 

pump (Welch Vacuum pump, Thomas Industries Inc., Skokie, IL) that is connected to a 

tube with an attached head that fit tightly to the opening of the plastic bag, and then 

sealed using heat sealer (Impulse sealer, American International Electric Inc., City of 

Industry, CA). The bags were checked to ensure no leakage and no air bubbles were 

present inside the sealed bags (Figure 3.8). 

Resin polymerisation was accomplished with heat and pressure in a water filled cylindrical 

isostatic pressure chamber (50x150 mm) (Figure 3.9). The chamber was connected to an 

external heater that was programmed to generate heat up to 100 °C (PiPress 50-150, 

Pober Industries, Waban MA 02468) (Figure 3.10) . Bagged specimens were carefully 

positioned in the chamber and filled with distilled water and closed properly with a 

straight piston and a plug with O-rings for sealing. The chamber was then subjected to a 

load of 500 kN by Enerpac hydraulic press using eclectic pump. A pump pressure was 

applied which produced a chamber pressure of 138 MPa. The specimens were kept under 

heat and pressure for 12 h before removing them from the chamber.  
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Figure 3.7 Resin fusion apparatus for resin infiltration with the two chambers; resin 

chamber (right) and specimen chamber (left). 

 

Figure 3.8 Welch vacuum pump used to evacuate air from plastic bags (left). Evacuated 

plastic bags containing resin infiltrated specimens (right). 

 

Figure 3.9 The sealed bags were carefully placed into heat connected chamber (left). The 

chamber was then placed into Enerpac hydraulic press to cure specimens with heat under 

pressure (right). 
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Figure 3.10 Heat polymerisation protocol for resin infiltrated alumina samples. 

3.2.1.4 Finishing and Polishing 

The specimens were removed from the bags and the excess polymer was trimmed and 

the surfaces were sequentially polished in an auto polishing machine (EcoMet 250 

Grinder/Polisher with AutoMet power head, Buehler Ltd., Lake Bluff, IL). Diamond discs 

with grit sizes of 70, 45, 15 grit were used and then the specimens were further polished 

with 3, 1 and 0.25 µm polycrystalline diamond suspension to obtain glossy surfaces. The 

thickness of each specimen was re-measured with a digital calibre (Model # ID-F125E, 

Mitutoyo, America Corporation, IL). 

3.2.2 Density Calculations 

Specimen weight was measured using an analytical balance (Model# XS204, Mettler-

Toledo LLC., Columbus, OH). Thickness and diameter were measured using a digital dial 

indicator (Model # ID-F125E, Mitutoyo, America Corporation, IL) (Figure 3.11). Three 

readings were taken for each parameter of each sample and the average of the three was 

calculated and recorded.  
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3.2.2.1 Density calculation of ceramic matrices specimens 

The theoretical density percent (tP0 ) for each specimen was calculated from the 

following equation:  

 𝑡𝑃0 = 𝑃0 𝑡𝑃⁄ × 100 (1) 

 

where, 

     P0  = density of porous ceramic matrix (g/cm3) calculated from  

 𝑡𝑃0 = 𝑚0 r2⁄ ℎ (2) 

 

𝑚0 = mass of porous ceramic matrix (g) 

r = radius of ceramic specimen (cm) 

h = thickness of ceramic specimen (cm) 

tP = theoretical density of ceramic (alumina = 3.98 g/cm3)  

 

3.2.2.2 Density Calculation of Resin Infiltrated Specimens 

Weight, diameter and thickness of infiltrated specimens were measured and density after 

infiltration (PI ) was calculated using the same equation as above for density calculation. 

Infused density percent (Inf. P ) was calculated using the following equations:  

 𝑖𝑛𝑓. 𝑃 = (𝑃𝑖 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑃𝑖⁄ ) × 100 (3) 

 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑃𝑖 = [(𝑃0 𝑡𝑃) × 𝑡𝑃] + [(1 − (𝑃0 𝑡𝑃)) × 𝑃𝑟⁄⁄ ] (4) 

 

PI  = density after polymer infiltration  

P0 = porous ceramic density (from the above calculation) 

tP = theoretical density of ceramic  

Pr = theoretical density of polymer (1.1 g/cm3) 
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Figure 3.11 Analytical balance (left) and digital dial indicator (right) were used to calculate 

specimens weights and dimensions. 

3.2.3 SEM Analysis 

Selected specimens from each group were prepared for scanning electron microscope 

imaging (Field Emission Variable Pressure Analytic Scanning Electron Microscope FESEM-

VP- Hitachi SU6600, Hitachi High Tech, Oxford Instruments). Each specimen was 

ultrasonically cleaned with ethanol (Fisher Scientific, Pittsburgh, PA) for 10 min and then 

dried overnight at room temperature. Then they were sputter coated with gold/palladium 

for imaging. The microstructure of specimens was examined with a voltage of 15 kV at 

two different magnifications of 5000x and 10,000x.  

3.2.4 Assessment of Optical Properties 

Contrast ratio, translucent parameter and total light transmission were measured using a 

spectrophotometer (Color i7, X-Rite Inc., Grand Rapids, MI) for all specimens (Figure 

3.12). The spectrophotometer was calibrated as recommended by the manufacturer and 

the setting of each mode was selected accordingly in the software (Color iQC). Each 

specimen was placed into the specimen holder, aligned with the sphere lens to allow the 

light transmission through the centre of the specimen in the transmittance compartment 

and the reading was taken and displayed on the screen (Figure 3.13).  All the parameters 

were calculated automatically using the device software. 
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a. Opacity and Contrast Ratio: 

The spectrophotometer was used to record the CIELAB coordinates (L*, a* and b*) 

of all the PIAN groups.  Contrast ratio (CR) was calculated according to the 

following: 

 
𝐶𝑅 =

𝑌𝑏

𝑌𝑤
 

(5) 

 

Defined as the ratio of illuminance of the test material when it is placed on the 

black background (Yb) to the illuminance of the same material when it is placed 

over a white background (Yw).  

b. Total Light Transmission: 

Visible light transmission percentage was measured using the spectrophotometer 

for all the PICN model groups. This parameter is used to indicate the masking 

ability of the specimens over the background colour. The specimen is placed in 

front of the spherical entrance port of the equipment through which the light 

beam enters. The sphere collects all the light passing through the specimen. 

Measurements were made over the wavelength range 460 nm to 720 nm under 

the UV included condition.  

c. Translucency Parameter 

The values from L*, a* and b* coordinates recorded from the ceramic specimens 

placed on a black (B) and white (W) backgrounds were also used to estimate the 

translucency parameter (TP) according to the following: 

 
𝑇𝑃 = √(𝐿𝑏

∗ − 𝐿𝑤
∗ )2((𝑎𝑏

∗ − 𝑎𝑤
∗ )2 + (𝑏𝑏

∗ − 𝑏𝑤
∗ )2 

(6) 

Where (L*: value coordinate; a*: red–green coordinate and b*: yellow–blue 

coordinate). 

d. Refractive Index  

Refractive index was measured for all groups using refractive index meter II 

(Presidium instruments Ltd., Singapore) (Figure 3.14). Three readings from 

different locations were taken for each specimen and the average was calculated.
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Figure 3.12 Color i7 spectrophotometer used to measure the optical properties of PICN. 

 

Figure 3.13 A PICN specimen in place to measure CR and TP (left). For the LT measuremnt, 

the specimen was fixed with a holder and aligned against spherical lens. 

 

Figure 3.14 Refractive index meter II used to measure refractive index of specimens. 
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3.3 Assessment of the effect of sintering temperature of 

PICN on flexural strength 

All experimental groups were subjected to a biaxial flexure strength test. Maximum 

compressive load was measured in N using a universal testing machine (Model 5566A; 

Instron Corp, Canton, MA, USA) equipped with 1KN load cell and 0.8 mm load radius. 

Circular transparent adhesive stickers were fixed on the compression side of the 

specimens to avoid spreading of the fragments and provide better contact between the 

piston and the sample (Figure 3.15). Each specimen was positioned on a fixture with three 

steel rounded-end projections, equally apart from each other in a triangular position of 

an 11mm diameter circle. A round-tip piston (Ø =0.8 mm) was used to apply an increasing 

load (0.5 mm/ min) until catastrophic failure occurred. Settings were controlled and 

results were displayed using Bluehill 3 software. Flexural strength was calculated 

according to the following equations:  

 σ = −0.2387[P(X − Y)/𝑏2] (7) 

 x = [(1 + v)In(𝑟2 𝑟3⁄ )2] + [(1 − 𝑣) 2⁄ ](𝑟2 𝑟3⁄ )2 (8) 

 y = (1 + v)[1 + In(𝑟1 𝑟3⁄ )2] + [(1 − 𝑣) 2⁄ ](𝑟1 𝑟3⁄ )2 (9) 

 

σ: biaxial flexural strength (MPa)  

P: the total load causing fracture (N) 

b: thickness at fracture origin (mm)  

v: Poisson’s ratio (0.23) 

r1: radius of the support circle (mm)  

r2: radius of the piston (mm)  

r3: radius of the specimen (mm)  



93 
 

 

Figure 3.15 Fixture used for biaxial flexural strength test (left). Universal testing machine 

used to measure biaxial flexural strength (right). 

3.4 Assessment of mechanical coherence of PICN and other 

CAD/CAM materials 

A total of 12 restorative materials with different compositions were investigated in the 

study. Six were commercial CAD/CAM blocks; two were conventional composite and four 

were model CAD/CAM PICN ceramics.  

3.4.1 Sample Preparation and Hardness Assessment:  

A pilot study was conducted on specimens from each group to identify the sample size, 

applied load and the dwell time (s) for the nano and micro hardness experiments. Five 

samples from each group were found to be sufficient to indicate the statistical significant 

difference among the groups. Twenty-five bar shaped specimens (12x4x2 mm) were 

sectioned from CAD/CAM blocks to perform hardness assessments at nano and micro 

levels.  

The specimens were sectioned using a precision cutting machine (Isomet 1000, Buehler, 

LakeBluff, USA) (Figure 3.16) and mounted in phenolic ring moulds (25x15 mm) (Buehler, 

Coventry, UK) and embedded in epoxy resin (Buehler, Coventry, UK) (Figure 3.17). The 

specimens were sequentially polished with silicon carbide grinding papers (P320, P600, 

P800, P1200, P2500 and P4000) and finished with 3 micron and 0.25 micron diamond 

paste using an OmegaPol metallurgical polisher machine (Spectrographic, United 

Kingdom). With light one-finger pressure applied on the specimen against the felt cloths 
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of the polishing machine, each polishing step was carried out for 5 min. Polished 

specimens were then checked using a light microscope at 10x,20x and 100x 

magnifications to ensure absence of scratches. An ultrasonic bath (Nusonic, Transsonic 

T310, Germany) was used to clean specimens in distilled water for 5 min. Each specimen 

was stored dry in a clean container at room temperature for 24 h before investigation. 

 

Figure 3.16 Isomet 1000 used in cutting the CAD/CAM ceramic blocks. 
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Figure 3.17 Ceramic samples prepared for nanoindentation testing. The specimens were 

embedded in self-cured epoxy resin in a cylindrical form. 

3.4.2 Nanoindentation Assessment 

Nanoindentaion measurements were performed at room temperature using a 

nanoindentor device (Nanovea M3, USA) (Figure 3.18). The device is fully automated with 

touch screen, automated controlled load and depth allowing work on different types of 

samples for quick nanoindentation results under ASTM standard including hardness, 

elastic Modulus and creep depth.  

Nanovea M3 has two motorised axes, Y and Z, each with 40 mm travel and a resolution of 

5 µm. The system utilizes a 250 µm range depth sensor with 0.003 nm resolution and 0.5 

nm noise floor. The load sensor is available with a 400 mN range or 2000 mN range with 

resolution of 0.03 µN or 0.30 µN and the noise floor of 10 µN and 50 µN respectively.  

The device is compatible with different types of indenters: Berkovich, Vickers, sphero-

conical, fall and ball indenters. A Berkovich indenter with cone angle of 130.54° was used. 

The Poisson's ratio of the indenter is 0.07, and the elastic modulus was 1140 GPa; 

material type was set as ceramic where a Poisson's ratio of 0.3 was used for modulus 

calculation. Nanoindentation was performed at a 50 g load with 10 s pause/dwell (Figure 

3.18). The sample was attached with cyanoacrylate glue to the provided metallic sample 

mounting block (38x15mm) which was magnetically attached to the sample holder of the 

nanoindenter device (Figure 3.19).  



96 
 

 

Figure 3.18 Nanovae indentation device with the selected test parameters used to 

examine the CAD/CAM ceramic specimens. 

 

Figure 3.19 Mounted ceramic specimen under loading condition in the nanoindentation 

device. 
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Five continuous indents with a spacing of 250 µm were performed in a line. Five sets of 5 

tests were perform on each CAD/CAM ceramic material. Nanohardness was calculated 

based on the following formula: 

 
𝐻 =

𝑃

𝐴𝑝
 

(10) 

Where P is the applied load in mN and Ap is the projected area of the indentation. Elastic 

modulus was determined from the slope of the unloading curve of the load displacement 

data at the maximum load based on Oliver and Pharr method (152) as the following 

    

 
𝐸 =

1

2
×

√𝜋

√𝐴𝑝
×

𝑑ℎ

𝑑𝑝
 

(11) 

Where dh is the change in depth; dp is the difference in load. 

3.4.3 Microhardness Assessment: 

A specialised microhardness instrument (FM-700, Future Tech Corp., Japan) (Figure 3.20) 

with a Vickers diamond indenter was used. Five sequential measurements with a spacing 

equal to 4 times the diameter of the indentation were taken for each surface with a fixed 

50 g load applied for 10s (dwell time).  The hardness was automatically calculated by the 

machine, which can also be calculated via the following formula:   

 
𝑉𝐻𝑁 = 0.1891 ×

𝑃

𝑑2
 

 

(12) 

Where: 

P is the applied load in Kgf.  

d2 is the Surface area of indentation in mm. 
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Figure 3.20 FM-700 micro hardness tester (A), with a representative specimen ready for 

testing (B). 
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3.4.4 Determination of Ceramic Content  

Ceramic weight contents of the model PICN and other CAD/CAM blocks was determined 

by the standard ash method described in ISO 1172:1999 (184). The concept of this 

method is based on removing the organic matrix in a resin composite material by burning 

it out.  All the specimens (n=3) were stored in a desiccator at 37 °C for 24h.  A pre-heated 

silica crucible was used to contain the specimen throughout the experiment (Figure 3.22). 

The weight of each specimen was measured to an accuracy of 0.01 mg using a calibrated 

electronic analytical balance (Ohaus Analytical Plus, Ohaus Corporation, USA) (Figure 

3.21). Specimens were heated in an electric furnace (Programat EP 5000, Ivoclar 

Vivadent, Liechtenstein, Austria) at 600°C (1200 °C for DK group) for 30 minutes to burn 

out the organic matrix and then placed back in the desiccator to cool down before re-

weighing them. The latter weight consisted only of the inorganic component.  

Ceramic weight fraction (wt%) was determined with the following formula: 

 
𝐶𝑒𝑟𝑎𝑚𝑖𝑐 𝑤𝑡% =

(𝑤3 − 𝑤1)

(𝑤2 − 𝑤1)
𝑥100 

(13) 

                                          

Where:  

 

w1 is the initial mass of the dry silica crucible. 

 

w2 is the initial mass of dry silica crucible plus dried sample. 

 

w3 is the final mass of the silica crucible and the residue of the burned sample.    
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Figure 3.21 Programat electric furnace was used to burn out the specimens (left) which 

were weighted before and after the burn out using calibrated analystical balacne (right). 

 

Figure 3.22 A pre-heated silica crucible containing a PICN specimens before (left) and 

after burn out (right).
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3.4.5 SEM Analysis: 

Scanning electron microscopy (FEI Quanta 650 FEG, Oxford Instruments, UK) was used to 

characterise the cross-sectional microstructure of the five materials used in the present 

study. Specimens were ultrasonically cleaned and dried with hot air. After gold/palladium 

coating using a sputter coater (Quorum Q150T-S, Quorum Technologies Ltd, UK), 

specimens were viewed under a field emission mode with an accelerating voltage of 10KV 

and a working distance of 10 mm. Images at different magnifications were taken. 

3.5 Assessment of surface properties and elastic modulus 

mapping 

3.5.1 Atomic Force Microscope (AFM) 

Atomic force microscopy was conducted using a Bruker Catalyst™ BioAFM (Bruker UK 

Ltd., Coventry, U.K (Figure 3.23) with a Nanoscope V controller, and operated under the 

Nanoscope controller software (v9.1). Images were captured in air at a humidity of <45% 

using pre-calibrated NM-RC-C diamond tipped probes (Bruker SAS, France) (Figure 3.23) 

using Peakforce Quantitative Nanomechanical (PFQNM) tapping mode. Data capture was 

performed at 5 locations on each sample with a 20x20 µm and a 3x3 µm images being 

collected at each site. Imaging was performed at approximately. 1Hz and at a resolution 

of 256 samples/line. Topography, and DMT modulus channel data were post-processed 

using Nanoscope Analysis (v1.50) (Figure 3.24); the calibration data supplied with the 

probes was inputted to the controller software at the capture stage. Average roughness 

(Ra), the root mean square roughness (Rq), and maximum roughness depth (Rmax) values 

were extracted for all samples. 

The elastic modulus of the sample was derived from AFM force curves and was based on 

the Derjaguin-Muller-Toporov (DMT) model (185), which was implemented into the 

Bruker NanoScope Analysis software. By definition, the DMT model fits the following 

equation.  

 𝐹 − 𝐹𝑎𝑑ℎ =
3

4
 𝐸∗√𝑅(𝑑 − 𝑑ℎ)3 (14) 

Where  

F is the applied force, Fadh the adhesion force between probe and the surface, R is the tip 

radius, d – dh the sample deformation, and E* is the elastic modulus.   
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Figure 3.23 Bioscope Bruker Catalyst AFM was used to obtain elastic modulus and surface 

roughness data in the current study (left). SEM image with 112.9 KX magnification of one 

of the used diamond tips with calibrated nanoscale shapes and profiles (right). 

 

Figure 3.24 Screen-print of the front page of NanoScope analysis software used to analyse 

the scanned surface of a test specimen.
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3.5.2 Gloss Measuremnt 

The gloss of each specimen was measured using a glossometer instrument (Electomer 

400, Novo-Curve, Electomer inc., Rochester Hills, Michigan) (Figure 3.25).  The instrument 

was calibrated after every 3 readings according to the manufacturer instructions. To 

record the gloss value, each specimen was centrally positioned -at an operating angle of 

60°- over the hidden aperture which is pinpointed by intersection of white lines marked 

on the top of the sample plate. Before pressing the read button, the specimen was with a 

black sheild to exclude external light during the measurement . 

 

Figure 3.25 A calibrated Novo-Curve was used to measure the gloss of the test materials.



104 
 

3.6 Sorption and Solubility 

Five samples from each test material were soaked in an ultrasonic bath (Nusonic, 

Transsonic T310, and Germany) in distilled water for 5 min to remove debris and 

contamination. Samples were then transferred into separate labelled glass vials and 

stored in a lightproof desiccator with anhydrous self-indicating silica gel at 37 ± 1 °C 

(Figure 3.26). After 22h, all the samples were moved into another desiccator maintained 

at room temperature (23 ± 1) °C for 2 h and then weighed to an accuracy of 0.01 mg using 

a calibrated electronic analytical balance (Ohaus Analytical Plus, Ohaus Corporation, USA) 

(Figure 3.27). The measuring process was repeated on a daily basis until the mass change 

was not more than 0.1 mg at any 24 h time period according to ISO FDIS 4049:2009 

specifications. The constant mass was then recorded as m1. Samples dimensions were 

then measured using an electronic digital calliper (Powerfix, OWIM GmbH & Co., KG, 

Germany) with an accuracy of 0.01 mm. Three measurements were recorded for each 

dimension and the average was then used to calculate the volume (V) of each sample in 

(mm3).  

 

The samples were then stored in 10 ml of distilled water in an individual glass vial at 37 ± 

1 °C. The samples were weighed at different time intervals (1, 7, 14, 30, 60, 90, 180 and 

210 days). The mass recorded at each time was denoted as m2 (t). For every weighing 

cycle, samples were dried on a filter paper and air-blown before measurements and then 

returned into their vials after renewing the storage water to avoid variations in the pH 

with storage. At the end of the storage period, samples were reconditioned to a constant 

mass in a desiccator following the same conditioning protocol described above. The 

recorded mass was then denoted as m3.  

The percentage mass change was calculated by the following equation:  

 
𝑀𝑔(%) =  

𝑚2 (𝑡) −  𝑚1 

𝑚1
× 100 

(15) 

This represents the apparent percentage amount of water absorbed by the tested 

material since sorption is opposed by solubility during storage which results in weight 

loss. 
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The percentage solubility which represents the total weight of components (including 

unreacted monomers, additives, or fillers) extracted by water was calculated by: 

 𝑆𝐿(%) =
𝑚1−𝑚3

𝑚1
× 100  (16) 

To calculate the actual percentage amount of water absorbed by the tested material at 

the end of the storage period, the following formula was used: 

 𝑆𝑃 (%) =
𝑚2 (7𝑚𝑜𝑛𝑡ℎ𝑠)−𝑚3

𝑚1
× 100  (17) 

Water sorption (μg/mm3) of each tested sample was calculated according to the 

following:  

 𝑆𝑃 =
𝑚2−𝑚3

𝑉
  (18) 

 

Solubility measured in micrograms per cubic millimetre (μg/mm3) for each tested sample 

was calculated by: 

 𝑆𝐿 =
𝑚1−𝑚3

𝑉
  (19) 
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Figure 3.26 Desiccator showing the samples stored in separate glass vials with anhydrous 

self-indicating silica gel at the bottom prior to immersion in water and artificial saliva. 

 

Figure 3.27 Electronic analytical balance used for weighing the test samples (Ohaus 

Analytical Plus, Ohaus Corporation, USA). 
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Chapter 4 
4 The influence of Sintering Temperature on Optical Properties 

and Biaxial Flexural Strength of a Novel Polymer Infiltrated 

Polycrystalline Ceramics 



  

108 
 

4.1 Abstract 

Objectives  

To determine the effect of sintering temperature on the microstructure, refractive index, 

contrast ratio, translucency, light transmission and flexural strength of novel fabricated 

polymer infiltrated ceramics. 

Materials and Methods 

72 alumina specimens were fabricated by slip-casting into disc shapes (15 x 2 mm) and 

randomly divided into 4 groups according to the sintering temperature. The groups were 

labelled according to their sintering temperature (Exp125= 1250 °C ; Exp130=1300 °C; 

Exp135=1350 °C; Exp1550=1550 °C). After sintering, groups were silanated and dried 

overnight at 90°C. Then, UDMA-TEGDMA resin was prepared and infiltrated into the 

ceramic specimens under vacuum. Polymerisation was carried out at 90°C and under a 

pressure of 138 MPa. Specimens were polished to 1.5mm thickness and the density 

measured. Contrast ratio (CR), translucent parameter (TP) and light transmission (LT) 

were evaluated with a spectrophotometer (X-rite Ci7600); Refractive index was measured 

(Presidium Refractive Index Meter II); biaxial flexural strength was obtained (Instron 

5566A) with a crosshead speed of 0.5mm/min; and the microstructure was examined 

using a scanning electron microscope (FESEM-VP-Hitachi SU6600). Statistical analyses 

were performed using the Kruskal-Wallis test and one-way ANOVA.  

Results 

Exp125 demonstrated the highest density improvement from (71.38%) to (99.22%) after 

polymer infiltration. Exp155 showed the lowest RI and CR values (1.79 and 97.14 %, 

respectively) but the highest TP and LT values (7.09 and 6.8%, respectively). No significant 

difference in flexural strength values was noticed between the groups. However, the 

flexural strength was positively correlated with the ceramic matrix density percentage.  

Conclusions 

Polymer infiltration significantly improves the density% of ceramic samples. An increase 

in sintering temperature results in a significant improvement in the optical properties but 

not in biaxial flexural strength.  

Key words Hybrid-ceramic, Aluminium-Aluminium Oxide, Density, Flexural, 

Microstructure.
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4.2 Introduction 

Since the introduction of computer-assisted processing in various industries in the 1970’s, 

the research and development of dental CAD/CAM technology have been actively 

pursued worldwide (186, 187). The last decade in particular has witnessed a dramatic 

increase in the use of CAD/CAM technology for the production of new indirect restorative 

materials. Such an increase has been triggered by advances in intra-oral imaging, in 

manufacturing technologies, and by environmental concerns related to the by-products 

of the classic manufacturing process of indirect dental restorations. 

Two main types of materials are currently available for aesthetic CAD/CAM-processed 

indirect dental restorations: glass-ceramics/ceramics and resin composites. In general, 

ceramics are brittle in nature and this is considered as a significant drawback for such a 

material (188-190). The physical and mechanical properties of dental ceramics are 

governed by their chemical microstructure. 

The microstructure of dental ceramic can be classified into three main categories based 

on the ratio of their glass and polycrystalline structures (62). These categories are 

predominantly glassy materials, partially filled glassy materials and polycrystalline 

materials. The glass content provides aesthetic translucency, whereas the crystalline 

content contributes to strength and superior mechanical properties (191). The structure 

of the predominantly glassy materials is amorphous and is composed mainly of alumina 

and silica. Their ceramic nature mimics the optical properties of enamel and dentine, but 

it has poor mechanical properties, and for this reason its use is mainly limited to veneers, 

or overlay veneers on metal or high-strength ceramic cores. Mechanical properties can be 

influenced by the incorporation of another phase in the form of reinforcing fibres, 

dispersed particles, or by fabricating interpenetrating-phase composites (141, 192). The 

classic approach is to imbed dispersed particles in the glassy matrix to increase the ratio 

of the crystalline phase. However, such an approach is challenging as mixing a dispersed 

phase into an amorphous matrix may promote voids and poor filler distribution within the 

glassy matrix, which eventually may negatively affect their clinical performance (193).   
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Interpenetrating-phase composites (IPCs) are a relatively new concept of ceramics 

reinforcing. Unlike the dispersed particles, IPCs are composed of a continuously 

connected ceramic phase interlocked with another continuously connected phase (142). 

Most resin composite materials are composed of dispersed fibres or filler particles within 

a binding matrix phase, whereas in an IPC, there is no isolated phase. Rather, each 

individual solid phase within the fully dense composite forms a completely 

interconnected network (194). This method has several advantages due to the fact that a 

higher volume of ceramic can be easily incorporated into the composite microstructure 

removing the limitation of the mixing dispersed particles in a continuous medium (194). 

One advantage is that the strength and fracture toughness are quite similar to a dense 

ceramic. The interlocking of these two phases is usually made by an infiltration technique. 

In such a technique, a ceramic with connected pores is prepared, sintered and then 

infiltrated with another phase, such as metal, polymer or glass (194, 195). 

The fabrication process of dental interpenetrating-phase ceramics involves multiple steps. 

First, a porous ceramic matrix is produced by milling pre-sintered blocks, slip casting or 

compressing ceramic powder, which is commonly mixed with additives, such as 

dispersants, pH controllers or binders. This is followed by heat treatment of the ceramic 

framework to promote de-binding and consolidation of an interconnected network. Next, 

the ceramic framework is conditioned with a coupling agent to enhance the surface 

wettability and allow the capillary infiltration of the second phase, which can be melted 

lanthanum glass or polymer. The infiltration is then followed by solidification of the 

melted glass or thermal polymerisation of the resin polymers (135, 138, 141, 196). 

Changing the processing techniques allows for various sizes and forms of porosities of 

ceramic frameworks by manipulating ceramic particle size and applying different sintering 

conditions (141, 197). Formation of a porous interconnected ceramic framework with 

good rigidity is a critical step in the fabrication of IPCs. The relative volume fractions of 

the two interconnected phases are primarily determined by the porosity of the ceramic 

phase. If closed pores are formed in the microstructure, they are not accessible for 

infiltration and may cause larger shrinkage, leading to compromised optical and 

mechanical properties. Ceramic strength normally increases because of the reduction of 

porosity through full densification during sintering process. However, for 

interpenetrating-phase composites, porosity is eliminated through the infiltration of a 
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second phase, leading to strengthening of the material and integration of the properties 

of the different phases. Interpenetrating-phase composites show better mechanical 

behaviours compared to the individual phases (198). It has been found that polymer 

infiltrated porcelain composites exhibit a flexural strength of 169 MPa, which is higher 

than that of porcelain (122 MPa) or polymer (135 MPa) (138, 199). 

Vita Enamic is a polymer-infiltrated ceramic network material that was successfully 

developed and introduced to the dental market in 2012 (198). This material is composed 

of 75 vol% porous feldspathic porcelain infiltrated with 25 vol% resin polymers, namely 

UDMA and TEGDMA, based on a similar concept of manufacturing to glass infiltrated 

ceramic system (In-Ceram). Due to the fine structure of ceramic and the polymer 

network, this material demonstrates similar physical and mechanical performances to 

enamel and dentine (109, 200). There are currently few available clinical studies 

concerning the longevity of polymer-infiltrated ceramic restorations. However, laboratory 

studies have shown that Vita Enamic monolithic crowns have excellent resistance to wear 

and fatigue damage relative to traditional ceramic restorative materials (200, 201). Resin 

infiltrated ceramic shows more tolerance against crack propagation induced by dynamic 

fatigue. The existence of the polymer phase within the ceramic framework in Enamic 

material helps in spreading the plasticity upon loading, hence increasing the crack 

propagation resistance (202). PICN has a combination of low hardness and elastic 

modulus coupled with relatively high toughness which may enable rapid milling with 

minimal edge chipping(203). However, mechanical properties such as flexural strength 

and fracture toughness of Enamic have been shown to be significantly affected by 

thermocyclying which might affect its long term clinical success – it has been shown that 

the mean fracture-resistance value of thermocycled Enamic is below human occlusal 

forces (204). Critical defects that have been observed on fractured surfaces could explain 

the lower flexural strength value obtained with Enamic compared to polycrystalline 

ceramic (202). 

Polymer-infiltrated ceramic shows promising results for use for single crowns (201); 

developing the material to be used for short/long span bridges through microstructure 

refinement has become a primary focus. Monolithic alumina that has smaller grain size 

and better mechanical behaviour and higher fracture toughness could be a good 

substitute for the feldspathic porcelain in Enamic.  



  

112 
 

Alumina (aluminum oxide, Al2O3) was the first polycrystalline ceramic to be used in 

dentistry (126). Dental applications of alumina-based ceramics include endodontic posts, 

orthodontic brackets, implants, and copings and frameworks for crowns and bridges 

(126). Alumina can be used as pure polycrystalline material or can be prepared and 

applied in a variety of forms and microstructures, such as fillers to reinforce porcelain and 

composite resin, or as matrix for interpenetrating-phase composites. Alumina composites 

can be formed with metals, glasses, polymers and other ceramics such as zirconia (205). 

In-Ceram Alumina was introduced to the dental market in 1989, composed of 68 vol % 

alumina and 27 vol % glass (135). Its flexural strength of 548 MPa is superior to e-max 

pressed ceramics(formerly named Empress2)  and its survival rate is similar to porcelain 

fused to metal crowns placed in anterior and premolar regions (136, 137). Multiple 

clinical trials (lasting between 5 and 7 years) reported a success rate of 91.5 - 100 % for 

In-Ceram alumina, though it has never been highly marketed (138). Its optical properties 

are limited, however. A high-translucency glass-infiltrated alumina ceramic has been 

fabricated with a higher translucency of 20.1 % compared with In-Ceram alumina (8.9 %) 

at the range of visible light (140). 

Very limited focus has been placed on experimental attempts of utilizing polycrystalline 

ceramic for manufacturing dental polymer-ceramic composites and testing their 

properties. In the medical field, bone cements made with polymer-infiltrated alumina 

have superior mechanical properties and osteo-conductivity compared with conventional 

bone cements (126). The properties of polymer-ceramic composites are significantly 

influenced by ceramic microstructure, chemical composition of polymer, sintering cycle 

and polymerization process. The literature shows only a few dental studies that aimed to 

manufacture polymer infiltrated alumina composites and to investigate the influence of 

various manufacturing factors on their properties (141).
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The aim of this study was to synthesize and fabricate interpenetrating-phase alumina 

composites at different temperatures with different densities. 

4.3 Materials and Methods: 

4.3.1 Fabrication of Ceramic Matrix: 

Nano-sized alumina powder (Al2O3) (Almatis Inc., Leetsdale, PA,USA ) was used by slip 

casting to prepare 72 specimens with a diameter of 15 mm and thickness of 2 mm. A 

slurry mix of alumina, water and ammonium polymethacrylate dispersing agent (Darvan 

C-N) was dispensed into cylindrical plastic moulds and left to dry overnight. Then 

specimens were randomly divided into four different polymer-infiltrated alumina 

networks (PIAN) groups (n=18) according to the sintering temperatures (Exp125 at 1250 

°C; Exp130 at 1300 °C; Exp135 at 1350 °C and Exp155 at 1550 °C). The sintering 

temperature was first increased at a ramp rate of 5 °C/min and a holding time of 1 hour 

from room temperature to 1050 °C, then heated at a rate of 10 °C/min to the specified 

peak temperature, held for 4 hours, and then furnace-cooled. 

4.3.2 Resin Polymer Infiltration   

After sintering and before resin infiltration, all specimens were conditioned with a silane 

coupling agent, methacryloxypropyltrimethoxysilane (MPS) to improve adhesion between 

the ceramic and polymer. The porous alumina ceramic network structure was then 

infiltrated with a mixture of two monomers, triethylene glycol dimethacrylate (TEGDMA) 

and urethane dimethacrylate (UDMA), which were mixed in a 1:1.8 ratio in a vacuum 

chamber. Then, polymerization reactions were conducted at 100°C and 138 MPa for one 

hour to form a polymer network, leading to the formation of the PICN material.  

4.3.3 Polishing and Density Calculations  

Density of porous ceramic matrices 

All the specimens were trimmed and sequentially polished with silicon carbide grinding 

papers (P320, P600, P800, P1200, P2500 and P4000) and finished with 3 micron and 0.25 

micron diamond paste using an OmegaPol metallurgical polisher machine 

(Spectrographic, United Kingdom).  The theoretical density percent (tP0 ) for each 

specimen was calculated from the following equations:  
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 𝑡𝑃0 = 𝑃0 𝑡𝑃⁄ × 100 (20) 

 𝑡𝑃0 = 𝑚0 r2⁄ ℎ (21) 

where: 

P0  = density of porous ceramic matrix (g/cm3) 

𝑚0 = mass of porous ceramic matrix (g) 

r = radius of ceramic specimen (cm) 

h = thickness of ceramic specimen (cm) 

tP = theoretical density of ceramic (alumina = 3.98 g/cm3)  

Density calculation of resin infiltrated specimens 

Weight, diameter and thickness of infiltrated specimens were measured and density after 

infiltration (PI ) was calculated using the same equation shown previously for density 

calculation. Infused density percent (Inf. P ) was calculated using the following equations. 

 𝑖𝑛𝑓. 𝑃 = (𝑃𝑖 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑃𝑖⁄ ) × 100 (22) 

 𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑃𝑖 = [(𝑃0 𝑡𝑃) × 𝑡𝑃] + [(1 − (𝑃0 𝑡𝑃)) × 𝑃𝑟⁄⁄ ] (23) 

PI  = density after polymer infiltration  

P0 = porous ceramic density (from the above calculation) 

tP = theoretical density of ceramic  

Pr = theoretical density of polymer 
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4.3.4 Biaxial Flexural Strength  

40 specimens (n=10) were subjected to a biaxial flexure strength test. Maximum 

compressive load was measured in N using a universal testing machine (Model 5566A; 

Instron Corp, Canton, MA, USA) equipped with a 1KN load cell and a 0.8 mm load radius. 

Circular transparent adhesive stickers were fixed on the compression side of the 

specimens to avoid spreading of the fragments and provide better contact between the 

piston and the sample. Each specimen was positioned on a fixture with three steel 

rounded-end projections, equally spaced from each other in a triangular position of an 

11mm diameter circle. A round-tip piston (Ø =0.8 mm) was used to apply an increasing 

crosshead speed (0.5 mm/ min) until catastrophic failure occurred. Settings were 

controlled and results were displayed using Bluehill 3 software. Flexural strength was 

calculated according to the following equations (206):  

 
σ = -0.2387[P (X – Y)/b2] (24) 

 X = [(1+ v) In (r2 / r3) 2] + [(1 – v) / 2] (r2/r3) 2 (25) 

 Y = (1+ v) [1 + In (r1 / r3) 2] + (1 – v) (r1 / r3) 2 
(26) 

σ: biaxial flexural strength (MPa)  

P: the total load causing fracture (N) 

b: thickness at fracture origin (mm)  

v: Poisson’s ratio (0.23)
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4.3.5 Optical Properties Measurements 

a. Total light transmission:  

Visible light transmission for all the PIAN groups was measured using a 

spectrometer instrument (Color i7, X-Rite Inc., Grand Rapids, MI, USA). The 

instrument was calibrated as per manufacturer instructions and re-calibrated after 

measuring 3 samples. To take the measurement, each sample was first attached 

to the sample holder then base plate pins were aligned to the base plate mounting 

channel holes inside the transmission chamber. The holder position was carefully 

placed to be aligned with the sphere lens to allow the passage of light. 

Measurements were made over the wavelength range 460 nm to 720 nm under 

the UV included condition. 

b. Contrast ratio: 

The same spectrometer instrument was used to record the CIELAB coordinates 

(L*, a* and b*) of all the PIAN groups and automatically calculated the Contrast 

ratio (CR).  CR was calculated according to the following (207): 

 
𝐶𝑅 =

𝑌𝑏

𝑌𝑤
 (27) 

Defined as the ratio of illuminance of the test material when it is placed on the 

black background (Yb) to the illuminance of the same material when it is placed 

over a white background (Yw).  

c. Translucency parameter 

The values of a* and b* coordinates recorded from the ceramic specimens placed 

on black (B) and white (W) backgrounds were also used to estimate the 

translucency parameter (TP) according to the following (207): 

 
TP= √(𝐿𝑏

∗ − 𝐿𝑤
∗ )2((𝑎𝑏

∗ − 𝑎𝑤
∗ )2 + (𝑏𝑏

∗ − 𝑏𝑤
∗ )2 (28) 

d. Refractive index  

Refractive index was measured for all groups using refractive index meter II 

(Presidium instruments Ltd., Singapore). Three readings from different locations 

were taken for each specimen and the mean was calculated. 
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𝑛 =

𝑐

𝑣
 (29) 

c is the speed of light in vacuum = 299 792.46 km/s. 

v is the speed of light in the medium. 

4.3.6 SEM Analysis: 

Specimens from each group were selected and prepared for scanning electron 

microscope imaging (Field Emission Variable Pressure Analytic Scanning Electron 

Microscope FESEM-VP- Hitachi SU6600, Hitachi High Tech, Oxford Instruments). Each 

specimen was sonicated with ethanol (Fisher Scientific, Pittsburgh, PA) for 10 min and 

dried overnight at room temperature. Then they were coated with gold/palladium for 

imaging. The microstructure of specimens was examined with a voltage of 15 kV at two 

different magnifications of 5000x and 10,000x.  

4.3.7  Statistical Analysis: 

The data were entered into a statistical software package (SPSS 23,Chicago,USA) and 

checked for normality using Shapiro-Wilk tests. The data relating to density and optical 

properties were analysed with Kruskal-Wallis tests and follow-up pairwise comparisons to 

assess the effect of sintering temperature. The flexural strength data were analysed using 

one-way analysis of variance (ANOVA) followed by Tukey post-hoc analysis for multiple 

comparisons. The effect of polymer infiltration on the density of ceramic matrices was 

analysed using a Wilcoxon Signed Rank test. Pearson Product Moment and Spearman 

Rank Order correlation analyses were used to assess the relationship between different 

variables. Significance levels for all tests was set at α= .05. 
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4.4 Results:  

The means, standard deviations, medians and interquartile range (IQR) values of densities 

and optical properties of the samples before and after infiltration are listed in Table 4.1 

and Table 4.3, respectively. The means and the standard deviations of flexural strength 

values of the test groups are listed in Table 4.2. Alumina samples that were sintered at 

1250 °C had the lowest density (2.78 g/cm3) while those sintered at 1550 °C had the 

highest value (3.66 g/cm3).  However, after polymer infiltration, those sintered at 1550 °C 

had the lowest infused density percent (92.22%) compared to the 1250 °C sintering group 

which had the highest value (99.26%).  

Statistical analysis revealed that there was significant differences in densities between all 

groups before infiltration (p<0.001). After infiltration, on the other hand, there was no 

statistically significant difference in density between Exp125, Exp130 and Exp135 

(p>0.05).  A statistically significant difference was found between Exp125 and Exp 155 

after infiltration (p=0.01).  

The Wilcoxon Signed Rank test revealed statistically significant differences in densities 

before and after infiltration for Exp125, Exp130 and Exp135 (p<0.001) (Figure 4.1). There 

was no significant difference in terms of density for Exp155 before and after polymer 

infiltration (p=0.91).  Also, no statistical significant difference was found in flexural 

strength values between all the groups (p=0.16) (Figure 4.2).  

For optical properties, Exp155 showed the lowest RI and CR values (1.79 and 97.14%, 

respectively) and the highest values of TP and LT (7.09 and 6.80%, respectively).  No 

statistically significant differences were detected between Exp125, Exp130 and Exp 135 in 

terms of RI, CR and LT (p>0.05).  However, Exp155 showed statistically significant 

difference values in all the optical properties (p<0.001).  

Significant positive correlations were found between the sintering temperatures and TP, 

LT (Spearman Rank Order =0.89 and 0.67, respectively), flexural strength (Pearson 

Product Moment=0.34) and the densities of ceramic matrices (Spearman Rank Order 

=0.78) (p<0.05). Significant negative correlations were found between the sintering 

temperatures and RI and CR (Spearman Rank Order =-0.54 and -0.43, respectively 

(p<0.05)).   
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A significant negative correlation was also found between infused densities of polymer 

infiltrated ceramics and the sintering temperatures (Spearman Rank Order =-0.35, 

p=0.002).  

SEM pictures of the microstructure of polymer infiltrated ceramics are shown in Figures 

4.4-4.7. At a lower sintering temperature (1250-1300 °C), polymer infiltrated alumina 

showed a porous microstructure that consists of a network of smaller alumina grains, 

surrounded by the interpenetrating-polymer phase and some open pores (Figure 4.3 and 

Figure 4.4). The grains continued to grow in size and the microstructure become relatively 

denser as the temperature increased to 1350 °C (Figure 4.5).  At higher temperature 

(1550°C) the crystal structure became more compact and much denser composed of 

faceted grains with larger size microstructure and distinct grain boundaries with sharp 

edges.  Disappearing pores were noticed between the grains in Exp155 (Figure 4.6). 
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Table 4.1 Mean (M), standard deviation (SD), medians (MD) and interquartile range (IQR) 

values of density before (P0) and after (Pi) polymer infiltration and infused density 

percent (Inf.P%) for polymer infiltrated alumina groups. 

Table 4.2 Mean, standard deviation of biaxial flexural strength for alumina groups. 

Group Sintering T (C ) Flexural Strength (MPa) 

Exp125 1250 334.67 (59.91)a 

Exp130 1300 343.89 (55.45)a 

Exp135 1350 385.67 (65.31)a 

Exp155 1550 379.85 (60.29)a 

Table 4.3 Mean, standard deviation, medians and interquartile range of different optical 

properties of alumina groups. 

Group 
RI CR TP LT (%) 

M (SD) MD (IQR) M (SD) MD (IQR) M (SD) MD (IQR) M (SD) MD (IQR) 

Exp125 
1.97 

(0.04) 

1.97 

(0.06)a 

98.99 

(1.01) 

99.32 

(0.89)a 

00.43 

(0.16) 

0.42 

(0.26)a 

1.88 

(0.39) 

1.89 

(0.46)a 

Exp130 
1.96 

(0.06) 

1.96 

(0.11)a 

98.85 

(1.02) 

99.36 

(1.44)a 

00.48 

(0.20) 

0.47 

(0.29)a 

2.14 

(0.61) 

2.33 

(0.99)a 

Exp135 
1.99 

(0.7) 

1.98 

(0.21)a 

99.04 

(1.04) 

99.38 

(0.84)a 

03.99 

(1.68) 

4.45 

(2.53)b 

2.46 

(0.71) 

2.41 

(0.48)a 

Exp155 
1.79 

(0.05) 

1.79 

(0.08)b 

97.09 

(0.96) 

97.14 

(0.48)b 

07.26 

(0.81) 

7.09 

(0.69)c 

6.77 

(0.422) 

6.80 

(0.50)b 

Group 
P0 (g/cm3) P0 (%) PI (g/cm3) Inf. P (%) 

M (SD) MD (IQR) M (SD) MD (IQR) M (SD) MD (IQR) M (SD) MD (IQR) 

Exp 125 
2.79 

(0.14) 

2.78 

(0)a 

71.72 

(3.54) 

71.38 

(7)a 

3.10  

(0.09) 

3.09 

(0.19)a 

97.06 

(4.45) 

99.22 

(4.83)a 

Exp 130 
3.02 

(0.21) 

2.93 

(0)a,b 

77.58 

(5.38) 

75.34 

(10)a,b 

3.26 

(0.15) 

3.2 

(0.28)a,b 

95.95 

(4.30) 

97.06 

(4.26)a,b 

Exp 135 
3.18 

(0.19) 

3.25 

(0)b,c 

82.69 

(5.46) 

83.49 

(7)b,c 

3.40 

(0.15) 

3.43 

(0.2)b,c 

93.39 

(6.69) 

97.05 

(13.15)a,b 

Exp 155 
3.56 

(0.23) 

3.66 

(0)c 

91.50 

(6.48) 

92.15  

(13)c 

3.65  

(0.18) 

3.73 

(0.35)c 

91.67 

(6.48) 

92.22 

(12.43)b 
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Figure 4.1 A bar chart illustrating the median density change of test materials before and 

after polymer infiltration. Error bars represent the interquartile range. Bars marked with a 

* indicate significantly different density values. 

 

Figure 4.2 A bar chart representing the difference in the mean of flexural strength 

between the test groups. Error bars represents the standard deviations. 

* 
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Figure 4.3 SEM pictures of polymer infiltrated alumina specimen (Exp 125) at 

magnification of 5000x and 10Kx. 
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Figure 4.4 SEM pictures of polymer infiltrated alumina specimen (Exp 130) at 

magnification of 5000x and 10Kx. 
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Figure 4.5 SEM pictures of polymer infiltrated alumina specimen (Exp 135) at 

magnification of 5000x and 10Kx. 
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Figure 4.6 SEM pictures of polymer infiltrated alumina specimen (Exp 155) at 

magnification of 5000x and 10Kx. 
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4.5 Discussion 

The aim of this study was to fabricate polymer-infiltrated ceramics with different sintering 

temperatures and to evaluate the effect of sintering temperature on the densities, optical 

and mechanical properties of the prepared samples.  At a microstructure level, polymer-

infiltrated ceramics consist of two phases, ceramic phase with grains and grains 

boundaries and polymer phase. The grains form as a result of ceramic consolidation 

(sintering) process at high sintering temperature. Consolidation of ceramic is a thermally 

activated process which begins when the ceramic particles adhere together and necks 

start to form. The complete consolidation occurs when grains boundaries and grains 

corners are established and pores are closed leading to an almost completely dense 

material (137). 

The sintering process of ceramic is influenced by a variety of factors: the nature of the 

powder, impurities, intentional additions, pressing conditions, sintering temperature, 

time and atmosphere. The particle size also has a great influence on the sintering process 

of ceramic (141). The smaller the particle size, the better sinterability and the finer the 

grains will be. Larger particles result in an open porous structure which requires higher 

sintering, hence a higher chance of shrinkage (208). It has been reported that fine 

particles (less than 0.5 μm in diameter) contribute to the surface diffusion that results in 

necking between coarse particles (141, 209). In this study, the alumina powder used to 

fabricate the ceramic matrix had 0.4 µm particle size.  

Grain size, form and orientation are affected by the colloidal forming techniques.  A 

comparison between slip casting and uniaxial pressing of the ceramic powder revealed 

that the minimum density gradients in green bodies prepared by slip casting allows for 

obtaining more homogeneous materials in terms of translucency and microstructure 

(196). It was also found that slip casting works very well with small particles (micro or 

nano levels). The flexural strength and the fracture toughness of In-Ceram Alumina made 

with slip cast has been shown to be higher than that made via a dry press technique(210).  

As mentioned above, sintering temperature and time also play a significant role in 

developing the ceramic microstructure. Complete densification of alumina particles 

requires sintering temperatures traditionally up to 1700–1800 °C involving grain 

boundary and volume diffusion. In the temperature range from 1050 to 1200 °C, with 
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help of the fine particles, the large particles are bonded to each other by surface diffusion 

and fusion of fine particles located in the contact area between large ones (211).  It was 

also found that with increasing the sintering temperature from 1150 °C to 1550 °C, the 

alumina grain size increased from 0.29 m to 9.8 m, respectively (212). Higher sintering 

temperature has been shown to result in rapid grain growth and higher densification 

(143). These findings support the present study findings; as the sintering temperature 

increased, the density of ceramic matrix increased and pores decreased. Increasing the 

sintering temperature from 1250 ˚C to 1550 ˚C resulted in increasing the theoretical 

density % from 71.38% to 92.15%. Hence, the first null hypothesis was rejected. Obvious 

pores and loose microstructure with interconnected grains growth were observed at 1250 

°C (Figure 4.4) indicating insufficient sintering and low density. This is supported by the 

71.38% theoretical density. As the temperature increased, a relatively well-developed 

microstructure with fewer residual pores was observed (Figure 4.5-4.7). At 1550 °C, the 

crystal structure became more compact and much denser composed of faceted grains 

with larger size with the presence of sharp grain boundary edges. These findings could be 

explained by a previous study which demonstrated that the sintering process could 

eliminate the inter-particle pores of a granular material by atomic diffusion, which arise 

from capillary forces (213). As the temperature increased, the particles were sintered 

together and pores on the grain boundaries were reduced by solid-state diffusion. These 

changes of microstructure and density thereby lay the foundation to understand the 

effect of sintering temperature on mechanical properties which were investigated in the 

subsequent studies. 

Grain size can also be controlled by the heat rate during sintering. A slow heating rate has 

been proven to be more effective in obtaining high density alumina with fine 

microstructure (212), with a heat rate of 8 °C /min resulting in a transparent alumina with 

a grain size of 0.27 μm, whereas a heating rate of 100 °C /min results in an opaque one 

with a larger grain size of 0.55 μm (212). In this study, a slow heating rate (10 °C /min ) 

was selected to control the grain size growth. It is important to control the grain size of 

ceramic materials to ensure good optical and mechanical properties. In general, the grain 

size of polycrystalline ceramics should be smaller than the wavelength of the visible light 

to obtain high translucency and proper fracture strength (214).  
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Full densification of polycrystalline ceramic materials requires sintering at high 

temperature; this may be associated with sintering-induced shrinkage and abnormal grain 

growth. Therefore, polymer infiltrated ceramics could be a preferred way to produce 

dense materials by infiltrating polymer into a ceramic matrix that is sintered at a relatively 

low temperature to control grain growth and its influence on properties. As per the 

findings of this study, infiltration did improve the density of alumina samples; hence the 

second null hypothesis was rejected. However, the challenging part of manufacturing 

polymer-infiltrated ceramics is the unavoidable volume shrinkage during polymerisation. 

Polymerisation shrinkage of 8.8 % for UDMA and 14.4 % for TEGDMA has been measured 

elsewhere (215). As the polymerisation occurs within the capillaries of the porous 

ceramic, where the monomer availability is limited, it generates a defect or open pores in 

the microstructure. Such an effect will lead to interfacial de-bonding between the ceramic 

and the polymer phases. However, applying a high pressure during the polymerisation 

process has been proven to reduce the polymerisation speed as well as shrinkage (139). 

In this study, the polymerisation process was carried out under high pressure to reduce 

the shrinkage.   

Factors like infused density% and sintering temperature have been shown to influence 

optical properties more than the biaxial flexural strength of polymer infiltrated ceramics. 

In this study, a significant difference was found between the test groups in terms of 

RI,CR,TP and LT. However, no significant difference was detected with regards to the 

flexural strength. Thus, the third null hypothesis was partially rejected.  

Refractive index is defined as the ratio of light velocity in vacuum to that in a material 

(216). Common instruments to measure refractive index are Abbe refractometer, 

interferometry, and the Becke line test(217). In this study, a digital refractive index meter 

capable of measuring a wide range of refractive indexes (between 1 and 3) was used. The 

presence of multiphase, anisotropic ceramic microstructure and porosity can significantly 

influence the refractive index of polymer-infiltrated ceramics (217). The refractive index is 

much higher for ceramic than polymer, and this  can affect the overall refractive index of 

the polymer-infiltrated ceramic and also result in opaque materials along the interfaces 

between ceramic and resin (218). This may explain the higher contrast ratio of the first 

three groups with more polymer infused density% as more light scattering occurs when 

passing through these phases with mismatched refractive indexes. It has been shown that 
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ceramic composites made of glass and ceramic with matching refractive indices showed 

less light scattering and more light transmission compared to commercial ceramic–glass 

composites (140).  Previous studies have shown that the refractive index of dental 

composite is around 1.45 (11, 219-222). In this study, the refractive index was much 

higher, which could be explained by the anisotropic microstructure of alumina resulting in 

more light refraction through the arbitrary crystallographic orientation.  

Translucency is considered a primary factor in achieving aesthetic dental materials. It 

gives a natural appearance and provides vitality to the dental restoration. It can be 

defined as the relative amount of light passage through an object (223). The more 

translucent the material is, the more light is transmitted with minimumal scattering. The 

translucency of a material can be measured by either relative translucency or absolute 

translucency.  Relative translucency is measured by means of contrast ratio (CR=Yb/Yw) 

which is defined as the ratio of the illuminance (Y) of the test material when it is placed 

over a black background (Yb) to the illuminance of the same material when it is placed 

over a white background (Yw) [9]. This ratio increases with opaque materials and 

decreases towards zero with transparent materials [10]. Absolute translucency, on the 

other hand, can be measured as the percent of diffuse and direct transmitted light (total 

transmission T%) which necessitates the use of a dual beam integrating sphere 

radiometer or spectrophotometer able to capture all of the light transmitted through a 

specimen [11]. A true comparison between the absolute and the relative translucency has 

only been reported in one study (224), although various indices based on these concepts 

have been used without specifically referring to them. As there are currently no 

guidelines to describe which indices should be used to measure translucency in dentistry, 

many studies tend to use more than one index. In our study, contrast ratio, total light 

transmission and translucent parameter were used to measure translucency. As light 

scattering is more critical at shorter wavelengths and transmission can drop from 40% at 

700 nm to less than 10% at 400 nm, in this study total light transmission was measured at 

the wavelength range of visible light. Other factors that contribute to reduced 

translucency include the thickness of the material and surface roughness. All specimens in 

this study were polished to give smooth surfaces and had a thickness of 1.5 mm 

(simulating the typical thickness of dental restorations) to control the effect of these 

factors on measurements of light transmission.  
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Sintering temperature seems to have a significant effect on the translucency of polymer-

infiltrated alumina. The model group sintered at 1550 °C was the most translucent 

whereas those sintered at 1250 °C showed the least translucency. This confirms the 

findings of previous studies (225, 226): as the sintering temperature increases, the 

translucency increases by increasing grain size, sintered density, and reducing porosity, 

ultimately providing a more compact crystalline structure of ceramic. Larger grains 

increase the translucency of alumina by producing fewer grain boundaries but this, 

however, may reduce its mechanical properties. 

Flexural strength is one of the most well established properties for evaluating the 

mechanical properties of ceramic materials in dentistry (227). Glass and ceramic 

fractography reveal that fracture in these materials is initiated by tensile stresses that can 

be often traced from surface flaws through the bulk of the material (228-230). A variety 

of methods may be used to determine the flexural strength which can be either uni-axial 

such as: 3-point-bending and 4-point-bending tests or bi-axial such as: piston-on-ring or 

piston-on-three-ball (231).  The primary advantage of the biaxial method is that tensile 

stress at the central loading area and edges can be eliminated (232). Biaxial flexural 

strength tests using a piston on three balls were performed to evaluate the strength of 

tested materials in this study; strength values met those recommended by ISO 6872 

protocol (> 100 MPa) (206).  

Previous studies have shown that increasing the sintering temperature results in an 

increase of the flexural strength of porous ceramic matrices (233-235). In this study, there 

was a positive correlation between the sintering temperature and the density of porous 

ceramic. However, this was not the case after polymer infiltration. Increasing the 

sintering temperature did not significantly influence the strength of the polymer-

infiltrated ceramics. This may have been due to the significance of the polymer infiltration 

step in strengthening porous ceramic materials. Resin infused ceramics have been shown 

to have greater biaxial flexural strength compared to porous and dense sintered ceramics 

(141); the flexural strength of partially sintered alumina (1250°C -1350°C) has been 

reported to be less than 200 MPa (236). In the current study, all the values obtained from 

different sintering temperature were above 300 MPa. The likely explanation for such an 

increase in the flexural strength is that residual stress from the polymerization shrinkage 

of heat-cured resin, probably constrained the system mechanically, creating tension 
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stresses (141). These tension stresses have to be overcome in the process of rupture and 

crack propagation and this enhanced the strength. 

Compared with the currently available interpenetrating-phase ceramics in the dental 

market, the model polymer-infiltrated alumina showed a higher strength (334MPa-385 

MPa) than Vita Enamic (191 MPa) (237) but less than glass-infiltrated alumina (In-Ceram 

alumina) (514 MPa)(238). Vita Enamic, on the other hand, has higher translucency (16.0) 

(237) compared with In-Ceram alumina (0.6) (239) and our model polymer-infiltrated 

alumina (ranged from 0.5 to 7). The translucency of a human tooth is reported to range 

from 15 to 19 with 1 mm thickness (207, 240).  

The present study revealed novel and significant results relating to manufacturing and 

properties of polymer-infiltrated polycrystalline ceramics, reporting optical properties of 

these recently developed materials that have not been reported previously. In addition, 

this study focused on manufacturing the ceramic matrix by slip casting and partial 

sintering of a selected type of ceramic powder (alumina A16SG). Other brands with 

different particle sizes may require different processing and could result in other forms of 

microstructures that may significantly influence properties.   

 

4.6 Conclusions 

  

1. Sintering temperature has a significant influence on microstructure, porosity and 

density of the ceramic matrix. As sintering temperature increases, ceramic matrix 

density increases and porosity decreases.  

2. The density of ceramic matrices increases significantly after polymer infiltration.  

3. The increase in sintering temperature results in a significant improvement in the 

optical properties but not the biaxial flexural strength.  

4. Ceramic matrix density has a significant influence on the flexural strength of 

polymer-infiltrated ceramics. Groups that initially had higher matrix density 

showed higher strength.  
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Chapter 5 
5 Mechanical Coherence of a Novel Polymer Infiltrated 

Polycrystalline Ceramic and Other CAD/CAM Materials 
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5.1 Abstract 

Objectives 

The aim of this study was to investigate the mechanical properties of different sets of polymer 

infiltrated ceramics (PICN), compared to conventional ceramics and composites.  

Materials and Methods 

Twelve materials were tested: three CAD/CAM resin composites: Lava Ultimate (LU), Cerasmart 

(CS) and Grandio Bloc (GB); one commercial PICN material (Vita Enamic,VE), four model PICN 

ceramics sintered at different temperatures (Exp.125, Exp.130, Exp 135 and Exp 155); one ceramic 

filled Poly ether-ether ketone (Dentokeep, DP); one feldspathic ceramic block (Vitabloc Mark II, 

VM) and two conventional resin composite (Sinfony,Si and TPH Spectrum,Sp) were tested. 60 

samples were prepared with the dimensions of 14×12×2 mm for CAD/CAM and DP materials, 

15x2 mm for model PICN and conventional resin materials.  Micro hardness of the specimens was 

assessed using an automatic micro hardness instrument (FM-700, Future-Tech Corp, Japan).  A 

Vickers indenter was used and the micro hardness of specimens was measured under a load of 

100 g for 10 s at room temperature.  Nano hardness was also tested using an automatic Nano-

indentor (Nanovea M3, USA) with a 50 g load with a 10 s pause/dwell.  The hardness results 

obtained by micro indentation and nano indentation of all the test groups were compared using 

one-way ANOVA (p ≤ 0.05). Tukey post-hoc test was used to determine the differences in micro 

and nano hardness between the groups. The surface morphology of the tested materials was 

studied by Scanning electron microscope (SEM). 

Results 

The nano hardness mean values of the studied materials ranged from 0.29 to 7.13 GPa.  For micro 

hardness, the mean values ranged from 25.82 to 619.41 HV.  Elastic modulus mean values ranged 

from 3.49 to 102.9 GPa.  Statistically significant differences were found between the tested 

materials for all the studied mechanical properties.  A positive correlation was found between 

nano hardness and micro hardness values in all the tested materials (Pearson correlation 

coefficient=0.94, p<0.001).  Positive correlations between the amount of ceramics and hardness 

values in both micro-hardness and nano-hardness data were noticed (Pearson correlation 

coefficient= 0.81 and 0.78, p=0.001, respectively). 

Conclusions 

Different CAD/CAM materials showed different surface morphology with fillers in different size, 

shape and density.  Micro hardness and nano hardness of the studied materials increased 

systematically with an increase in filler loading.  Mechanical properties of PICN ceramic were 

significantly influenced by the sintering temperatures of their ceramic matrices.  

Key words Polymer-infiltrated Ceramic, Alumina, Resin Composite, Hardness, Elastic Modulus.
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5.2 Introduction 

With the incorporation of CAD/CAM technology in dentistry, novel microstructures for 

ceramic, resin composite and PEEK materials have been developed causing an important 

change in the clinical workflow for dental practitioners and technicians.  

Ceramics in general have good mechanical and optical properties, as well as excellent 

biocompatibility (138, 241, 242).  However, it is hard and brittle which is a major 

drawbacks as this affects its laboratory and clinical performance.  Glass-matrix ceramics 

have mechanical problems such as brittleness and high abrasiveness to opposing enamel 

which could be related to their strong surface hardness (243, 244): this might also affect 

its CAD/CAM machinability(245). 

Resin composites with various matrix compositions and different percentages of ceramic 

fillers are currently available as monolithic blocks fabricated by CAD/CAM systems. 

CAD/CAM resin composite restorations show superior mechanical properties compared 

to conventionally polymerised resins (246).  This is due to the fact that the resin 

composite blocks for use with CAD/CAM are produced under controlled conditions with 

high levels of pressure and temperature that are impossible to meet with ‘conventional’ 

chairside polymerisation [2-4].  CAD/CAM composite restorations exhibit more colour 

stability and withstand more fracture load compared to conventional composite 

restorations [5, 6].  However, compared to ceramic, resin composites in general have less 

desirable wear, biocompatibility and mechanical properties (193). 

PEEK shows promising mechanical properties that could make it a good alternative 

material.  The tensile strength of PEEK polymer is comparable to that of enamel and 

dentine. A 3-unit fixed partial denture made of PEEK-based CAD/CAM material 

demonstrated a higher fracture resistance compared to lithium disilicate glass ceramic, 

alumina and zirconia (247, 248).  Moreover, the abrasive property is good and 

comparable to metallic alloy (249).  

Polymer infiltrated ceramic network (PICN) has been suggested as an alternative material, 

combining the elastic modulus of resin composite with the long‐term aesthetic stability of 

ceramics (198).  This material is composed of 75 vol% porous feldspathic porcelain 

infiltrated with 25% resin polymers namely, UDMA and TEGDMA, based on a similar 
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concept of manufacturing glass-infiltrated ceramic (In-Ceram) (103).  Glass-ceramic based 

PICN shows promising results for single crowns (250), and developing methods to 

improve this material to be used for short/long span bridges through microstructure 

refinement has become a primary focus for many researchers.  Monolithic alumina that 

has smaller grain size and better mechanical behaviour and higher fracture toughness 

(77) could be a good substitute for feldspathic porcelain in PICN materials. 

In general, further investigation of CAD/CAM composites in many aspects such as 

mechanical properties, bonding, and biocompatibility is highly needed.  Most importantly, 

their mechanical properties such as flexural strength, flexural modulus, modulus of 

elasticity, and hardness that can predict the material clinical success and performance are 

important to be evaluated.  Hardness is a good indicator of the ability of a material to 

resist local permanent deformation under occlusal load (251).   

Several indentation techniques have been developed to measure the mechanical 

properties of materials from a contact of known geometry.  Recently, the use of new 

sensors and actuators allow indentation testing to be performed at submicron scales.  

This relatively new technique is called nano-indentation and has been popular in 

investigating the mechanical properties of many materials such as, polymers, metals, 

glasses and ceramics, with progress in mechanical testing particularly in terms of control, 

sensitivity and data collections.  The most commonly properties tested via nano-

indentation are hardness and modulus of elasticity. 

The aim of this study was to investigate different sets of polymer-infiltrated ceramics, 

focusing on their mechanical coherence and to compare them to different sets of 

CAD/CAM blocks and conventional resin composites.  The mechanical coherence in this 

study was evaluated by indentation tests.  Two null hypotheses were tested in the current 

study: the first null hypothesis was that there would be no difference between PICN 

ceramics and other CAD/CAM and conventional resin composite materials in terms of 

nano-hardness, micro-hardness and elastic modulus.  The second null hypothesis was that 

there would be no correlation between hardness values at micro and nano scales, and 

between the ceramic filler loading measured in wt% and the hardness values measured at 

the two scales.  
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5.3 Materials and Methods:  

A total of 12 restorative materials with different compositions were investigated in the 

study. Six were commercial CAD/CAM blocks; two were conventional composite and four 

were model CAD/CAM PICN materials.  Material and manufacturer details are listed in 

Table 5.1.  
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Table 5.1 CAD/CAM materials used in the current study. 

 

 

Category Material’s  Name Code Company Lot Number Compositions 

Resin composite 
CAD/CAM blocks 

Cerasmart CS GC Dental Products 
Europe, Leuven, 
Belgium 

1502091 Nanoceramic composite (BisMEPP, UDMA, DMA) with 71 wt% silica 
(20nm) and barium glass (200 nm) nanoparticles. 

 Lava Utimate LU 3M ESPE, Seefeld, 
Germany 

N750333 Composite resin material (BisGMA, UDMA, BisEMA, TEGDMA) with 80 
wt% silica and zirconia nanoparticles (4-11nm) 

 Grandio® blocs GB VOCO GmbH, 
Cuxhaven, Germany 

1723181 TEGDMA, Urethane- adduct Barium-alumino-borosilicate (0.5-2µm); 
fumed silica (20-60nm) 
86 wt% 

PICN Ceramics  VITA Enamic  VE VITA Zahnfabrik, Bad 
Säckingen, Germany 

46680 Polymer-infiltrated-feldspatic ceramic-network material (UDMA, 
TEGDMA) with 86 wt% ceramic 

Model polymer 
infiltrated alumina 
 
 

Exp125 Boston University 
 
 
 

--- UDMA,TEGDMA,BP,MPS,Ethanol, Distilled water, Glacial acetic acid , 
(0.4 µm) alumina ceramic. Exp130 

Exp135 

Exp155 

Ceramic CAD/CAM 
blocks 

Vita Mark II VM VITA Zahnfabrik, Bad 
Säckingen, Germany 

40870 Feldspathic ceramic 
 

PEEK CAD/CAM 
Blocks 

DentoKeep DK Nt-trading , Germany G15DK1401 PEEK polymer based ceramic,20% Titanium Oxide 

Indirect resin 
Composite 

Sinfony  
Si 

3M ESPE, St Paul, MN 3788554 HEMA and 10% to 30% (octahydro-4,7-methano1H-indenediyl) 
bis(methylene)diacrylate), strontium-aluminium borosilicate glass, 
silicon oxide, silane and photoinitiators.  
Filler compositions= 50 wt% 

Direct resin 
Composite  

Spectrum  
TPH3 

Sp Dentsply Detrey GmbH, 
Konstanz, Germany 

1708001024 Bis-GMA, bis-EMA, TEGDMA. Barium aluminio-borosilicate (<1m). 
Barium fluoro- aluminio borosilicate 
(<1µm) Highly dispersed silicon dioxide (10–20nm) 
Filler compositions=57 wt% 
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5.3.1 Manufacturing of PICN 

Porous alumina matrices with nano-sized alumina particles were fabricated initially by slip 

casting into disc shaped specimens (15x2 mm) before being partially sintered at different 

temperatures (1250 °C, 1300 °C, 1350 °C and 1550 °C).  The ceramic matrices were then 

conditioned with a silane coupling agent- methacryloxypropyltrimethoxysilane (MPS) 

prior to resin infiltration to ensure that the polymer network was chemically cross-linked 

to the ceramic network to form an interpenetrating network system.  The chemically 

conditioned porous inorganic network was infiltrated with a cross-linking polymer 

mixture and initiator by capillary action.  The polymerisation process was induced by heat 

(100 °C) and pressure (138 MPa), leading to a polymer-infiltrated-ceramic-network 

material. 

5.3.2 Sample Preparation and Hardness Assessment:  

A pilot study was conducted on specimens from each group to identify the sample size, 

applied load and the dwell time (s) for the nano- and micro-hardness experiments.  Five 

samples from each group were found to be sufficient to indicate the statistical significant 

difference among the groups.  For conventional direct resin composite, samples were 

prepared using a PFTE mould with an internal diameter of 15.0 mm and 2 mm thickness 

according to the dimensions specified by ISO FDIS 4049:2009 (170).  Samples were 

fabricated by applying each material into the mould placed against a clear matrix strip 

and a glass slab.  The mould was slightly overfilled with the material and the excess was 

then extruded by applying another polyester matrix strip and a glass slab and pressed 

firmly.  Care was taken to minimize entrapped air while uncured materials were applied 

into the mould.  Each sample was then cured for 20 s at five overlapping sections of the 

top and bottom surfaces using an LED light curing unit (EliparTM, 3M ESPE, USA), with an 

10 mm diameter light exit, under standard curing mode.  The light curing unit had an 

output irradiance of circa 1200 mW/cm2 and wavelength range 430-480 nm as stated by 

the manufacturer.  After curing, each sample was gently pushed out from the mould and 

excess flash at the periphery was removed using a sharp blade. 

For conventional indirect resin composite, samples were initially prepared following the 

same procedure as for the direct, then polymerisation was carried out in two cycles, 
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according to the manufacturer instructions.  The first cycle was performed using a light 

curing unit (Visio Alpha, 3M ESPE, USA) with output irradiance of circa 400 mW/cm2 for 

15 s; the second cycle was photo-polymerization (Visio Beta, 3M ESPE, USA) under 

vacuum at 40°C for 15 min. 

For CAD/CAM materials, 30 bar-shaped specimens (12x4x2 mm) were sectioned from 

CAD/CAM blocks to perform hardness assessments at nano and micro levels.  The 

specimens were sectioned using a precision cutting machine (Isomet 1000, Buehler, 

LakeBluff, USA). 

 All the samples were mounted in phenolic ring moulds (25x15 mm) (Buehler, Coventry, 

UK) and embedded in epoxy resin (Buehler, Coventry, UK) and sequentially polished with 

silicon carbide grinding papers (P320, P600, P800, P1200, P2500 and P4000) and finished 

with 1 and 0.25 micron diamond paste using an OmegaPol metallurgical polisher machine 

(Spectrographic, United Kingdom).  Light finger pressure was applied on the specimen 

against the felt cloths of the polishing machine, with each polishing step carried out for 2 

min.  Polished specimens were then checked using a light microscope at 10x,20x and 100x 

magnifications to ensure absence of scratches.  An ultrasonic bath (Nusonic, Transsonic 

T310, Germany) was used to clean specimens in distilled water for 10 min.  Each 

specimen was stored dry in a clean container at room temperature for 24 h before 

investigation. 

5.3.3 Determination of Ceramic Content  

Ceramic weight contents of the test materials were determined by the standard ash 

method described in ISO 1172:1999 (184).  The concept of this method is based on 

removing the organic matrix in a resin composite material by burning.  All the specimens 

(n=3) were stored in a desiccator at 37 °C for 24h.  A pre-heated silica crucible was used 

to contain the specimen throughout the experiment.  The weight of each specimen was 

measured to an accuracy of 0.01 mg using a calibrated electronic analytical balance (A&D, 

A&D Instrument LTD, Oxford,UK).  Specimens were heated in an electric furnace 

(Programat EP 5000, Ivoclar Vivadent, Liechtenstein, Austria) at 600°C (1200 °C for DK 

group-Figure 5.5) for 30 minutes to burn out the organic matrix and then placed back in 

the desiccator to cool down before re-weighing.  The latter weight consisted only of the 

inorganic component.  
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Ceramic weight fraction (wt%) was determined with the following formula: 

 
𝐶𝑒𝑟𝑎𝑚𝑖𝑐 𝑤𝑡% =

(𝑤3 − 𝑤1)

(𝑤2 − 𝑤1)
𝑥100 (30) 

Where:  

w1 is the initial mass of the dry silica crucible. 

w2 is the initial mass of dry silica crucible plus dried sample. 

w3 is the final mass of the silica crucible and the residue of the burned sample.   
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5.3.4 Nanoindentation Assessment 

Nano-hardness measurements were performed at room temperature using a 

nanoindentor device (Nanovea M3, USA).  The device is fully automated with touch 

screen, automated controlled load and depth allowing work on different types of samples 

for quick nanoindentation results under ASTM standard including hardness, elastic 

modulus and creep depth.  

A Berkovich indenter with cone angle of 130.54° was used. The Poisson's Ratios of the 

indenter was 0.07, and the elastic modulus was 1140 GPa.  Nanoindentation was 

performed at a 50 g load with 10 s pause/dwell.  The sample was attached with 

cyanoacrylate adhesive to the provided metallic sample mounting block (38x15mm) 

which was magnetically attached to the sample holder of the nanoindenter device.  

Calibration indents were made on a fused silica sample with an elastic modulus of 

71.3 GPa and hardness of 8.9 GPa. 

Five continuous indents with a spacing of 250 µm were performed in a line.  Five sets of 5 

tests were performed on each test material.  Nano hardness was calculated based on the 

following formula: 

 
H = 

𝑃

𝐴𝑝
 (31) 

Where P is the applied load in mN and Ap is the projected area of the indentation.  Elastic 

modulus was determined by the machine from the slope of the unloading curve of the 

load displacement data at the maximum load based on the Oliver and Pharr method (152) 

as below: 

 
𝐸 =

1

2
×

√𝜋

√𝐴𝑝
×

𝑑ℎ

𝑑𝑝
 (32) 

Where dh is the change in depth; dp is the difference in load.
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5.3.5 Microhardness Assessment 

A specialised micro-hardness instrument (FM-700, Future Tech Corp., Japan) with a 

Vickers diamond indenter was used.  Five sequential measurements with a spacing equal 

to 4 times the diameter of the indentation were taken for each surface with fixed 100 g 

load applied for 10 s (dwell time).  The hardness was automatically calculated by the 

machine via the following formula:   

 

VHN = 0 1891 ×
𝑃

𝑑2 (33) 

Where: 

P is the applied load in Kgf.  

d2 is the Surface area of indentation in mm.  

5.3.6 SEM Analysis: 

Scanning Electron Microscopy (FEI Quanta 650 FEG, Oxford Instruments, UK) was used to 

characterise the cross-sectional microstructure of the CAD/CAM materials used in the 

present study.  Specimens were ultrasonically cleaned and dried with hot air. After 

gold/palladium coating using a sputter coater (Quorum Q150T-S, Quorum Technologies 

Ltd, UK), specimens were viewed under a field emission mode with an accelerating 

voltage of 10KV and a working distance of 10 mm. Images at different magnifications 

were taken. 
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5.3.7 Statistical Analysis: 

The data for all groups were collected and analysed statistically using SPSS 23.0 (IBM SPSS 

Statistics, SPSS Inc., Chicago, IL, USA) and checked for normality using Shapiro-Wilk tests.  

A one-way ANOVA was used to analyse all data.  Tukey post-hoc testing was used to 

assess the difference in terms of elastic moduli, micro- and nano-hardness between the 

groups.  A Pearson product moment correlation analysis was used to assess the 

relationship between different variables.  Significance level for all tests was set at α=0.05.  
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5.4 Results 

Mean and standard deviations for nano-hardness, micro-hardness, elastic modulus, 

ceramic density and ceramic contents are presented in Table 5.2 and Figure 5.1.  The 

mean values for nano-hardness ranged from 0.29 to 7.13 GPa.  For the micro-hardness, 

the mean values ranged from 25.82 to 619.41 HV.  Elastic modulus mean values ranged 

from 03.49 to 102.9 GPa.  Ceramic density for the model groups ranged from 71.72% to 

91.5%.  Measured ceramic contents ranged from 25.73% to 91.71%.  

Statistically significant differences were found between the tested materials for all the 

studied mechanical properties (p=0.001).  Material Exp 155 demonstrated the highest 

mean values in terms of nano-hardness (7.13 GPa), micro-hardness (619.41 HV), and 

elastic modulus (102.9 GPa).  While Si and Sp showed the lowest values for nano-

hardness (0.29 GPa), and elastic modulus (03.49 and 03.76 GPa, respectively).  For the 

micro-hardness, DK showed the lowest value of (25.82 HV ).  A positive correlation was 

found between the amount of ceramic (in wt%) and both micro-hardness and nano-

hardness of the studied CAD/CAM materials (Pearson correlation coefficient= 0.82 and 

0.79, p=0.001, respectively) (Figure 5.3-b and c).  A positive correlation was also found 

between ceramic density% and sintering temperatures of the model PICN materials and 

hardness values at micro and nano levels (Pearson correlation coefficient= 0.72 and 0.76, 

p=0.001, respectively).  In addition, a positive correlation was found between nano-

hardness and micro-hardness values for all the tested materials (Pearson correlation 

coefficient=0.94, p<0.001) (Figure 5.3).  

Typical force–displacement curves for the materials tested are shown in Figure 5.2.  As 

the hardness or the stiffness of the materials increase the indenter displacement at 

maximum load is reduced, so it is not surprising that the VM samples showed the lowest 

penetration. In addition, the increase in displacement at peak load, which is an indication 

of the visco-elastic deformation occurring, increases as the indenter displacement at the 

start of the peak force hold increases.  There is little evidence for visco-elastic 

deformation of the VM group.  On unloading there is elastic recovery of the region 

around the impression and the final indent depth is reduced compared to the maximum 

indenter displacement.  For the VM material the elastic recovery is dominated by the 

removal of the elastic deflection of the surface under load.  Considerable elastic recovery 
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as well as visco-elastic deformations was noticed for Si,Sp and DK.  For the PICN materials 

there was relatively little recovery which occured at the lower end of the unloading curve 

with minimal visco-elastic deformation.  

Variation in shape, size, and density of crystal particles in polymer matrices were 

demonstrated in the SEM images (Figure 5.4).  In CS (Figure 5.4-a), it is readily visible that 

there were ceramic nanoclusters surrounded by resin polymer matrix.  Also evident were 

what seem to be some voids scattered all around. LU (Figure 5.4-b), on the other hand, 

showed larger sized ceramic particles embedded in a polymer matrix with fewer voids 

compared to the CS specimen.  DK (Figure 5.4-c) showed a much smoother surface with 

fewer ceramic particles but regularly distributed on the matrix of PEEK polymer.  VE 

(Figure 5.4-d) showed the double phases, with a porous ceramic network (light grey 

areas) infiltrated by polymer matrix (grey areas).   

The model PICN showed a porous microstructure that consists of a network of smaller 

alumina grains, surrounded by interpenetrating polymer phase and some open pores 

(Figure 5.4;e-h).  The grains continue to grow in size and the microstructure become 

relatively denser as the temperature increased to 1350 °C (Figure 5.4-g).  At higher 

temperature (1550°C), the crystal structure became more compact and much denser, 

composed of faceted grains with larger size microstructure and distinct grain boundaries 

with sharp edges (Figure 5.4-h).  Disappearing pores were noticed between the grains in 

Exp155.  
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Table 5.2 Mechanical properties and measured ceramic compositions data for PICN (dark grey), Feldspathic ceramic (dark blue), PEEK (light blue), 

bulk filled composite (light grey) and CAD/CAM composite blocks. Values represent the mean and standard deviation (SD). The ceramic density% was 

determined previously in Chapter 4.  

Material 
Nano hardness 

(GPa) 
Micro hardness 

(HVN) 
Elastic Modulus 

(GPa) 
Ceramic density 

% 
Manufacturer reported 

filler (wt%) 
Measured Ceramic 

(wt%) 

CS 0.78 (0.05)a 069.79 (01.71)a 10.25 (0.45)a -- 71 67.08 (0.28) 

LU 1.17 (0.04)b 105.96 (01.64)b 15.05 (0.97)b -- 80 76.87 (0.43) 

VE 2.81 (0.28)c 276.62 (12.60)c 33.74 (3.58)c -- 86 86.37 (1.30) 

VM II 7.05 (0.38)d 499.92 (27.28)d 76.40 (3.77)d -- 100 100.0 (0.00) 

DK 0.32 (0.02)e 025.82 (00.62)e 04.66 (0.62)e -- 20 25.73 (0.20) 

GB 1.21 (0.17)b 123.06 (06.58)b 09.21 (1.92)a -- 86 84.55 (0.23) 

Si 0.29 (0.08)e 043.23 (07.93)a,e 03.54 (1.02)e -- 50 50.26 (0.31) 

Sp 0.29 (0.04)e 031.20 (01.22)e 03.49 (0.39)e -- 57 53.94 (1.25) 

Exp125 1.33 (0.31)b 200.31 (37.74)f 17.89 (3.43)f 71.72 (3.54) -- 86.64 (2.85) 

Exp130 1.78 (0.37)f 251.58 (25.51)c 30.18 (3.79)g 77.58 (5.38) -- 88.14 (2.21) 

Exp135 4.38 (0.59)g 476.85 (30.82)d 45.46 (3.31)h 82.69 (5.46) -- 89.80 (2.99) 

Exp155 7.13 (0.89)d 619.41 (81.93)g 102.9 (4.67)i 91.50 (6.48) -- 91.71 (1.45) 
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Figure 5.1 The average effect of the microstructural compositions on a) Micro hardness b) Nano hardness and c) Elastic modulus of CAD/CAM 

ceramic materials. The error bars represent the SD (n=5). 

 (a) (b) (c) 
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Figure 5.2 Comparison of the load displacement curves behaviour of the nano indentaion 

tests in the different groups. The differences in elastic and visco-elastic behaviours of the 

test materials under test load can be clearly appreciated. VM hardly demonstrated any 

indentation creep as compared to PICN and resin composites. 
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Figure 5.3 Linear regression analysis plot showing a positive correlation between the two measuring scales of hardness property in the tested 

materials (a),ceramic wt% and hardness values measured at nano (b) and micro (c) scales. 

 (a) (b) (c) 

r2 = 0.97 r2 = 0.48 r2 = 0.56 
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 Figure 5.4 SEM images (x5K) shows different surface topographies of a) CS, b) LU 

c)DK, d) VE ,e)Exp125, f)Exp130, g)Exp135 and h)Exp155. Arrows are pointing to 

examples of voids in a tested specimen. 
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Figure 5.5 Eliminating the PEEK polymer in DK requires higher temperature and in this 

case 1200 °C was found to be sufficient.

600 °C 800 °C 1000 °C 1200 °C 
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5.5 Discussion: 

Measurement of mechanical properties such as strength and elasticity of a material 

would help predict the performance of the material intraorally.  For a material to be 

successful in the oral environment, it must withstand challenging conditions such as: 

continuous masticatory loading, thermal alteration and abrasive factors, e.g., brushing.  

During mastication, the bite force comprises a vertical compression loading on the 

occlusal surface of the tooth and/or the restoration (252).  Previous studies have 

investigated the effect of compressive loads on elastic and mechanical properties such as 

the stress strain curves and hardness of dental restorative materials (22, 34, 44, 253).  

Various techniques have been used to investigate the mechanical properties at macro or 

micro levels; with the introduction of nano technology, these properties can be also 

measured at nano scales.  Nano indentation is now widely accepted to investigate the 

surface mechanical properties of dental materials.  Three reasons have been proposed for 

the importance of nano indentation to study the surface mechanical properties of dental 

materials (254). First, the applied load and the displacement of the indenter are 

continuously monitored and recorded.   Second, relatively smaller specimen preparations 

are required compared to macro or micro indentations.  Third, different experimental 

parameter options are generally available, e.g., type of the tested material, indenter type, 

load and dwell time.  However, the correlation between the surface mechanical 

properties at different measurement scales has not been studied.  This study aimed to 

investigate, compare and correlate mechanical properties of PICN and other CAD/CAM 

materials at micro and nano measurement scales.  

For hardness assessment, ceramic specimens were prepared with 2 mm thickness for 

ease of handling. Such thickness was also exceeded minimum thickness as required by 

instrument manufacturer.  Specimens were mounted in acrylic to ensure optimum 

seating of the specimen while the examination was taking place.  

Sample polishing has no direct effect on micro hardness but it provides a clear picture of 

the indentation which helps in obtaining accurate results (255).  In contrast, with nano-

indentation specimens with a smooth surface is required to avoid higher and inconsistent 
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indentation values (256-258).  The applied load was selected to be 100 g for the micro 

indentation and 50 g for the nano indentation as confirmed by the pilot study.  

The findings of this study support the rejection of the first null hypothesis as all the tested 

materials were significantly different in terms of the tested mechanical properties (micro-

hardness, nano-hardness, and elastic modulus).  In general, ceramics were statistically 

different from CAD/CAM and conventional resin composite materials.  The findings are in 

agreement with prior literature in that ceramic materials show substantially higher 

hardness values than CAD/CAM resin composite (109).  All PICNs (except Exp155) tested 

in the current study have hardness values in the range 2.81 to 4.38 GPa which is lower 

than the hardness of human enamel (3.5- 5.5 GPa)(259).  This might be an advantage 

especially when it comes to protecting the opposing natural teeth from wear.  These 

finding were consistent with previous studies (109, 198).  The hardness levels of the PICN 

sintered at 1550°C (7.13GPa and 619.41 VHN) were greater than that of enamel.  A dental 

material that is harder than natural enamel may cause more severe wear to the opposing 

dentition (101), although hardness of ceramic alone is not a reliable predictor of the wear 

of the opposing teeth(260).  Other factors such as surface roughness of the restoration 

and other oral and environmental factors need to be considered before giving a 

conclusive answer (261).  

In dental composite materials, filler particle size, shape, and compositions have been 

proven to have a great influence on their mechanical properties (262, 263).  This study 

has confirmed that these parameters have similar correlations with mechanical 

properties of CAD/CAM resin composite materials.  In terms of ceramic contents, linear 

regression analysis showed a positive correlation between the amount of ceramic (in 

wt%) and hardness at both micro and nano levels (r2=0.56 and 0.48,respectively).  Exp155 

with 92% ceramic had the highest values which were significantly different from the other 

CAD/CAM materials (p=0.001).  

Filler morphology is also important in determining the overall mechanical properties.  

Composites with round filler particles have higher filler packing compared to composites 

with irregular shaped composite (264) and it has also been reported that this influences 

the mechanical properties in resin composite as the spherical shaped fillers tend to 

distribute stresses better than fillers with sharp edges (24, 265, 266).  This is confirmed in 
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this study, as LU with spherical shaped particles had relatively higher modulus of elasticity 

compared to GB with irregular shaped fillers (15.05 and 9.21 GPa, respectively).  

The composition of the ceramic particles also plays a role in the overall mechanical 

properties of the tested materials.  DK specimens which contain only 20% ceramic 

particles showed similar mechanical properties to Si and Sp conventional resin 

composites with 50 % and 57% fillers respectively.  This could be explained by the 

different mechanical properties of the ceramic composition:  titanium oxide fillers in DK 

are much harder than the glass fillers in the resin composite.  The reported hardness of 

TiO2 is up to 38 GPa while glass filler hardness ranges from 5 to 10 GPa (267).  

The results of the current study showed that the micro-hardness value of the 

conventional indirect resin composite (Si) was not significantly different than one of the 

CAD/CAM resin composite (CS).  This might highlight the influence of the polymerisation 

method on the mechanical properties of resin composite.  The indirect composite was 

polymerized using proprietary curing units which combine heat, vacuum, and high 

intensity light to enhance the degree of conversion of the resin matrix.  Therefore, the 

expectation is that the conversion of the methacrylate group would be enhanced, 

increasing the cross-link density of the set material (268).  Previous studies have revealed 

significant improvement in mechanical properties following post-curing (269, 270).  

The sintering process is an important step in achieving good microstructural integrity and 

optimising the mechanical properties of dental ceramics (124, 271).  In this study, 

sintering temperature was found to have a significant effect on the mechanical properties 

of polymer-infiltrated polycrystalline ceramics.  With increased sintering temperature, the 

increased grain growth, or inter-particle contact, results in increased density and 

strength.  At 1250°C, hardness was significantly the lowest at both measurement scales; 

sintering Al2O3 ceramics at this temperature results in particles not adequately expanding 

to achieve full density.  The gaps, however, that appear between grains as a result of 

porosity may facilitate polymer infiltration leading to interlocking phases of ceramic and 

polymer.  Increasing the amount of polymer infiltration may lead to an increase in 

deformation during hardness indentation test, resulting in a low hardness value.  At 

1550°C, PICN showed a similar hardness value to feldspathic porcelain at the nano scale 

but significantly higher at the micro scale. In general, alumina which is the main ceramic 
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constitute in the model PICN is much harder than feldspathic porcelain (77).  The 

similarity at nano scale could be attributed to the polymer interlocking phase in this 

material which was reported to have a hardness range of 14-15 VHN (272).  

A similar trend was also found with elastic moduli in this study.  The elastic modulus of 

the resin composite materials ranged from 3.49  to 15.05 GPa and are significantly lower 

than the elastic modulus of the commercial PICN (VE;33.05 GPa) and feldspathic ceramic 

(VM; 76.40 GPa). Similar findings were reported in previous studies where VE 

demonstrated an elastic modulus value between that of resin composite and glass-

ceramic (103, 109, 273).  The elasticity values of 18–103 GPa (in model PICN) are 

comparable to those reported for human enamel (between 48–105.5 GPa)(274).  To the 

author’s knowledge, no commercial PICN material has exhibited values in this elastic 

modulus range.  A low elastic modulus material (less than enamel and dentin) will 

concentrate and transmit the stress to the tooth (275).  A higher concentration of stress 

was found to be transferred to the tooth structure with materials exhibiting low elastic 

modulus (276).  Because of this, there would be a greater deflection of the cusps and 

consequently a higher probability of fracture in the tooth compared to the restoration 

itself. It has been suggested that the modulus of elasticity of the supporting structure 

would have a significant effect on the longevity of all ceramic crowns (277), and the 

fracture resistance of an all-ceramic crown increases as the modulus of elasticity of the 

supporting material increases.  Owing to their high modulus of elasticity and their match 

with enamel, the PICN materials may offer a more uniform stress distribution, especially 

during loading, and the tooth as well as the restorative crown would be protected from 

cracking.  

Analysis of the load-displacement curves for the nano-indentation experiment (Figure 

5.2) revealed typical indentation force versus indentation depth curves for the tested 

CAD/CAM ceramics.  The large variations of the residual indentation depths highlights the 

variation in ability to resist deformation and in the hardness.  Using an Oliver and Pharr 

method of analysis (278), the stress-induced reversible phase transition leads to the large 

recovery depth of PEEK based ceramic (DK) and conventional resin composites (Si and Sp) 

compared to other materials.  On the load–displacement curves of feldspathic ceramic 

(VM), the high initial unloading slope and small recovery depth highlights its high stiffness 

and modulus of elasticity.  
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Hardness testing by nano-indentation has some advantages in that it is simple, 

reproducible and relatively non-destructive.  However, it is technique sensitive and highly 

dependent on the flatness and smoothness of a specimen.  Measured properties of a 

material under nano-indentation may vary according to its behaviour under load; this 

behaviour can be in the form of ‘sink-in ‘ or ‘pile-up’ which occurs in the region around 

the indentation.  When it occurs, the measured projected contact area might lead to 

either an over or underestimated elastic modulus. Using the Oliver and Pharr (152) 

method in calculating the modulus can reduce the error that might result from such 

behaviour.   

While the elastic recovery is monitored in nano-indentation, in micro-indentation 

methods it is assumed that elastic recovery does not occur once the load is removed.  

Moreover, the hardness number is calculated based on the surface impression, which 

might be distorted, rather than the projected area (279).  Therefore, in order to validate 

the readings, data of micro-and nano-hardness in all the tested materials were 

statistically analysed for any correlation.  Statistical analysis confirmed significant positive 

correlation between micro and nano hardness values in all tested materials (p=0.001), 

therefore, the second null hypothesis was rejected.  

Although both tests have been used to provide information on the hardness property, 

their values cannot be directly or simply compared due to different testing mechanisms 

and these include: indenter type, test settings, and loading force.  In nano-indentation, 

the hardness depends on the applied load and continuously monitored indentation depth 

and expressed as a function of the applied load (P) and the size of the contact area (A) of 

indentation (280). However, in Vickers micro-indentation, the hardness relies on the 

surface area of a square-shaped indentation.  The indentation surface area is determined 

according to the average length of both diagonals (d) of the square-shaped indentation 

(279).
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5.6 Conclusions:  

 

1. Different CAD/CAM resin composite showed different surface morphology of their 

filler contents with variations in size, shape and density. 

2. Micro-hardness and nano-hardness of the studied PICN and other CAD/CAM 

composite materials increased systematically with an increase in ceramic contents (wt 

%). 

3. A correlation between the nano-hardness and the micro-hardness against ceramic 

contents was noticed. 

4. Sintering temperature appeared to have an effect on the ceramic density and 

consequently influenced the mechanical properties of PICN materials. 
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Chapter 6 
6 The Use of The Peak-ForceTM Quantitative Nano-mechanical 

Mapping AFM-based Method for Elastic Modulus and Surface 

Roughness Measurements of Polymer Infiltrated Ceramics 
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6.1     Abstract 

Objectives 

The aim of this in vitro investigation was to assess and compare surface characteristics 

and nanomechanics of several types of CAD/CAM resin composite blocks and polymer 

infiltrated ceramic network (PICN) materials. 

Material and Methods 

Three CAD/CAM resin composites; Lava Ultimate (LU), Cerasmart (CS) and Grandio Bloc 

(GB), one commercial PICN block ;Vita Enamic (VE) and four model PICN materials 

sintered at different temperatures (Exp.125, Exp.130, Exp 135 and Exp 155) were tested. 

Forty samples were prepared with the dimensions of 14×12×2 mm for resin ceramic and 

VE blocks and 15x2 mm for model PICN materials.  All samples were scanned using atomic 

force microscopy (AFM) at multiple locations and two different scan sizes (20x20µm and 

3x3µm). Surface optical gloss at 60° was also determined for all the groups. Data were 

analysed using one-way ANOVA, and Tukey’s post hoc test (α=0.05). 

Results 

Resin composite blocks showed smoother surfaces compared to the PICN materials. The 

average surface roughness values (Ra) ranged between 7.75 nm to 31.21 nm and the 

gloss value ranged between 56.43 GU and 91.81 GU.  The highest surface roughness value 

was found for Exp.125 (31.21 nm) while LU showed the lowest roughness value (7.75 nm) 

(the difference being statistically significant: p=0.001). Variation was noticed in terms of 

nanomechanical mapping within and between the groups.  Images generated from the 

elastic modulus map values clearly indicated that all PICN materials had more than one 

phase and very different components. 

Conclusions  

CAD/CAM resin composite blocks exhibited higher gloss and lower roughness values 

compared to PICN materials. However, both the commercial and model PICN materials 

showed more stiffness than resin composite with the presence of at least two different 

phases. Sintering temperature appears to have a significant effect on material topography 

and nanomechanical properties. Model PICN sintered at 1550 °C showed comparable 

range of E modulus values to those of enamel. 

Key words  Hybrid-ceramic, CAD/CAM; Ceramic resin composites; elastic modulus; 

Atomic force microscopy. 
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6.2     Introduction: 

In contemporary restorative dentistry, dental materials with comparable mechanical and 

aesthetic properties to natural teeth are always in demand. With the advances in 

CAD/CAM technology novel materials with enhanced properties have been developed. 

Polymer infiltrated ceramic network (PICN) has been introduced as an alternative 

restorative material with an elastic modulus similar to resin composite and with the long-

term aesthetic stability of ceramics (103). The bulk mechanical properties of PICN and 

other resin-ceramic composite materials have been explored previously (103, 106, 198, 

281, 282).  CAD/CAM resin-ceramic composites exhibit higher flexural strength and 

modulus of elasticity compared to conventional direct resin composite whereas PICN has 

comparable values to advanced glass ceramics (282). 

A glass ceramic based PICN material (Enamic) has shown promising results for use as a 

single crown (201). However, due to its relatively low flexural strength (below 300MPa) 

and fracture toughness (112), this material it is not recommended to be used for more 

than one unit prosthesis (206).  Modifying the ceramic part in PICN might develop an 

alternative material that can be used for short/long span bridges. Monolithic alumina that 

has small grain size and better mechanical behaviour and higher fracture toughness could 

be a good substitute for the feldspathic porcelain in glass based PICN material.  

Clinical and laboratory studies have shown that the elastic modulus of supporting resin 

composite adhesives has direct influence on the flexural failure of all-ceramic dental 

crowns (283-287). The elastic modulus correlates to the stiffness of a material and is 

defined mathematically as the slope of the stress–strain curve within the proportional 

limit(288). It is directly related to the amount of deformation when a material is subjected 

to an external load. Any material used in posterior restorations must have an elastic 

modulus value high enough to withstand the high masticatory forces in this area (289).    

Indentation tests provide important information about material deformation and elastic 

behaviour (290). In dentistry, such tests can be performed at two different levels, namely 

micro- and nano-indentation. Micro- indentation is considered as the traditional 

approach for measuring the elastic properties of dental materials and is usually 

performed through standardised procedures like Vicker's or Knoop hardness tests 

wherein a stylus of standardized geometry is driven into a sample material to calculate 
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the hardness from a residual imprint. For hybrid materials where more than a single 

phase is present, micro-hardness tests are not the instrument of choice as the measured 

hardness values are representing the bulk structures rather than the individual phases.  

Nano-indentation techniques are well-established to quantitatively determine the 

mechanical properties of materials on the nanoscale (152). Unlike the micro tips, a 

nanoindenter tip normally has a radius range between a hundred nanometres to several 

tens of microns, which when it is forced into the material, enables the instrument to 

measure the load versus penetration relationship. The main advantage in comparison 

with conventional micro-indentation is that material parameters are obtained from a very 

small volume, typically from tens of nanometres to micrometres.  However, the standard 

nano-indentation technique requires a locally homogenised volume at the micro-scale 

(291) and for heterogeneous or porous materials such as hybrid ceramics, which can 

reveal the micromechanical properties of individual phases, the technique is still limited.   

Unlike the instrumented nano indenter, Atomic force microscopy (AFM) has a significantly 

smaller indentation load (force sensitivity <0.05 nN), shallower indentation depth 

(displacement sensitivity ≲ 0.05 nm)(292), and effective contact volume, which allows for 

investigation of local mechanical properties at a smaller scale, previously inaccessible via 

the ‘standard’ instrumented nanoindentation approach (293). The determination of the 

elastic properties of CAD/CAM restorative materials using an AFM approach is relatively 

novel and few studies that have undertaken such investigations.  

The use of atomic force microscope (AFM) has been used widely in medical research since 

its invention in 1986 (294, 295). Currently, it is widely considered to be the instrument of 

choice for analysing surfaces at the nano-scale or, in some cases, atomic scale. This is 

mainly due to the fact that this instrument is able to measure forces and distances at a 

very high resolution, and to non-destructively explore the topography of a sample within 

different ambient conditions with minimal or no sample preparation (296). In addition to 

this, AFM has a major ability to measure the mechanical properties of a material based on 

measuring the forces between the probe and the sample as a function of their mutual 

separation (297, 298).  

For studying nanomechanical properties, peak-force quantitative nanomechanical 

mapping (PF-QNMTM) allows quantitative characterisation of a material at a nano-scale 
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level (299-301).  Such a technique continuously measures sinusoidal force distance curves 

at high speed while raster scanning (a rectangular pattern of image capture). Tip-sample 

force is directly controlled using a continuous feedback loop. Curves are analysed in real-

time to generate modulus and adhesion maps. The captured force curves can be fully 

accessed offline for additional nanomechanical analysis. The major advantage of this new 

technique is the feedback-controlled sinusoidal drive that uniquely enables the highest 

speed and highest lateral resolution property mapping with precise force control (302). 

AFM can also be used to obtain important quantitative information on the surface 

topography of a dental material (296). A glossy and perfectly smooth surface is a 

fundamental requirement for a desirable aesthetic appearance. A smooth surface also 

plays an important role in preventing the formation of discolouring films and plaque 

accumulation. Moreover, a surface smoothness decreases the coefficient of friction and 

subsequently this may reduce the wear rate (303), which in turn can improve the clinical 

performance of the restorations. Surface quality also affects the fracture resistance in 

brittle materials such as resin composites (304).  

Polymer infiltrated ceramics and nano-ceramic resins are reported to have several 

advantages compared to conventional restorative materials. However, no sufficient 

information on the possible connections between the structure and functionality of these 

materials, which comprise both micro-sized and nano-sized fillers, on a sub-micrometric 

scale is available. Knowing the relationship between material structure and mechanical 

properties is a critical issue for the proper selection of any restorative material. 

Therefore, the purpose of this study was to investigate and evaluate the physico-

mechanical properties of different types of PICN ceramics in comparison with resin 

composite materials on a sub-micrometric scale, especially focusing on the elastic 

mechanical properties using a PF-QNMTM technique. 
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The specific objectives were:  

a) To evaluate and compare the surface characteristics including roughness and gloss 

parameters of different types of PICN materials and resin composites.  

b) To evaluate elastic modulus values of different types of PICN materials obtained via 

PF-QNMTM technique and compare them with those of resin composites.  

c) To evaluate the effect of sintering temperature on the surface roughness and 

elastic modulus of fabricated model PICN materials. 

d) To use a PF-QNMTM technique to conduct nano-mechanical mapping of each of 

the tested materials.  

The null hypotheses were: 

a) There is no difference in terms of gloss and surface roughness parameters 

between PICN and resin composite materials.  

b) There is no difference in terms of surface roughness parameters between model 

PICN groups with different sintering temperatures.  

c) There is no difference in terms of elastic modulus values obtained via PF-QNMTM 

between PICN and resin composites materials. 

d) There is no difference in terms of elastic modulus values obtained via PF-QNMTM 

between model PICN groups with different sintering temperatures. 

6.3 Materials and methods:  

6.3.1 Manufacturing of Polymer Infiltrated Alumina: 

Porous alumina matrices with nano-sized alumina particles were fabricated initially by slip 

casting into disc shaped specimens (15x2 mm) before being partially sintered at different 

temperatures (1250 °C, 1300 °C, 1350 °C and 1550 °C). The ceramic matrices were then 

conditioned with a methacryloxypropyltrimethoxysilane (MPS) silane coupling agent prior 

to resin infiltration to ensure that the polymer network was chemically cross-linked to the 

ceramic network to form an interpenetrating network system. The chemically conditioned 

porous inorganic network was infiltrated with a cross-linking polymer mixture and 
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initiator by capillary action. The polymerisation process was induced by heat and 

pressure, leading to a polymer-infiltrated-ceramic-network material. 

6.3.2 Materials and Samples Preparation: 

A total of eight polymer-based ceramics (intended for use with CAD/CAM) were 

investigated in this study, namely Enamic (Vita Zahnfabrik), Cerasmart (GC Dental 

Products) and Lava Ultimate (3M) and four model polymer-infiltrated ceramic materials 

(Table 6.1). Five samples (12x14x2 mm) were sectioned from standard sized milling blocks 

of each material (VE, CS, LU) using a water-cooled precision cutting machine (Isomet 

1000, Buehler, LakeBluff, USA). PICN model groups were fabricated from a disc-shaped 

mould (15x2 mm). All the samples were sequentially polished with silicon carbide grinding 

papers (P320, P600, P800, P1200, P2500 and P4000) and finished with 1 micron and 0.25 

micron diamond paste using an OmegaPol metallurgical polisher machine 

(Spectrographic, United Kingdom). An ultrasonic bath (Nusonic, Transsonic T310, 

Germany) was used to clean specimens in distilled water for 10 min. Each specimen was 

stored dry in a clean container at room temperature for 24 h before investigation.
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Table 6.1 A list of the CAD/CAM materials investigated in the current study. 

Category 
Material’s  
Name 

Code 
Sintering 
Temperature 
(°C ) 

Company 
Lot 
Number 

Compositions 

CAD/CAM 
Resin 
Composite 
blocks 

Cerasmart CS N/A GC Dental 
Products 
Europe, 
Leuven, 
Belgium 

1502091 Nanoceramic composite (BisMEPP, UDMA, DMA) 
with 71 wt% silica (20nm) and barium glass 
(200nm) nanoparticles. 

 Lava Utimate LU N/A 3M ESPE, 
Seefeld, 
Germany 

N750333 Composite resin material (BisGMA, UDMA, BisEMA, 
TEGDMA) with 80 wt% silica (20nm) and zirconia 
(4-11nm) nanoparticles  

 Grandio® 
blocs 

GB N/A VOCO GmbH, 
Cuxhaven, 
Germany 

1723181 BisGMA, TEGDMA, Urethane-BisGMA adduct 
Barium-alumino-borosilicate (0.5-2µm); fumed 
silica (20-60nm) 86 wt%. 

PICN Ceramics  VITA Enamic  VE N/A VITA 
Zahnfabrik, 
Bad Säckingen, 
Germany 

46680 Polymer-infiltrated-feldspathic ceramic-network 
material (UDMA, TEGDMA) with 86 wt% glass 
ceramic. 

Polymer 
infiltrated 
alumina 

Exp125 1250 Boston 
University 

_____ UDMA,TEGDMA,BP,MPS,Ethanol, Distilled water, 
Glacial acetic acid , alumina (80wt%-95wt% 
crystalline ceramic). 

Exp130 1300 

Exp135 1350 

Exp155 1550 
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6.3.3 Atomic Force Microscope (AFM) 

Atomic force microscopy was conducted using a Bruker Catalyst™ BioAFM (Bruker UK 

Ltd., Coventry, U.K with a Nanoscope V controller, and operated under the Nanoscope 

controller software (v9.1). Images were captured in air at a humidity of <45% using pre-

calibrated NM-RC-C diamond tipped probes (Bruker SAS, France) using Peakforce 

Quantitative Nanomechanical (PFQNM) tapping mode. Data capture was performed at 5 

locations on each sample with a 20x20 µm and a 3x3 µm images being collected at each 

site. Imaging was performed at approximately 1Hz and at a resolution of 256 

samples/line. Topography, and DMT modulus channel data were post-processed using 

Nanoscope Analysis (v1.50); the calibration data supplied with the probes was inputted to 

the controller software at the capture stage. Average roughness (Ra), the root mean 

square roughness (Rq), and maximum roughness depth (Rmax) values were extracted for 

all samples. 

The elastic modulus of the sample was derived from AFM force curves and was based on 

the Derjaguin-Muller-Toporov (DMT) model (185), which was implemented into the 

Bruker NanoScope Analysis software. By definition, the DMT model fits the following 

equation.  

 𝐹 − 𝐹𝑎𝑑ℎ =
3

4
 𝐸∗√𝑅(𝑑 − 𝑑ℎ)3 (34) 

Where  

F is the applied force,  

Fadh the adhesion force between probe and the surface,  

R is the tip radius,  

d – dh the sample deformation,  

E* is the elastic modulus.   



  

167 
 

6.3.4 Gloss Measuremnt 

The gloss of each specimen was measured using a glossometer instrument (Electomer 

400, Novo-Curve, Electomer inc., Rochester Hills, Michigan).  The instrument was 

calibrated after every 3 readings according to the manufacturer instructions. To record 

the gloss value, each specimen was centrally positioned -at an operating angle of 60°- 

over the hidden aperture which is pinpointed by intersection of white lines marked on the 

top of the sample plate. Before pressing the read button, the specimen was covered with 

a black cover to prevent light interference. 

6.3.5 Statistical Analysis: 

The data for all groups were collected and analysed statistically using SPSS 23.0 (IBM SPSS 

Statistics, SPSS Inc., Chicago, IL, USA) and checked for normality using Shapiro-Wilk tests. 

A one-way ANOVA was used to analyse all data. Tukey post-hoc testing was used to assess 

the difference in terms of surface roughness parameters and elastic moduli between PICN 

and resin composite materials. A Pearson Product Moment correlation analysis was used 

to assess the relationship between different variables. The significance level for all tests 

was set at α=0.05. Data were plotted using Sigma Plot and Excel programmes. 
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6.4 Results: 

Surface roughness parameters (Ra, Rq and Rmax) and gloss values are presented in Table 

6.2 and Figure 6.1.  Mean and standard deviations of elastic moduli obtained via PF-

QNMTM for the test materials are listed in Table 6.3. The average surface roughness 

values (Ra) ranged from 7.75 nm to 13.16 nm for the resin composite CAD/CAM groups 

whereas it ranged from 20.85 nm to 31.21 nm for the PICN ceramic groups. Overall, the 

highest surface roughness value was found for Exp.125 (31.21 nm) while LU showed the 

lowest roughness value (7.75 nm) (p=0.001).  

Gloss values for the resin composite CAD/CAM groups ranged from 75.03 GU to 91.81 GU 

while it ranged from 56.43 GU to 65.97 for the PICN ceramic groups. LU exhibited the 

glossiest surface (91.81 GU) while Exp.125 showed the lowest gloss value (56.43 GU). A 

significant negative correlation was found between Ra and GU for all test materials  

(Figure 6.2).  A similar significant correlation was found between the sintering 

temperature and the Ra values of the model PICN materials (Pearson correlation 

coefficient= -0.85, p= 0.001). Gloss demonstrated positive correlation with the sintering 

temperature of PICN model groups (Pearson correlation coefficient= 0.5, p= 0.001). 

Statistically significant differences were found between the tested materials for the 

average elastic modulus (p=0.001). The elastic modulus values of all the test materials 

ranged from 08.44 GPa to 84.28 GPa (Table 6.3).  CS demonstrated the lowest value 

(08.44 GPa) while Exp.155 showed the highest value (84.28 GPa). A significant positive 

correlation was found between the sintering temperature and the elastic modulus values 

of the PICN model materials (Pearson correlation coefficient= 0.85, p= 0.001). 

Maps of surface roughness of 20x 20 𝜇m and the elastic modulus of the 3x3 𝜇m scans for 

the different materials are shown in (Figure 6.3- Figure 6.10) and Figure 6.11, 

respectively. Variation was noticed in terms of nanomechanical mapping within and 

between the groups.  All the images generated from the elastic modulus map values 

clearly indicated that all the studied materials had more than one phase and very 

different components.
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Table 6.2 Mean and (SD) of the surface roughness parameters investigated in this study. 

Values with the same superscript letters represent non-significantly different groups 

(Tukey post hoc test at significance level (α) of 0.05). 

 

Table 6.3 Mean and (SD) of the elastic modulus as obtained via PF-QNMTM technique.  

Values with the same superscript letters represent non-significantly different groups 

(Tukey post hoc test at significance level (α) of 0.05). 

  

 

Materials Ra (nm) Rq (nm)  Rmax (nm) Gloss 

CS 11.67 (0.2)a 26.92 (0.3)a 120.3  (02.1)a 82.01 (3.9)a 

LU 07.75 (0.1)b 10.50 (0.6)b 215.0  (21.6)b 91.81 (1.37)b 

GB 13.16 (0.5)a 28.91 (1.9)a 123.5  (10.4.)a 75.03 (0.69)c 

VE 22.69 (1.4)c 41.18 (2.9)c 525.4  (18.9)c 58.61 (2.02)d 

Exp 125 31.21 (3.6)d 54.01 (5.4)d 624.1  (32.7)d 56.43 (4.34)d 

Exp 130 24.59 (1.8)c 40.27 (3.8)c 524.8  (27.5)c 59.91 (5.19)d 

Exp 135 20.85 (3.5)c,e 36.64 (2.5)e 459.1  (10.6)e 60.99 (5.74)d,e 

Exp155 18.94 (1.1)e 32.61 (2.5)b 445.9  (10.8)e 65.97 (4.35)e 

Material Elastic Modulus (GPa) 

CS 08.44 (0.18)a 

LU 16.82 (2.08)b 

GB 09.64 (0.97)a 

VE  23.06 (1.47)c 
Exp 125 23.45 (4.77)c 

Exp 130 23.56 (7.60)c 

Exp 135 34.19 (2.97)d 

Exp 155 84.28 (6.47)e 
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Figure 6.1 Surface roughness analysis shows variations in Ra and Rq mean values between 

the groups. Exp 1250 model PICN material had the roughest surface and lava ultimate had 

the smoothest one among all the other. Error bars represent standard deviations (SD). 

 

Figure 6.2 Linear regression analysis to show the negative correlation (r2= 0.86) between 

the average surface roughness (Ra) and surface gloss of test materials.
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Figure 6.3 A 3D AFM image of Cerasmart nanoceramic. Surface depressions on the 

surface suggested fillers dislodgments. 

 

Figure 6.4 A 3D AFM image of Lava Ultimate. Low surface profile is interrupted by 

rounded shinny projections on surface. 
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Figure 6.5 A 3D image of Grandio Bloc. Glass filler dislodgments clearly appear on the top 

left of the image. 

 

Figure 6.6 A 3D image of Vita Enamic. Surface depressions represent the polymer 

interlocking phase. 
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Figure 6.7 A 3D image of PICN model material sintered at 1250 °C. 

 

Figure 6.8 A 3D image of PICN model material sintered at 1300 °C. 
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Figure 6.9 A 3D image of PICN model material sintered at 1350 °C. 

 

Figure 6.10 A 3D image of PICN model material sintered at 1550 °C. 
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1. Elastic Modulus Analysis 
 
 

a) Cerasmart 

 

b) Lava Ultimate 
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c) Grandio Bloc 

Contact E* Modulus (GPa)

d) Vita Enamic 
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g) Exp135 

 

 

 

 

 

 

 

 

 

h) Exp155 

 

 

 

 

 

 

 

 

 

 Figure 6.11 Atomic force microscopy images of the E modulus of the three materials 

generated with 3x3µm scans for; a) Cerasmart, b) Lava Ultimate and c) Grandio bloc d) 

Vita Enamic e) Exp 125 f) Exp 130 g) Exp135 and h) Exp 155. Adjacent to the image scans 

are plots of the E modulus generated from the frequency distributions from all the 

contact points associated with the AFM scan. 
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6.5     Discussion: 

The determination of elastic modulus using AFM nanomechanics for CAD/CAM materials 

is relatively novel as very few studies have undertaken this investigation for different 

materials (305-307). However, it should be mentioned that the quantitative 

interpretation of the AFM nanomechanics data is not straightforward. This is due to the 

fact that there are some critical conditions that should be considered when running such 

an investigation. These conditions, which could impact the precision of the force-

displacement measurements to some extents, are related to both the instrument itself 

and/or the tested sample (293).  Among these challenging conditions are (i) a blunt and or 

damaged tip combined with the intrinsic compliance of the AFM cantilever probe might 

result in distorted force−displacement curve and erroneous contact area ; (ii) as with 

other nanoindentation instruments, a smooth and flat sample surface is highly important 

for accurate contact area determination ; (iii) an AFM probe with a larger tip angle (e.g., a 

cube-corner) is generally used for nanomechanical measurements; however, this might 

reduce the resolution particularly in 3D imaging; (iv) indentation-triggered effects, such as 

‘pile-up’ and ‘sink-in’ at the periphery of the indenter (also encountered in standard 

nanoindentation) (308), creep/viscoelasticity and adhesion interactions during indenter 

unloading could affect the quality and reproducibility of the data (309).  

In this study, the above issues were addressed from the beginning and minimized where 

possible. Each specimen was sequentially polished up to 0.25 µm and then cleaned in an 

ultrasonic bath with distilled water to remove any surface debris and impurities. Diamond 

tips with less than 15 nm radii were used to overcome the instrument and or sample 

compliance. The use of diamond tips, which were recently introduced to the market, 

provides several advantages: these include wear-resistance and stable shape during 

imaging, as well as improved and more reliable electrical measurements with a 

conductive diamond material (310). Using a diamond tip also decreases the chance of 

contamination and thus image artefacts. This is due to the chemical inertness of the 

material which makes it less prone to particle adsorptions. In addition, they rapidly 

achieve thermal equilibrium when in contact with the sample surface due to the high 

thermal conductivity of diamond (311).  
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Surface roughness in general is a measure of surface texture and is often quantified by 

the deviations of a surface from its ideal form. If the deviations are large, then the surface 

is considered to be rough; if they are small, then the surface is considered smooth. The 

conventional measurement of a sample surface is obtained by a contact stylus profiler 

(312) and limitations include a large stylus radius, a large force and low magnification in 

the plane, and possible misrepresentation of the real surface topography owing to the 

finite dimension of the stylus tip (313). On the ultramicroscopic or nano-scale of a 

surface, AFM has been developed to obtain a three-dimensional image of a material 

surface on a molecular scale. AFM has been shown to be the most suitable method to 

measure surface roughness in glass-ceramic materials when compared with stylus and 

optical profilometers (314). This is because AFM has better spatial resolution and is able 

to detect submicron wavelength which therefore results in accurate measurements of 

surface roughness (314).  

In this study, vertical roughness parameters (Ra,Rq and Rmax) were selected to measure 

surface roughness. Ra is commonly used to estimate the average surface quality of resin 

composite and other restorative materials. Rq, on the other hand is more sensitive to 

occasional highs and lows, making it a valuable complement to Ra (315).  Rmax was 

chosen to determine if any major surface defect on the surface was encountered (315). 

From the results presented in Table 6.2, it can be concluded that the first null hypothesis 

was rejected as there was a statistically significant difference in terms of surface 

roughness and gloss between the resin composite groups and PICN ceramic groups 

(p=0.001). The differences in the surface roughness parameters of the resin composite 

materials might be ascribed to variations in their filler size, geometry and composition. 

The lowest values of roughness parameters were for LU composite. This is probably 

because of the monomodal spherical-shape series with a small filler particle size of less 

than 25 nm in this material (316). CS and GB are considered as resin composite materials 

with multimodal irregular-shape filler with different particles sizes which may explain the 

significantly higher roughness values compared to LU. This is in agreement with previous 

studies concluding that a higher surface roughness is associated with larger and irregular 

filler particles (317-319). PICN ceramic groups on the other hand showed higher 

roughness values compared to the resin-ceramic composite groups: similar findings have 

been reported previously (320, 321). This could be explained by the difference in 
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microstructural compositions between PICN ceramic and resin composite materials. 

Unlike resin composites, PICN ceramics are an interpenetrating phase composite with a 

combination of ceramic and base resin polymer.  Ceramic, which is considered the main 

component in such a material, demonstrates superior surface contour and texture when 

glazed compared to with finishing and polishing systems (322-325).  However, due to the 

presence of the polymer phase in PICN ceramics, a glazing step is almost impossible 

without compromising the polymer component as this would be ‘melted’ away in the 

oven during the firing process.  It should be noted though that although the PICN ceramic 

groups in the current study produced a rougher surface when compared to resin 

composite, the difference in value was not of clinical importance; the threshold Ra value 

for plaque retention is 0.2 µm (326, 327), whereas in our study, the roughness of all 

tested materials was below that threshold.   

The surface roughness values of our model PICN ceramics in this study showed a strong 

negative correlation with their sintering temperature; hence the second null hypothesis 

was rejected. As the sintering temperature increases, the grains become matured, 

develop, and combine to complete grain boundaries and the ceramic matrix will then be 

gradually densified. Such densification results in a well-developed microstructure with 

fewer residual pores which may eventually decrease the roughness and enhance the 

appearance of ceramic material (211, 328).  

A significant difference was also found in elastic modulus values between resin-ceramic 

composite and PICN ceramic groups, thus the third null hypothesis was rejected. This 

confirms that mechanical properties are highly influenced by the microstructural 

compositions of CAD/CAM materials. GB with 86 wt% filler demonstrated a significantly 

lower elastic modulus value compared to LU with a relatively lower filler load (80 wt%). 

Such a difference can be explained on the basis of their filler type with different 

mechanical properties. LU contains a proprietary blend of two fillers: zirconia and silica 

nano particles agglomerated into clusters whereas GB contains glass and silica fillers. The 

elastic modulus of zirconia is significantly higher than glass ceramic (329). Regarding our 

model PICN material; there were variations in the elastic modulus values for all the 

groups. Except for Exp.155, the other three groups show two ranges of elastic modulus 

values (Figure 6.11). On close inspection, these two ranges clearly indicate the presence 

of interpenetrating phases of polymer and ceramic in these materials. This is mostly seen 
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in Exp.125 and this may be due the fact that the alumina matrix in this group is the more 

porous compared to the other groups. This in turn would have increased the 

polymer/ceramic ratio with greater infiltration of the polymer phase. As the temperature 

increases, the size of pores decreases (330) which may affect the polymer infiltration 

process, leaving the polymer to coat the ceramic particles instead of interpenetrating 

them. This coating may have created a third phase, a ‘polymer-coated ceramic’ phase, 

which could explain the relatively high intermediate values between the lowest and the 

highest elastic modulus readings. In Exp.155, the pore size is the least, which decreases 

the polymer/ceramic ratio, this probably explains the presence of one dominant range of 

elastic modulus values in this group.  Overall, the findings of this study confirm that 

increasing the sintering temperature results in a significant increase in the elastic 

modulus of PICN materials, in-line with previous studies (218, 330, 331).  

Numerous indentation studies exist characterizing PICN ceramics at micro-scale indents 

and correspondingly induced contact stress-fields commonly having dimensions of up to 

some tens of micrometres, covering the interlocking phases of such materials (109, 332-

334).  In this study, the elastic modulus of the CAD/CAM polymer-infiltrated ceramic 

materials has been investigated on smaller levels of hierarchy to gain an understanding of 

the structure/behaviour relationship as well as their potential clinical performance. These 

materials were developed with the purpose of simulating the properties of enamel and 

dentin (282).  Previous work has correlated the elastic modulus of polymer-infiltrated 

ceramic to that of human enamel (103), however that was based on the bulk of the 

material, neglecting the fact that these materials have a dual phase microstructure. Also 

of note is that the microstructure of enamel has a hierarchical order with multiple levels 

that involves crystalline, prisms, schmelzmuster and dentition levels (335). Each level is 

structurally unique but interdependent in terms of mechanical characteristics (336). 

Comparison on a smaller level is important due to the fact that the structural organization 

of enamel increases its tolerance to damage by toughening mechanisms associated with 

the hierarchy, which can be critical to achieve in a restorative material to convey equal 

durability to that of enamel(336). At the smallest scale, enamel consists of hydroxyapatite 

crystallites and proteins which have very high (120 GPa) and very low (~1 GPa) values of 

elastic modulus (274).  In the current study, VE had a range between 8- 34 GPa which may 

indicate that the material does not necessarily have a similar structure/behaviour to 
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enamel. Interestingly, however, Exp.155 did show a comparable elastic modulus range (4-

106 GPa ) to enamel. In Exp.155 the total inorganic part constitutes   ̴92%. Given that 

enamel is composed of roughly 95% to 98% inorganic material (337, 338), this may 

highlight the potential similarity in structure/behaviour relationships between Exp.155 

and enamel. 

6.6 Conclusions:  

 

 AFM is a good tool to map the elastic modulus of PICN materials at the nano-scale.  

However, consideration should be taken during tip selection and sample 

preparation.  

 The surface roughness profiles of resin composite CAD/CAM materials were 

significantly lower than both commercial and novel PICN materials. 

 The sintering temperature of PICN had a strong influence on surface profile and 

nano-mechanical properties.  

 Different PICN materials showed different phase distributions as well as different 

elastic properties.   

 



  

Chapter 7 
7 Hydrolytic Stability of a Novel PICN Ceramics and Various 

Conventional Resin Composite and CAD/CAM Blocks 
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7.1 Abstract 

Objectives 

The aim of this study was to assess sorption and solubility of polymer-infiltrated ceramic 

network (PICN) and other CAD/CAM and conventional resin composites after seven-

month storage in water. 

Material and methods 

Three CAD/CAM resin composites: Lava Ultimate (LU), Cerasmart (CS) and Grandio Bloc 

(GB); one commercial PICN (Vita Enamic,VE) and four model PICN materials sintered at 

different temperatures (Exp.125, Exp.130, Exp 135 and Exp 155); one ceramic filled poly-

ether-ether-ketone (PEEK) (Dentokeep, DP); one feldspathic ceramic block (Vitabloc Mark 

II, VM) and two conventional resin composite (Sinfony,Si and TPH Spectrum, TPH) were 

tested. 60 samples were prepared with the dimensions of 14×12×1 mm for CAD/CAM and 

DP materials, and 15x1 mm for model PICN and conventional resin materials.  All samples 

were immersed into distilled water for a seven month period and weighed at different 

time intervals. Data were analysed using one-way ANOVA, and Tukey’s post hoc test 

(α=0.05). 

Results 

Resin composite groups showed significantly higher water sorption values compared to 

DP, VM and PICN ceramic groups (p≤0.02). For resin composite, water sorption values 

ranged from 19.13 μg/mm3 to 38.1 μg/mm3 and for PICN ceramics from 02.51 μg/mm3 to 

7.84 μg/mm3. TPH had the highest sorption and solubility values (38.10 μg/mm3 and 

05.04 μg/mm3, respectively) while VM had the lowest sorption value 0.67 μg/mm3 and 

VE had the lowest solubility value -0.55 μg/mm3. 

Conclusions  

Water sorption of CAD/CAM composite blocks are material-dependent and are affected 

by the filler weight percentage. Commercial and model PICN ceramics showed hydrolytic 

stability between resin composite and conventional ceramic, reflecting its microstructural 

components. Sintering temperature appears to have a significant effect on the hydrolytic 

stability of PICN ceramics.  

Key words:  Polymer infiltrated ceramic, resin composite, sorption, solubility, CAD/CAM. 
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7.2 Introduction:  

Adhesively bonded resin composites and dental ceramics are the two main classes of 

aesthetic restorative materials. Resin-based composites are composed of an organic 

polymer matrix and reinforcing inorganic filler particles (18, 339).  Dental ceramics, on the 

other hand, are essentially inorganic materials commonly composed of a crystalline phase 

and/or glass matrix (74).  Advances in both materials make it possible to expand their 

uses in restorative dentistry. However, there are still some clinical challenges that may 

affect the performance and the longevity of resin composites and dental ceramics as 

restorative materials. 

Materials with different polymer composition and variable percentages of ceramic and 

resin fillers are available as monolithic materials fabricated for computer-aided design 

and computer-aided manufacturing (CAD/CAM) techniques. The polymers most 

frequently used are poly(methyl methacrylate) (PMMA), composite resin, or 

polyetheretherketone (PEEK)-based materials. PEEK has good mechanical properties and 

has been evaluated for use for fixed dental prostheses in load-bearing areas (247, 248). 

PMMA has been used frequently with CAD/CAM technology to get the benefit of a 

controlled manufacturing process including temperature and pressure to produce new 

materials with improved properties (340-343).  A polymer-infiltrated-ceramic-network 

(PICN) is one of the recently introduced materials that offer a new classification in 

aesthetic dental restorative materials.  Its fabrication concept is based on the infiltration 

by capillary action- of resin polymer into a porous pre-sintered ceramic to produce a PICN 

material that aims to combine the properties of resin composite and dental ceramic.  

In general, variation in the composition of CAD/CAM materials may affect long term 

behaviour in oral environment (340, 344). Oral cavity is very hostile environment with 

conditions that can be challenges for restorative materials to survive for a long term 

period. These challenging factors include; pH and temperature changes, intermittent 

loading due to chewing and endogenous or exogenous chemical by-products (345, 346). 

The durability of any restorative material can therefore be affected by their ability to 

withstand these conditions with minimal or no deterioration of their mechanical 

properties.  
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In the wet oral environment, the main component is water which comprises about 99 % 

of natural saliva (347). It dissolves glass by hydration, hydrolysis, and ion exchange 

reactions. The dissolution gives rise to selective leaching of alkali ions in ceramic materials 

and changes in the surface characteristics and mechanical properties (346, 348). The 

chemical durability of resin-based and ceramic materials is influenced by a variety of 

factors such as the composition and microstructure of these materials, the chemical 

character of the medium, exposure time, and temperature (348-350) . 

Measuring water uptake by a material that has to function in an aqueous environment 

(i.e. the oral cavity) is crucially important.  Water uptake or water sorption, is the process 

by which water molecules are taken up by a hydrophilic material until an equilibrium is 

reached (351). The water sorption, or more specifically the water absorption, 

characteristics of dental resin composite are well documented in the literature. From a 

biological point of view, absorption can contribute to free-monomer elution which may 

eventually lead to the ingress of microorganisms and or an allergic reaction to the patient 

(161, 352, 353). Furthermore, water absorption has deleterious effect on the mechanical 

properties of dental materials (353-355). In dental polymers, water sorption is a diffusion 

controlled phenomenon that can be explained by two theories: the free volume theory, 

and the interaction theory (353). The free volume theory is based on the invasion of 

water molecules into the polymer mass and occupying the small voids between polymer 

chains, whereas in interaction theory; water molecules bind to specific ionic groups of the 

polymer chain depending on the water affinity of these groups(356).  In general, water 

sorption not only acting as a plasticiser by preventing chain enlargement but also forcing 

them apart (357). Moreover, especially in dental resin composite, absorbed water can 

promote resin-filler bond breakage. This can cause internal strains and may facilitate the 

release of unreacted free monomer (358).  

The quantity of the absorbed water depends on the chemical affinity of the polymer to 

water, the availability of micro-voids inside the polymer and the resistance of a polymer 

to a swelling deformation stress. From this perspective, different resin polymers behave 

differently in terms of water absorption and solubility (161, 352).  Dental polymer 

networks based on dimethacrylate monomers can absorb moisture to the extent of 

several percent of their total weight (18, 359) .  
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Since the composition and the microstructure of PICN materials are different from 

conventional ceramics, this may affect the chemical and mechanical durability when 

exposed to oral simulated conditions. However, the literature is still lacking data 

regarding their long-term stability in aqueous media compared to resin composite 

materials. 

The aim of this study is to assess the water sorption and solubility of a model PICN 

ceramics and established commercial CAD/CAM and conventional resin composite 

materials after 7 months of distilled water storage. The null hypotheses to be assessed 

are: i) there is no significant effect of material type on sorption and solubility; and ii) there 

is no significant long-term mass change during 7 months of water storage for all the 

tested materials.  

7.3 Materials and Methods:  

7.3.1 Preparation of The Samples 

Twelve materials including conventional and CAD/CAM resin composites, PEEK based 

ceramic, CAD/CAM ceramic and PICN ceramic, were investigated. Details of these 

materials are listed in Table 7.1. Samples were prepared (n=5) and polished according to 

each material type.  

For conventional resin composite and model PICN materials,  samples were prepared the 

diameter of 15.0 ± 0.1 mm and 1 ± 0.1 mm thickness according to the dimensions 

specified by ISO FDIS 4049:2009 (170). Samples from CAD/CAM resin blocks and 

commercial PICN materials were sectioned and prepared (14×12×1 mm) using a precision 

cutting machine (Isomet 1000, Buehler, LakeBluff, USA) under running water. Details on 

the samples prerpataion including finishing and polishing were mentioned previously in 

Chapter 5.  

All specimens from all the groups were soaked into an ultrasonic bath (Nusonic, 

Transsonic T310, and Germany) in distilled water for 5 min to clean them from debris and 

contaminations. 
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Table 7.1 Test materials and manufacturer information. 

 

 

Category Material’s  Name Code Company 
Lot 

Number 
Compositions 

Resin composite 
CAD/CAM blocks 

Cerasmart CS GC Dental Products Europe, 
Leuven, Belgium 

1502091 Nanoceramic composite (BisMEPP, UDMA, DMA) with 71 
wt% silica (20nm) and barium glass (200 nm) 
nanoparticles. 

 Lava Utimate LU 3M ESPE, Seefeld, Germany N750333 Composite resin material (BisGMA, UDMA, BisEMA, 
TEGDMA) with 80 wt% silica and zirconia nanoparticles 
(4-11nm) 

 Grandio® blocs GB VOCO GmbH, Cuxhaven, 
Germany 

1723181 TEGDMA, Urethane- adduct Barium-alumino-borosilicate 
(0.5-2µm); fumed silica (20-60nm) 
86 wt% 

PICN Ceramics  VITA Enamic  VE VITA Zahnfabrik, Bad 
Säckingen, Germany 

46680 Polymer-infiltrated-feldspatic ceramic-network material 
(UDMA, TEGDMA) with 86 wt% ceramic 

Model polymer 
infiltrated alumina 

Exp125 Boston University --- UDMA,TEGDMA,BP,MPS,Ethanol, Distilled water, Glacial 
acetic acid , (0.4 µm) alumina ceramic. Exp130 

Exp135 

Exp155 

Ceramic 
CAD/CAM blocks 

Vita Mark II VM VITA Zahnfabrik, Bad 
Säckingen, Germany 

40870 Feldspathic ceramic 
 

PEEK CAD/CAM 
Blocks 

DentoKeep DP Nt-trading , Germany G15DK1401 PEEK polymer based ceramic,20% Titanium Oxide 

Indirect resin 
Composite 

Sinfony  
Si 

3M ESPE, St Paul, MN 3788554 HEMA and 10% to 30% (octahydro-4,7-methano1H-
indenediyl) bis(methylene)diacrylate), strontium-
aluminium borosilicate glass, silicon oxide, silane and 
photoinitiators.  
Filler compositions= 50 wt% 

Direct 
resinComposite  

Spectrum  
TPH3 

Sp Dentsply Detrey GmbH, 
Konstanz, Germany 

1708001024 Bis-GMA, bis-EMA, TEGDMA. Barium aluminio-
borosilicate (<1m). Barium fluoro- aluminio borosilicate 
(<1µm) Highly dispersed silicon dioxide (10–20nm) 
Filler compositions=57 wt% 
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Samples were then transferred into separate labelled glass vials and stored in a lightproof 

desiccator with anhydrous self-indicating silica gel at (37 ± 1) °C. After 22 h, all the 

samples were moved into another desiccator maintained at room temperature (23 ± 1) °C 

for 2 h and then weighed to an accuracy of 0.01 mg using a calibrated electronic analytical 

balance (Ohaus Analytical Plus, Ohaus Corporation, USA). The measuring process was 

repeated on a daily basis until the mass change was not more than 0.1 mg at any 24 h 

time period according to ISO FDIS 4049:2009 specifications. The constant mass was then 

recorded as m1. Sample dimensions were measured using an electronic digital calliper 

(Powerfix, OWIM GmbH & Co., KG, Germany) with an accuracy of 0.01 mm. Three 

measurements were recorded for each dimension and the average was then used to 

calculate the volume (V) of each sample in mm3.  

7.3.2  Sorption and Solubility 

Five samples from each material were stored in 10 ml of distilled water in individual glass 

vials at 37 ± 1 °C. The samples were weighed at different time intervals (1, 7, 14, 30, 60, 

90, 180 , 210 days). The mass recorded at each time was denoted as m2 (t). For every 

weighing cycle, samples were dried on a filter paper and air-blown before measurements 

and after weighing were returned into their vials with renewed storage water to avoid 

variations in the pH with storage. At the end of the storage period, samples were 

reconditioned to a constant mass in a desiccator following the same conditioning protocol 

described above. The recorded mass was then denoted as m3.  

The percentage mass change was calculated by the following equation:  

 
𝑀𝑔(%) =  

𝑚2 (𝑡) −  𝑚1 

𝑚1
× 100 

(35) 

This represents the apparent percentage amount of water absorbed by the tested 

material.
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The percentage solubility which represents the total weight of components (including 

unreacted monomers, additives, or fillers) extracted by water was calculated by: 

 𝑆𝐿(%) =
𝑚1−𝑚3

𝑚1
× 100  (36) 

To calculate the actual percentage amount of water absorbed by the tested material at 

the end of the storage period, the following formula was used: 

 𝑆𝑃 (%) =
𝑚2 (7𝑚𝑜𝑛𝑡ℎ𝑠)−𝑚3

𝑚1
× 100  (37) 

Water sorption (μg/mm3) of each tested sample was calculated according to the 

following:  

 𝑆𝑃 =
𝑚2−𝑚3

𝑉
  (38) 

 

Solubility measured in micrograms per cubic millimetre (μg/mm3) for each tested sample 

was calculated by: 

 𝑆𝐿 =
𝑚1−𝑚3

𝑉
  (39) 

7.3.3 Statistical Analysis 

The data were entered into a statistical software package (SPSS, V23, Chicago, USA) and 

checked for normality using a Shapiro-Wilk’s test. Mean mass change, sorption and 

solubility values of different materials were compared using one-way analysis of variance 

(ANOVA) followed by Tukey post hoc analysis for multiple comparisons. Pearson product 

moment correlation analyses were used to assess the relationship between different 

variables. Significance level for all tests was set at α=0.05.
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7.4 Results:  

The results of mass change, sorption and solubility are shown in Table 7.2 and Figure 7.2. 

Generally, resin composite groups showed significantly higher values compared to DP, 

VM and PICN ceramic groups (VE,Exp125,Exp130,Exp135 and Exp155).  The rank of water 

sorption was as follows: TPH > LU > Si > CS > GB > Exp125 > VE > Exp130 > Exp135 > DP > 

Exp155 > VM, whereas the rank of water solubility was: TPH > LU > CS > GB > Si > VM > Dp 

> Exp155 > Exp125 > Exp135 > Exp130 > VE.   TPH had the highest sorption and solubility 

values (38.10 μg/mm3 and 05.04 μg/mm3, respectively) while VM had the lowest sorption 

value (0.67 μg/mm3) and VE had the lowest solubility value (-0.55 μg/mm3).  

 All the tested materials showed statistically significant mass change with time upon 

storage in water (p<0.001) (Figure 7.1). The highest rate of mass change in all the 

materials was in the first 30 days of storage followed by slower mass change until 

equilibrium was reached two to three months later. PICN ceramics, VM and DP showed a 

slower rate of increase of mass until equilibrium was reached after two to three weeks. 

TPH on the other hand, demonstrated a high rate of mass change in the period between 

two weeks and two months.  

VE showed no significant difference compared to Exp 125 in terms of mass change, 

sorption and solubility (p≥0.2). The rest of the model groups (Exp 130, Exp135 and Exp 

155) showed no significant differences with VE in terms of solubility (p≥0.8). Exp135 and 

Exp 155 showed significant lower mass change % (0.13% and 0.08%, respectively) and 

water sorption  (03.83 μg/mm3, 02.51 μg/mm3, respectively) than VE (0.42% and 07.84 

μg/mm3) (p≤0.001).  

In terms of model PICN ceramic, a negative correlation was found between the sintering 

temperature and water sorption (Pearson correlation coefficient= -0.98, p=0.001). A 

similar negative correlation was also found with mass change (Pearson correlation 

coefficient= -0.94, p= 0.001). On the other hand, no correlation was found between 

sintering temperature and water solubility (Pearson correlation coefficient= 0.31, p= 0.1) 

(Figure 7.3).  
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Table 7.2 Mass change (%), Sorption, and solubility after seven months of storage in distilled water. Values represent the mean and standard 

deviation. SP is sorption of the material, and SL is solubility. Values with similar superscript letters per column represent homogenous groups (Tukey 

post hoc test, α= 0.05). 

Category Material 
Mass Change 

(%) 
SP   

(μg/mm3) 
SP 
(%) 

SL   
(μg/mm3) 

SL 
(%) 

Resin composite 
CAD/CAM blocks 

GB 01.10 (0.14)a 19.13 (02.4)a 1.16 (0.10)a 
00.91 (0.23)a 0.05 (0.01)a,d 

 LU 01.65 (0.09)b 33.78 (1.18)b 1.89 (0.08)b 
04.30 (0.24)b 0.24 (0.02)b 

 CS 01.21 (0.11)a 22.87 (2.24)c 1.27 (0.10)a 
01.14 (0.16)a 0.06 (0.01)a,d 

PICN Ceramics  VE 00.42 (0.11)c 07.84 (1.69)d 0.39 (0.10)c -00.55 (0.12)c -0.03 (0.01)c 

Exp125 00.30 (0.05)c,e 09.12 (0.94)d 0.29 (0.08)c,d 
-00.33 (0.12)c -0.01 (0.001)c,d 

Exp130 00.23 (0.01)e,f 06.87 (0.29)d 0.21 (.001)d,e 
-00.39 (0.07)c -0.01 (0.002)c,d 

Exp135 00.13 (0.01)d,f 03.83 (0.53)f 0.11 (0.01)e 
-00.36 (0.05)c -0.01 (0.001)c,d 

Exp155 00.08 (0.04)d,f 02.51 (0.87)e,f 0.07 (0.03)e,f 
-00.28 (0.09)a,c -0.01 (0.002)c,d 

Ceramic CAD/CAM 
blocks 

VM 00.04 (0.02)d 00.67 (0.23)e 0.04 (0.01)f 00.05 (0.02)a,c 0.003(0.001)a,c,d 

PEEK CAD/CAM Blocks DP 00.20 (0.03)d,e 02.85 (0.37)e,f 0.19 (0.02)d,e -00.14 (0.04)a,c -0.01 (0.002)a,c,d 

Indirect resin 
Composite 

Si 01.66 (0.09)b 25.05 (0.92)c 1.69 (0.08)g 00.55 (0.12)a,c 0.03 (0.008)d 

Direct resin Composite  TPH 01.63 (0.11)b 38.10 (0.69)h 1.74 (0.07)b 05.04 (1.90)b 0.2 (0.09)b 



  

194 
 

 

Figure 7.1 Mean percentage mass change (Mg %) of all the tested materials immersed in 

distilled water over seven month period. 
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Figure 7.2 A bar chart illustrating the mean sorption (top) and solubility (bottom) of test 

materials after seven months immersion in distilled water. Error bars represent the 

standard deviation. 
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Figure 7.3 Linear regression graphs to show the correlation between the sintering 

temperature of the model PICN materials and the mean together with the SD values of 

the sorption (r2=0.98) and the solubility (r2=0.24).
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7.5 Discussion:  

In this study, water sorption and solubility of several CAD/CAM ceramic and PCIN 

materials were assessed over a seven-month period in distilled water. Significant 

differences in water sorption and solubility values were found between different 

materials, thus the first null hypothesis was rejected. All the tested materials reached a 

plateau after a period of two to three months, so the second null hypothesis was 

accepted.  

Water was chosen as a storage medium as it is commonly found in the oral environment. 

Previous studies have shown that water plays an important role in the chemical 

degradation of resin composite materials resulting in both hydrolytic reactions and 

expansion of the material (360-362). In that respect, water sorption and solubility of 

composite materials is of a great interest.  

In this study, VM, DP and Exp.155 demonstrated significantly lower sorption in water 

compared to other materials (0.67, 2.85 and 2.51 μg/mm3, respectively) while TPH 

showed significantly the highest value (38.1 μg/mm3). Sorption of VM was higher than 

that reported previously (0.1 μg/mm3) and this could be attributed to the relative long 

storage period in our study (7 months) compared to one week in a previous study (363). 

Low sorption values of DP were also reported in previous studies with different storage 

periods (364-366). Sorption of DP was comparable to a previous reported sorption value 

for a PEEK material (0.2% and 0.44%, respectively)(365). As expected, DP demonstrated 

relatively lower sorption value owing to the hydrophobic nature of its PEEK polymer 

matrix (367). Sorption of TPH was comparable to previously reported values for 

conventional resin composite materials (352, 368). According to the ISO standard for 

dental restorative resins, the maximum recommended value for water sorption is 40 

μg/mm3 and in this study none of the tested materials exceeded this limit after 7 months 

of storage. 

With the exception of LU and TPH, the sorption values in this study were negatively 

correlated to the amount of filler loading of resin composite which is in line with previous 

studies (368-370).  As filler weight increases, the polymer matrix decreases and 

consequently water uptake is reduced as it is a phenomenon mostly associated with the 
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polymeric phase.  High sorption values were found for LU and TPH despite their relatively 

high filler content (86wt% and 75wt%, respectively), which might be attributed to the 

particular resin-matrix monomer content as both LU and TPH share the same monomer 

(Bis-GMA). The water absorption potential of Bis-GMA has been shown to be higher than 

other monomers such as UDMA, TEGDMA, and Bis-EMA (342, 371, 372). For LU, this 

might also be attributed to the zirconium oxide content of the filler, which has been 

shown to result in reduced stability of the silane coupling agent (373) . This can weaken 

the filler-matrix interface and eventually provides paths for water diffusion and 

progressive material degradation (359, 374). A comparable sorption value for LU has been 

previously reported (30.7 μg/mm3) after one week of water storage (363).  For TPH, the 

high sorption value can be also explained on the basis of the filler composition. The 

mechanism of hydrolytic degradation may be enhanced in dental composite if the filler 

particles have metallic ions in their compositions (375). Barium (in TPH) is an 

electropositive element which tends to react with water molecules. With the loss of this 

element into water, the charge balance of the silica network is changed and re-

established with the penetration of hydrogen ions of the water into the spaces previously 

occupied by barium. As the concentration of hydroxyl ions increase, the siloxane (Si-O-Si) 

bonds of the silica network start to break forming surface degradation (376, 377).  

Unsurprisingly, both commercial and model PICN groups demonstrated sorption mean 

values ranged between the values of ceramic and resin composite materials. Sorption of 

VE was comparable to that reported previously (7μg/mm3) after a shorter immersion time 

(one week)(363); however, it was slightly higher than the value reported by the 

manufacture (5.7 μg/mm3)(378). The variation of the sorption values of model PICN 

ceramic highlighted the significant negative correlation with their sintering temperatures 

(r2=0.98).  Unlike the solubility, sorption appears to be more related to the sintering 

temperature of PICN ceramics. As the sintering temperature increases, the ceramic to 

polymer ratio increases and consequently the water uptake is reduced and this is in 

agreement with previous studies (369, 370).  

Sorption and solubility were strongly correlated (r2=0.96), and this is consistent with 

previous studies and reflects a two-way diffusion process in resin composites (379, 380). 

However, that does not necessarily mean that materials with high water sorption 

demonstrate high solubility and vice-versa (356). Solubility of resin composite in water is 
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strongly related to its chemical composition and is mainly attributed to the leaching of 

unreacted free residual monomers, additives, fillers, and filler components (381, 382). 

The susceptibility of a monomer to be leached out relies mainly on its hydrophilicity and 

its degree of conversion, and the higher the degree of conversion, the lower the amount 

of unreacted monomers and the lower the solubility (164, 380, 383).  

All conventional and CAD/CAM composite materials showed positive solubility values, 

whereas all PICN ceramic materials showed negative values. Negative sorption values do 

not necessarily mean that no solubility occurred in these materials but it may suggests 

low solubility. Also, it might indicate a possible penetration of the water into the surface 

of the material due to hydrophilicity of the resin matrix and/or hydrolytic instability of the 

interfacial coupling between ceramic and resin matrix. Negative solubility results have 

been previously reported for various restorative materials including CAD/CAM materials 

(353, 363, 379, 384, 385).  

7.6 Conclusions:  

 

1. Water sorption and solubility of resin composites are material-dependent and are 

highly affected by the filler loading and properties of the polymeric matrix. 

2. PICN ceramic showed hydrolytic stability between resin composite and 

conventional ceramic, reflecting its microstructural components.  

3. Sintering temperature appears to have a significant effect on the PICN ceramic 

susceptibility to water sorption but not solubility.  



  

Chapter 8 
8 General Discussion, Conclusions and Future Work 

Recommendations 
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8.1 General Discussion 

The aim of this research was to fabricate and characterise polymer infiltrated 

polycrystalline ceramics in terms of physico-mechanical properties and compare them 

with selected conventional and CAD/CAM resin composite and ceramic materials. The 

two conventional resin composites examined were indirect and direct resin composite 

materials (Sinfony,Si and TPH Spectrum,TPH, respectively). The CAD/CAM resin composite 

materials were Lava Ultimate (LU), Cerasmart (CS) and Grandio Bloc (GB) whereas the 

commercially available PICN tested was Vita Enamic (VE). Dentokeep (DP) and Vitabloc 

Mark II (VM) were also examined as the former represents PEEK based materials and the 

later represents CAD/CAM ceramic materials.  

Resin composites in general are among the most widely employed direct restorative 

materials in dentistry. Several advantages of dental composite make it a more favourable 

restorative material than any other. It has the ability to replace dental tissues in both 

appearance and function, and also to be bonded to the tooth structure. The indications 

for resin composites have been extended to include restoration of posterior teeth, and 

more than half of posterior direct restorations currently rely on composite materials 

(386). However, there are some major deficiencies in this material which can affect its 

longevity. Examples of these deficiencies are the susceptibility of dental composites to 

absorb moisture and to undergo hydrolytic degradation which eventually affects their 

mechanical performance and biocompatibility.  

With the introduction of computerised technology, CAD/CAM resin composite materials 

have become available in the dental market. Because CAD/CAM resin composite 

materials are manufactured by compressing (polymerization under pressure up to several 

thousand bars) and heat-curing and in a standardized and tightly controlled environment, 

the mechanical properties show relatively improvement compared to conventionally 

produced resin composite materials (282, 387, 388). This is due to higher conversion rate 

(90%-95%) in CAD/CAM composites compared to conventional composites (50%-60% for 

direct composites and 70%-80% indirect composites) (389-392).  

PICN is another form of recently introduced CAD/CAM materials where resin composites 

and ceramics are combined in a single material (105). The three-dimensional 



  

202 
 

interconnectivity of PICN differs from resin composites with discrete fibres or particles 

dispersed in a polymer matrix.  The purpose of developing PICN is to enhance or tailor the 

physical and mechanical properties of the constituent phases. Each constituent phase 

within PICN contributes its own properties resulting in effective properties of the 

topologically interconnected microstructure. Therefore, considerable attention has been 

directed towards PICN materials.  

Fabrication of a new interpenetrating phase polycrystalline ceramics with optimal 

mechanical properties and aesthetics is an area of ongoing research in restorative 

dentistry. A few published studies have shown initial promising results regarding the 

mechanical properties (141, 393). When evaluating the indications for these materials, it 

is important to consider properties such as mechanical properties and long-term 

durability under intraoral conditions and it is also important to investigate these 

properties of new materials in vitro. 

In Chapter four, the effect of sintering temperature on the densities and optical and 

mechanical properties of fabricated PICN models was investigated. At a microstructure 

level, polymer infiltrated ceramics consist of two phases, ceramic phase with grains and 

grains boundaries and polymer phase. The grains form as a result of ceramic 

consolidation (sintering) process at high sintering temperature. Consolidation of ceramic 

is a thermally activated process which begins when the ceramic particles adhere together 

and necks start to form (137, 394). The complete consolidation occurs when grains 

boundaries and grains corners are established and pores are closed leading to an almost 

completely dense material. Full densification of polycrystalline ceramics may be 

associated with shrinkage and abnormal grain growth (137). Therefore, it could be a 

preferred way to produce dense materials by infiltrating polymer into a ceramic matrix 

that is sintered at a relatively low temperature to control grain growth and its influence 

on properties. As confirmed in this study, polymer infiltration did improve the density of 

alumina matrices that were pre-sintered at lower temperatures. Not only that, but it was 

also found that as the sintering temperature decreases (and hence porosity increases), 

the infused density increases.  

Another finding in this study is that optical properties are also affected by the sintering 

temperature. In the evaluation of optical properties, contrast ratio, translucent 
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parameter and light transmission are generally used in literature. These parameters are 

also used to measure translucency in dental ceramics.  Translucency, which is considered 

a primary factor in achieving aesthetic dental ceramics (395, 396), is generally influenced 

by factors such as crystalline structure, grain size and pigments, as well as number, size 

and distribution of defects and porosity (397). Sintering temperature can improve the 

crystalline structure and eliminate the inter-particle pores consistent with the light 

transmittance (398). In that perspective, samples that were sintered at 1550 °C were the 

most translucent among the groups whereas those sintered at 1250 °C showed the least 

translucency. This confirms the findings of previous studies (225, 226); as the sintering 

temperature increases, the translucency increases by increasing grain size, sintered 

density, and reducing porosity, ultimately providing a more compact crystalline structure 

of ceramic. Larger grains increase the translucency of ceramics by producing fewer grain 

boundaries but this, however, may reduce its mechanical properties (226, 399). 

Flexural strength of PICN was also investigated in this research as it is one of the most 

important parameters for evaluating the mechanical properties of ceramic materials in 

dentistry (227). Biaxial flexural strength test using a piston on three balls was chosen as it 

can eliminate the tensile stress at a central loading area and at the edges of ceramic 

specimens(232). Previous studies have reported that in porous ceramics, increasing their 

sintering temperature results in an increase of their flexural strength (233, 234). In our 

study, there was a positive correlation between the sintering temperature and the 

density of porous ceramic but this was not the case after polymer infiltration. Increasing 

the sintering temperature did not significantly influence the strength of the polymer 

infiltrated ceramics. This may be due to the significance of the polymer infiltration step in 

strengthening porous ceramic materials. The flexural strength of partially sintered 

alumina (1250°C -1350°C) has been reported to be less than 200 MPa (236): in our study, 

all the values obtained from different sintering temperatures were above 300 MPa. The 

likely explanation for such an increase in the flexural strength is that residual stress from 

the polymerization shrinkage of heat cured resin probably constrains the system 

mechanically, creating tension stresses (141). These tension stresses have to be overcome 

in the process of rupture and crack propagation and this enhances the strength. 

In Chapter five, the mechanical properties of our model PICN were compared with 

comparable commercial materials commonly used in restorative dentistry. Hardness at 
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two different levels of measurements (micro and nano) as well as elastic modulus were 

investigated. All PICNs (except Exp155) tested in the current study have hardness values 

ranged from 1.33 to 4.38 GPa which are substantially lower than the hardness of human 

enamel (3.5- 5.5 GPa) (256).  This might be an advantage especially when it comes to 

protecting the opposing natural teeth from advanced wear.  These finding were 

consistent with previous studies (109, 252).  The hardness levels of the PICN sintered at 

1550°C (7.13GPa and 619.41 VHN) were significantly greater than that of enamel.  A 

dental material that is harder than natural enamel may cause more severe wear to the 

opposing dentition (101).  However, although it is usually associated with enamel wear, 

hardness of ceramic alone is not a reliable predictor of the wear of the opposing teeth 

(260).  Other factors such as surface roughness of the restoration and other oral and 

environmental factors are needed to be considered before giving a conclusive answer 

(261).  

In terms of elastic modulus, the values of 18–103 GPa (in model PICN materials) are 

comparable to those reported for human enamel (between 48–105.5 GPa) (274).  To the 

author’s knowledge, no commercial PICN material has exhibited values in this elastic 

modulus range.  A low elastic modulus material (less than enamel and dentin) will 

concentrate and transmit the stress to the tooth a tensile stress (275).  Such stress can 

cause tooth damage during mastication loading.  Owing to their high modulus of elasticity 

and their match with enamel, PICN materials may offer a more uniform stress 

distribution, especially during loading, and the tooth as well as the restorative crown 

would be protected from cracking. 

Appreciating the hierarchical-dependant properties of human enamel, and as elastic 

moduli are key parameters in describing the deformation behaviour of materials, in this 

research an emphasis was placed on quantifying the elastic properties of PICN materials 

at different levels. By integrating AFM and nano-indentation investigations the micro- and 

nano-mechanical properties can be obtained. In Chapter 6, AFM was employed where 

sample surface topography was scanned to provide high-resolution images with three-

dimensional representation of the sample. The major advantage of this technique over 

instrumented nano-indentation is the ability to map the surface height topography and 

provide in-situ quantification of elastic properties by selecting the location of the 

indentations within a few tenths of nanometres.   
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Variations in the elastic modulus values obtained via AFM were noticed in all the PICN 

groups. Except Exp155, all the other three groups show two ranges of the elastic modulus 

values. On close inspection, these two ranges clearly indicate that presence of 

interpenetrating phases of polymer and ceramic in this material. This feature is mostly 

represented in Exp125 and this may be due the fact that the alumina matrix this group is 

the most porous compared to the other groups. This in turn may have maximised the 

polymer/ceramic ratio with proper infiltration of polymer phase. As the temperature 

increases, the size of pores decreases (330), which may have affected the polymer 

infiltration process leaving the polymer to coat the ceramic phase instead of 

interpenetrating them. This coating may have created a third phase- we may call it a 

‘polymer coated ceramic’ phase, which could explain the relatively higher intermediate 

values between the lowest and the highest elastic modulus readings. In Exp155, the pore 

size is the least among the groups which decreases the polymer/ceramic phase ratio. This 

probably explains the presence of one dominant range of elastic modulus values in this 

group.  Overall, the findings of this study confirm that increasing the sintering 

temperature results in a significant increase in the elastic moduli of PICN materials, in line 

with previous studies (218, 330, 331). 

Comparing the elastic moduli generated from nano-indentation with those obtained from 

AFM analysis reveals generally good agreement in resin composite materials (CS, LU and 

GB).  However, agreement is slightly lower for Cerasmart, this could be explained by the 

presence of stiffer particles 100 to 250 nm in diameter which upon close inspection seem 

to be broken pre-reacted ceramic-composite particles containing nano fillers. In PICN, the 

values obtained from the instrumented nano-indentation are higher than AFM. This may 

be related to the relatively larger indenter size in nano-indentation compared to the AFM 

(r= 35-250 µm and 6-15 nm, respectively), which may have resulted in the nano-indenter 

force-displacement response to be influenced by the limited size polymer phase and its 

surrounding stiffer ceramic phase.  

In Chapter 7, water sorption and solubility of PICN materials as well as conventional and 

CAD/CAM resin composite materials were assessed after 7 months of distilled water 

storage using the ISO method (170). Mass changes of the materials were regularly 

measured during the storage period in order to assess the long-term sorption kinetics and 

hydrolytic stability of the materials. 
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The results of this study showed that significant differences in water sorption and 

solubility exist between different materials. All the tested materials showed stable mass 

after a period of two to three months. Sorption and solubility in this study were positively 

correlated (r2=0.96), which indicates a two-way diffusion process in the test materials. In 

line with previous studies (379, 380), water sorption of PICN and composite materials also 

appeared to be influenced by the degree of ceramic contents (as measured in Chapter 5) 

since a negative correlation between ceramic contents and sorption of composite 

materials was found (Pearson correlation coefficient = -0.4, p= 0.01). 

A similar trend was also found between the sintering temperature and the water sorption 

in PICN model materials.  The strong negative correlation with their sintering 

temperatures (r2=0.98) highlights the important role of sintering temperature in the 

hydrolytic stability of PICN materials. Previous studies have shown that water sorption by 

ceramic materials is influenced by their microstructures (400). Water sorption indicates 

the level of porosity of a ceramic part. The smaller the porosity of a piece, the smaller the 

amount of water it absorbs. In PICN, the porosities ideally are closed after polymer 

infiltration, however, due to the nature of resin polymer used (UDMA,TEGDMA) with 

their relative hydrophilicities, and the tri-dimensional structures and free volume (383), 

water sorption in PICN materials cannot be avoided.  

Surface texture parameters roughness and gloss were also addressed in this research due 

to their major influence on plaque accumulation, discoloration, wear and the aesthetics 

of dental restorations (303, 304). There was statistical significant difference in terms of 

surface roughness and gloss between resin ceramic composite groups and PICN ceramic 

groups (p=0.001). The differences in the surface roughness parameters of the resin 

composite materials might be ascribed to variation in their filler size, geometry and 

composition. The lowest values of roughness parameters were seen with resin composite 

materials. This could be due to the difference in microstructural compositions between 

PICN ceramic and resin composite materials. Unlike resin composites, PICN ceramics are 

composed of interpenetrating phase composite with combination of ceramic and resin 

polymer.  Ceramic which is considered the main component in such materials 

demonstrates superior surface contour and texture when glazed compared to different 

finishing and polishing systems (322-325), however, due to the presence of a polymer 

phase in PICN, a ceramic glazing step is almost impossible without compromising the 
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polymer component as this would be simply melted away in the oven during the firing 

process.  The manufacturer suggests a semi-glazing approach using monomer-based glaze 

material which can be applied to the specimens directly, and then cured via light curing 

device. However, its efficiency is still questionable and to the author’s knowledge no 

clinical study has yet investigated its long term durability.  

The sintering temperature appeared to have a significant effect on the surface roughness 

values of PICN materials. As the temperature increases, the grains become matured, 

developed, and combined to complete grain boundaries and the ceramic matrix will then 

be gradually densified. Such densification will result in a well-developed microstructure 

with fewer residual pores which may eventually decrease the roughness and enhance the 

appearance. In this study, although the surface roughness of PICN was below the Ra 

threshold value for plaque retention (0.2 µm) (326, 327), it was still higher than resin 

composite materials. Such findings may highlight the need for future studies to further 

investigate the surface polishability of PICN materials.  

Properties of PICN ceramic materials can be tailored to suit a wider range of uses by 

modifying several fabrication factors, such as the type of ceramic used, type of 

monomers, quality of coupling agent, and conditions related to the sintering process of 

the ceramic part.  The main focus of this research was the sintering temperature and its 

effect on the physical and mechanical properties of PICN materials. Overall, the findings 

confirmed that increasing the sintering temperature resulted in improving the mechanical 

and the optical properties of PICN. However, increasing the temperature up to 1550 °C 

resulted in less polymer infiltration as well as a significantly harder material than enamel. 

Such difference in hardness properties may cause more severe wear to the opposing 

dentition. Therefore, it might be useful for future research is to maintain the sintering 

temperature of alumina based ceramic matrices below 1550 °C.  

In general, the outcomes of this research demonstrate the potential suitability of 

polymer-infiltrated polycrystalline ceramic-networks (PICN) for CAD/CAM based dental 

restorative materials. This conclusion is based on the findings of the in vitro studies where 

the model PICN materials were compared to available dental restorative materials.  It is 

very clear that PICN has greater mechanical strength and hydrolytic stability than 
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conventional and CAD/CAM resin composite materials, although further studies are still 

necessary to prove the usefulness of PICN model as a dental restorative material.   

8.2 Conclusions 

 

1. Sintering temperature has a significant effect on microstructure, porosity and 

ceramic density and consequently influences the mechanical properties of PICN 

materials.  

2. The density of ceramic matrices increases significantly after polymer infiltration.  

3. The increase in sintering temperature results in a significant improvement in the 

optical properties but not the biaxial flexural strength.  

4. Ceramic matrix density has a significant influence on the flexural strength of 

polymer infiltrated ceramics. Groups that initially had higher matrix density 

showed higher strength. 

5. Different CAD/CAM resin composite materials showed different surface 

morphology of fillers in different size, shape and density. 

6. Micro hardness and nano hardness of the studied PICN and other CAD/CAM 

composites materials increased systematically with an increase in ceramic 

contents. 

7. A correlation between the nano-hardness and the micro-hardness against ceramic 

contents was noticed. 

8. AFM is a good tool to map the elastic modulus of PICN materials at the nano-scale.  

However, consideration should be taken during tip selection and sample 

preparation.  

9. The surface roughness profiles of resin nano-ceramic CAD/CAM materials were 

significantly lower than both commercial and model PICN ceramic materials. 

10. The sintering temperatures of PICN materials showed strong influence on their 

surface profiles and nano-mechanical properties.  

11. Dental PICN materials show hierarchical structures with different phase 

distributions as well as different elastic properties.   

12. At a small hierarchy level, commercial PICN exhibits a lower range of elastic 

modulus values than previously reported values of enamel.  
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13. Water sorption and solubility of resin composites are material-dependent and are 

highly affected by the filler loading and properties of the polymeric matrix. 

14. PICN ceramic showed hydrolytic stability between resin composite and 

conventional ceramic, reflecting its microstructural components.  

15. Sintering temperature appears to have a significant effect on the PICN ceramic 

susceptibility to water sorption but not solubility.  

8.3 Limitations 

The main limitation of the current research is that it is based on in vitro studies which 

necessitate further in vivo assessment of materials. However, in vitro assessment is 

considered the first line for assessing materials and it provides better control of variables 

and standardization of experimental procedures than clinical-based studies. 

The present study revealed novel and significant results relating to manufacturing and 

properties of polymer infiltrated polycrystalline ceramics. Optical properties of these 

recently developed materials were not studied by any previously published studies. Also, 

this study focused on manufacturing ceramic matrix by slip casting and partially sintering 

of a selected type of ceramic powder (alumina A16SG). Other brands with different 

particle sizes may require different processing and result in other forms of 

microstructures that may significantly influence the properties. 

In terms of the methodological approaches used in the present research, there are 

limitations involved with some techniques as discussed in previous chapters. For example, 

nanoindentation might be a precise method to investigate materials with microstructural 

constituents, such as microfilled or nanofilled composites (401), however, its accuracy can 

be impaired for various reasons, mainly due to thermal changes and mechanical vibration 

and acoustic noise (280). Other factors, such as the indenter tip size effect and its relation 

to the filler particle size (402) and the maximum load used are also relevant; i.e., if the 

indenter tip size or load were too small it would not provide sufficient information about 

the bulk material properties (401). However, the appropriate indenter size along with 

appropriate load will provide sufficient information about the material properties. Also, 

there is no microscope linked to the Nanovea machine, so the location of the tested point 

can only be determined by naked eyes. 
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Another limitation may be associated with the sorption analysis using the gravimetric 

analysis technique. It may be argued that water diffusion through the samples might not 

be uniform and may not involve the entire volume of the sample which may result in 

discrepancies in some of the sorption calculations. However, as long as the 

methodological approach is following the recommended standards, data are considered 

comparable and valid for assessing the stability of materials in the specified storage 

media. 

8.4 Recommendations 

To complement the findings of the current research, the following future areas are 

suggested:  

 Using a polymer with a refractive index close to that of the ceramic matrix for 

improving optical properties and investigating the influence of various 

microstructures of different types of polycrystalline ceramics on both optical and 

mechanical properties.  

 Qualitative and quantitative assessments of eluted monomer composition of the 

resin matrix by high performance liquid chromatography/mass spectroscopy. 

 Study of the cytotoxicity and biofilm formation associated with different types of 

PICN materials and how these may be affected by the type and quantity of 

monomer in the resin matrix network. 

 Assessment of the mechanical performance and fatigue limit of PICN materials 

after thermo-cycling and accelerated mechanical loading.
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Appendices 

Appendix I: SEM images (x10K) shows different surface topographies of the studied CAD/CAM 

composite materials.  

 

 

 

  

Figure 8.1 Cerasmart 

Figure 8.2 Gandio Bloc 
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Figure 8.3 Dentokeep 

Figure 8.4 Vita MarkII 
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Appendix II:  

  

Figure 8.5 Berckovich nano-indentor 



  

252 
 

Appendix III:  

 Figure 8.6 Density- temperature curve for alumina matrices. 


