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Abstract 

Objectives:   

 The present thesis was conducted to characterize a novel dental CAD/CAM 

restorative material, based on two interpenetrating networks of ceramic and polymer. 

The novelty of the material is defined by its structure. Some natural biomaterials such as 

spongy bone and dentin exhibit interconnected dual phase structures enhancing the 

mechanical properties under loading. The goal during development of the novel material 

(PICN; polymer-infiltrated-ceramic-network) was to emulate the structure of natural 

materials and thereby resulting in superior characteristics compared with traditional 

dental restorative materials.  

 The major objective of this study was the assessment of the suitability and 

characteristics of the novel PICN material intended for dental restorations by means of 

comparative in-vitro studies.  

 The specific objectives were to determine and identify correlations between flexural 

strength, strain at failure, elastic modulus and hardness versus ceramic network densities 

of a range of PICN materials. Furthermore to determine the damage tolerance of these 

materials, by comparing the strength degradation, following various sharp and blunt 

contact indentation loading situations. The response of the PICN materials is compared 

with a range of dental CAD/CAM ceramic materials and the results are discussed in terms 

of the factors contributing to the toughness of these different materials. In addition the 

damage tolerance and strength degradation after typical clinician and technician 
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adjustments of PICNs and comparative materials was simulated in-vitro by utilizing 

different bur grinding procedures.  

 

Methods:  

First, a literature review was undertaken to identify the structural and mechanical 

behavior of existing dental CAD/CAM materials as well as materials based on 

interpenetrating networks. Dental and non-dental interpenetrating phase composites as 

well as biomaterials were included. 

 Secondly, experimental in-vitro studies were carried out for a range of PICNs and 

comparative dental materials:  

a) Four experimental porous feldspar ceramic network densities ranging from 59 % to 72 

% of theoretical density, resin infiltrated PICN as well as pure polymer and dense feldspar 

ceramic cross-sections were subjected to Vickers indentations for hardness evaluation. 

The flexural strength and elastic modulus were measured using three-point-bending. The 

fracture response of PICNs was determined for cracks induced by Vickers indentation. 

Scanning electron microscopy (SEM) was employed to observe the indented areas and 

material structures. 

b) A comparative study with an number of existing CAD/CAM materials (Mark II, PICN test 

material 1 and 2, In-Ceram Alumina, VM 9, In-Ceram YZ; all VITA Zahnfabrik, Bad 

Saeckingen, Germany) and (IPS e.max CAD, Ivoclar Vivadent, Schaan, Liechtenstein) was 

conducted. Bending bars were cut and lapped. The initial flexural strength was 

determined in three-point-bending. To evaluate the damage tolerance, Vickers 

indentations were placed on the bending bars with varying loads (1.96 - 98.07 N). The 
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indented bending bars were subsequently loaded to fracture in three-point-bending. In 

addition, the fracture toughness and R-curve behavior was determined by the indentation 

strength (IS) and single-edge-vee-notch beam (SEVNB) technique. 

c) The same materials as listed above (b) were used to evaluate in-vitro the damage 

tolerance to blunt indenters using two spheres. Indentations with tungsten carbide 

spherical indenters (1.25 mm and 0.5 mm radius) were placed on bending bars with 

varying loads (1.96 - 1000 N). The indented bending bars were subsequently loaded to 

fracture in three-point-bending. The contact induced damage was analyzed by light 

microscopy and SEM. The spherical contact response was measured on high-gloss 

polished cross-sections. 

d) Seven materials were analyzed comprising six commercially available dental restorative 

materials (Mark II, ENAMIC, In-Ceram Alumina, VM 9, In-Ceram YZ, IPS e.max CAD) and 

one experimental material (PICN 2). Bending bars were fabricated according to 

manufacturer’s instructions and subjected to standardized grinding with three different 

diamond grit burs (coarse, 151 μm; medium, 107 μm and extra fine 25 μm) and two 

grinding directions (transversal and longitudinal). The ground specimens were 

subsequently loaded to fracture in three-point-bending and analyzed by SEM. 

Additionally the elastic modulus and Poisson’s ratio were determined by the resonant 

frequency method. 
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Results:  

The results of the conducted studies a)-d) outlined above are presented as follows: 

 a) Depending on the density of the porous ceramic network the flexural strength of 

PICNs ranged from 131 to 160 MPa, the hardness values ranged between 1.05 and 2.10 

GPa and the elastic modulus ranged between 16.4 and 28.1 GPa. SEM observations of the 

indentation induced cracks indicate that the polymer network causes greater crack 

deflection than the dense ceramic material. The results were compared with simple 

analytical expressions for property variation of two phase composite materials. 

 b) With increasing pointed indentation loads the fracture strength of all materials 

tested decreased. The material with the highest fracture resistance to indentation 

induced damage, was the PICN test material 1 with an indentation load - flexural strength 

curve slope of 0.21. In-Ceram YZ exhibited the highest damage susceptibility with a slope 

of 0.4. The fracture toughness varied with measurement technique and material in the 

range of 0.82 (VM 9) to 4.94 (In-Ceram YZ) MPa√m for the SEVNB method and 0.96 (VM 

9) to 4.97 (In-Ceram YZ) MPa√m for the IS method respecHvely. 

 c) The initial strengths for the individual materials were found to reduce above 

specific indentation loads, which were a function of the indenter radius. Employing a 0.5 

mm radius sphere resulted in the following strength degrading loads and order of 

materials: VM 9 (98 N) < Mark II ∼ PICN 1 (147 N) < In-Ceram Alumina ∼ IPS e.max CAD 

(300 N) < PICN 2 ∼ In-Ceram YZ (500 N). For the materials indented with the 1.25 mm 

sphere, higher loads were required for the onset of strength degradation: VM 9 (190 N) < 

Mark II (300 N) < PICN 1 (400 N) < IPS e.max CAD (500 N) < In-Ceram Alumina (700 N) < 

PICN 2 (1000 N) < In-Ceram YZ (above 1000 N). Two different damage modes were 
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observed by scanning electron and light microscopy: brittle cone cracking and plastic 

deformation. The PICN materials exhibited elastic-plastic behavior with creep. In contrast 

YTZP showed entirely elastic behavior upon loading with both spheres. 

 d) Except for the YTZP bending bars, the initial materials strength of all tested 

materials decreased significantly with the tested diamond burs upon adjustments in both 

transversal and longitudinal grinding directions. The resistance of the ground materials to 

strength reduction follow the order from highest to least damage tolerant material: PICN 

2 > ENAMIC > Mark II > VM 9 > In-Ceram Alumina > IPS e.max CAD. The loss in strength of 

all examined materials after longitudinal grinding is generally less compared to 

transversal grinding. The lowest loss in strength occurred for VM 9 (7.79 %) and ENAMIC 

(9.18 %) upon longitudinal grinding direction with extra fine and medium diamond grit 

bur respectively. 

 

Conclusions:  

Based on the results of the present thesis the following conclusions were drawn:  

 1. Toughening of dental materials, can be engineered by incorporation of a lower 

elastic modulus second phase into porous ceramic precursors to improve the damage 

tolerance of restorations against introduced flaws. 

 2. The ratio between porous ceramic and polymer content influences the 

mechanical properties, especially flexural strength, elastic modulus, hardness and strain 

at failure of the novel PICN (polymer-infiltrated-ceramic-network) material. The Halpin-

Tsai relationship appears to reliably predict the PICN materials elastic modulus values. 
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 3. All studied materials with the exception of In-Ceram YZ and VM 9 showed some 

R-curve behavior. The interpenetrating network materials PICN 1, PICN 2 and In-Ceram 

Alumina as well as Mark II appear to exhibit the most significant R-curve behavior. PICN 1, 

PICN 2 and In-Ceram Alumina are porous ceramic microstructures infiltrated by polymer 

or glass respectively. 

 4. The tested PICN materials are found to be more damage tolerant than commonly 

used dental ceramics available on the market, and imply therewith suitability as dental 

restorative material. 

 5. The experimental PICN materials exhibit the greatest loading displacements 

among the tested ceramics, with plastic deformation and creep upon spherical contact. 

This outcome implies that in these less brittle materials occlusal contacts are distributed 

over a greater contact area and as such decreases the contact pressure and resulting 

stress intensity on surrounding defects during mastication. 

 6. The damage tolerance of restorative materials upon adjustments depends on 

specific mechanical properties and the adjustment procedure. The outcomes of the 

simulated grinding protocols can be adopted clinically in terms of the selection of 

appropriate materials, burs and adjustment parameters. 

 7. The interpenetrating and polymer containing composites ENAMIC and PICN 

exhibit the most damage tolerant behavior upon typical clinical bur grinding procedures. 
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Chapter I 

1. Introduction 

1.1. Aspects and aims of the study 

 Polymer-infiltrated-ceramic-network materials (PICN) are newly developed hybrid 

ceramic-polymers with the indication as CAD/CAM millable restorative dental materials. 

The novelty to the dental domain of PICNs is their interpenetrating network structure 

(Figure 1) of ceramic (Figure 2) and polymer (Figure 3).  

 

 

Figure 1: PICN; dark gray areas: polymer 

network, light-gray areas: ceramic network. 

 

Figure 2: Ceramic network of PICN. Figure 3: Polymer network of PICN. 

Polymer-infiltrated-ceramic-network  

 Ceramic Polymer 
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 The idea resulting in the development of PICN materials arose from investigations 

of biological materials like dentin and spongy bone. The aforesaid biomaterials consist of 

inorganic and organic interconnected phases with superior mechanical properties. The 

strategy during the development of PICN was to emulate natural biomaterials as 

mentioned before. Not only the attempt to emulate biomaterials structurally but also the 

knowledge of existing dental materials like glass infiltrated ceramics, feldspar ceramics, 

composites and combination thereof provided a basis for the development of PICNs. 

The first steps in developing the novel kind of interpenetrating phase material were 

made by Dr. Norbert Thiel (VITA Zahnfabrik) and Professor Russell Giordano (Boston 

University) when the idea was discussed in 1995. 

A major task during the research and development process was the reproducibility 

of PICNs with consistent quality. A diploma thesis (A. Coldea, Untersuchung verschiedener 

Verfahren zur Herstellung eines Dental-Komposits, March-October 2008) was conducted 

in collaboration with the Fraunhofer Institute IWM (Institut für Werkstoffmechanik) 

where the topic of production and reproducibility of PICNs was addressed. 

 One type of PICN with the product name VITA ENAMIC was released to the market 

by the company VITA Zahnfabrik in January 2013. 

 PICNs tested in this study represent some of the preliminary materials during the 

development process of ENAMIC.  

 As can be assumed by the title of the present thesis (Suitability of Polymer-

Infiltrated-Ceramic-Networks for CAD/CAM based dental restorative materials), the 

research field of this study was focused on the microstructure, basic properties and 



Introduction                                                                                                                                Chapter I 

3 

 

behavior of available PICN materials, rather than investigations on manufacturing of PICN 

materials. 

The specific aim of this study was to characterize the 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. 

 

1.2. Structure of the study 

The study consists of seven chapters with the present Chapter I giving an 

introduction to the thesis topic.   

In Chapter II, a review of the related literature is presented, which attempts to 

classify the structures and properties of dental CAD/CAM materials (mainly ceramics and 

composites) as well as that of materials based on interpenetrating phase composites 

(IPC). The group of IPC materials was sub-divided into dental IPCs, biological materials and 

non-dental IPCs. Non-dental IPCs were further subdivided into: ceramic-metal (cermets), 

ceramic-polymer, glass-polymer, metal-polymer, metal-metal (metal matrix composites) 

and metal-glass IPCs. 

Chapter III presents a study on the mechanical properties of polymer-infiltrated-

ceramic-network (PICN) materials with the main focus on PICN properties derived from 

varying ceramic-polymer volume fractions.      

Chapter IV and Chapter V report on in-vitro studies conducted to identify the 

material properties of PICNs and comparative dental ceramic materials by means of pre-

damaging the materials with sharp and blunt indenters in order to simulate the likely 
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clinical behavior. The post-indented properties were analyzed by means of strength 

degradation measurement, R-curve behavior analysis and contact response upon loading.   

Chapter VI addresses the in-vitro study of controlled flaw application during 

clinicians or technicians adjustments with a dental handpiece and diamond burs. The 

resulting damage tolerance of PICNs and other dental ceramic materials was compared 

and interpreted.  

Chapter VII represents the overall summary and conclusions of the thesis and 

outlines the implications of the outcomes related to the novel PICN materials. 

 

Chapters III, IV, V and VI are identical to submitted and published manuscripts and 

as such there is some repetition in the description of the materials and methods used. 

The comparative materials (Mark II, VM 9, In-Ceram Alumina, In-Ceram YZ and IPS e.max 

CAD) investigated in the chapters III, IV, V and VI exhibit proven clinical success rates for 

many years and were hence chosen as comparative materials to PICNs.   
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Chapter II 

2. Literature review 

2.1. Introduction 

The focus of the present study is a novel dental material (PICN) based on 

interpenetrating network structures. So far there has been no dental material available 

with interpenetrating networks of ceramic and polymer. Hence, less literature is available 

for the aforesaid material. The PICN material can be classified as an interpenetrating 

phase composite (IPC). A well known dental IPC material (ceramic-glass IPC) is 

represented by the VITA In-Ceram system (Sadoun, 1994; Giordano et al., 1995; 

Hornberger et al., 1996). IPCs are more common to other materials application fields than 

dental, e. g. metal matrix composites and biomaterials like spongy bone, which make use 

of interpenetrating phases.     

The main focus of the literature review will be the assessment of the structures and 

associated mechanical response of interpenetrating phase materials. As such the 

literature review is structured as follows:  

First, an overview covering already existing dental CAD/CAM ceramic and composite 

materials is given. Secondly, materials based on interpenetrating phase composites as 

well as biomaterials are considered. Their structural and mechanical properties are 

discussed to present a basis for investigations and comparisons to the novel PICN 

materials.      
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2.2. CAD/CAM dental materials 

Before the introduction of all-ceramic restoration techniques more than 3 decades 

ago, the materials applied to replace lost tooth structure were mainly metals (precious 

and non-precious), amalgam and composite restorative fillings, along with metal 

frameworks veneered by ceramics.  

The growing demand for aesthetic restorations led to the development of three 

different all-ceramic fabrication techniques (slip-cast, heat-press and CAD/CAM). The 

fabrication of full-anatomical all-ceramic restorations was made possible by the slip-cast 

technique In-Ceram Alumina (VITA Zahnfabrik, Bad Saeckingen, Germany) and by the 

heat-press technique of ceramic pellets (e.g. IPS Empress, Ivoclar Vivadent, Schaan, 

Liechtenstein) by the lost-wax-technique.  

With the rapidly growing development in the field of computer aided design (CAD) 

and computer aided manufacturing (CAM), the first CAD/CAM based equipment for the 

fabrication of dental restorations was developed by Prof. Duret four decades ago. Prof. 

Mörmann (Mörmann, 2006) with Dr. Brandestini developed the first commercial available 

CAD/CAM system introduced in 1985 (Davidowitz and Kotick, 2011). In order to fabricate 

restorations, specific CAD/CAM ceramic materials had to be developed along with the 

research and development of hardware (scanning and milling devices) and specific 

software.   

 

CAD/CAM ceramic materials are pressed or cast blocks, cylinders and discs with 

defined dimensions. The first commercially released all-ceramic CAD/CAM material was 

VITABLOCS Mark I, a feldspar ceramic developed from existing denture teeth ceramics by 
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VITA Zahnfabrik (Mörmann, 2006). Mark I was replaced by Mark II with improvements in 

material properties. In the past few years many CAD/CAM ceramic materials were 

developed by different companies. According to Denry and Holloway (2010) dental 

ceramic materials are classified by their predominant crystalline phase (leucite, lithium 

disilicate, alumina, spinel, zirconia, sanidine, etc.) and the fabrication technique. Guess et 

al. (2011) and Conrad et al. (2007) subdivided CAD/CAM ceramics into the following 

categories; porcelain, glass ceramic, alumina and zirconia. CAD/CAM ceramic materials 

either consist of a glass phase reinforced by crystalline phases or exhibit almost full 

crystallinity (Denry and Holloway, 2010).  

 

 Alongside these latest developments in the ceramic materials field also CAD/CAM 

composite materials were developed and introduced to the market. In the same manner 

as the first CAD/CAM ceramics derived from denture teeth ceramics, CAD/CAM 

composites were developed from veneering and filling composites (Giordano, 2006). 

CAD/CAM composites are subdivided into temporary (e.g. CAD-Temp, VITA Zahnfabrik, 

Bad Saeckingen, Germany) and permanent (e.g. Lava Ultimate, 3M ESPE, Seefeld, 

Germany) materials. Dental CAD/CAM composite materials consist of discrete dispersed 

and isolated inorganic filler particles (Figure 4) with different sizes, shapes and filling 

degree embedded in a polymer matrix (Kahler et al., 2008).  
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Figure 4: Composite material (inorganic filler particles embedded in a polymer matrix). 

 

Dental CAD/CAM ceramics (with the exception of the In-Ceram family of ceramics; 

In-Ceram -Alumina, -Spinel, -Zirconia) and composites exhibit multiphase microstructures, 

however without interpenetrating networks. Considering the novel PICN materials, 

interpenetrating network structures are of special interest in the following literature 

review.  
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2.3. Materials based on interpenetrating networks 

 Multi-phase materials in which constituent phases are mutually continuous and 

interconnected can be termed interpenetrating phase composites (Harris and Marquis, 

2002). The three-dimensional interconnectivity of IPCs differs from traditional 

composites, such as discrete fiber or particle reinforced and laminated composites. As can 

be adopted from previous studies the purpose of developing synthetic IPCs is driven 

amongst others by the attempt to enhance or tailor the physical properties of the 

constituent phases, e.g. fracture toughness (O’Brien and Parquette, 2012), fracture 

strength (Chen et al., 2007), damage tolerance (Ashby, 2005) etc.. Each constituent phase 

within IPCs contributes its own properties resulting in effective properties of the 

topologically interconnected microstructure (Clarke, 1992). As reported by Feng et al. 

(2003) considerable attention has been directed towards IPCs. In contrast with 

conventional composites in which only the matrix phase is continuous IPCs exhibit some 

physical properties that are different and often superior. Feng et al. (2003) proposed a 

unit cell model to estimate the effective properties of IPCs, since for example the elastic 

modulus, the strength or the fracture toughness of IPCs depend not only on the volume 

fractions, but also, on the spatial distribution of the constituent phases. According to Feng 

et al. (2003) in IPCs the reinforcing phase is able to distribute stresses effectively in all 

directions. The greatest benefit of network structured materials with interpenetrating 

phases may be in distributing an enhanced resistance to various breakdown phenomena 

(Clarke, 1992). Such as, a three-dimensional reinforcement phase (e.g. polymer) offers 

resistance to crack propagation by bridging cracks introduced to the lower strain to 

failure matrix material (e.g. ceramic). In aligned fibrous composites, in contrast to IPCs, 
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cracks propagating parallel to the fibers cannot be deflected (Clarke, 1992). Therefore, to 

develop R-curve (resistance curve) behavior, a range of inhomogeneity on more than one 

scale is probably required, which is the case with IPCs.  

 Even though materials with interpenetrating networks are relatively common for 

natural biomaterials, for instance bones in mammals and the trunks and limbs of plants, 

few have been synthetically developed so far (Clarke, 1992). 

 The continuing literature review was divided into dental IPCs, non-dental IPCs and 

biomaterials.  

 

2.3.1. Dental interpenetrating phase composites 

 In this part of the literature review different available and experimental dental IPC 

materials are presented. Two dental core materials are available on the market: In-Ceram 

Alumina (VITA Zahnfabrik, Bad Saeckingen, Germany) and Captek (Argen Edelmetalle 

GmbH, Duesseldorf, Germany). Furthermore an experimental ceramic-polymer dental IPC 

will be presented. The already available literature on PICN materials will be reviewed 

additionally. 

 

 In-Ceram Alumina represents a ceramic-glass IPC for crown and bridge frameworks 

which have to be veneered subsequently. Amongst others the material was developed to 

improve strength. The achieved strength is approximately three times higher compared 

to conventional dental ceramics (Campbell et al., 1995 and Hornberger et al., 1996). The 

reason for the strength improvement originates from the microstructure obtained from 
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glass infiltration (lanthanum alumina silica glass, light grey areas in Figure 5) into the 

porous crystalline Al2O3 network (dark grey areas in Figure 5).  

 

Figure 5: Structure of In-Ceram Alumina (crystalline alumina network infiltrated by the 

glass phase). 

 

An IPC is thus obtained consisting of a crystalline matrix ceramic, infiltrated by a glass 

phase. As reported by Campbell et al. (1995) and Giordano et al. (1995) the observed 

strength increase after glass infiltration of the In-Ceram Alumina IPC can be explained by 

several mechanisms. First, the densification (that is, flaws/pores elimination) of the 

primary porous In-Ceram Alumina ceramic matrix, by capillary glass infiltration (Campbell 

et al. 1995). A further strengthening mechanism within the In-Ceram Alumina IPC is a 

more tortuous crack path by crack deflection (alumina particles can act to deflect cracks) 

and crack bridging by a second phase (Giordano et al., 1995 and Campbell et al., 1995). In 

addition to previous mechanisms, residual stresses, attributed to the coefficient of 

thermal expansion mismatch of the alumina and glass phases, may also be responsible for 

the strengthening effect. A zone of compressive stress in the glass or around the alumina 
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particles may deflect cracks and hence improve the resistance to fracture of the In-Ceram 

Alumina material (Giordano et al., 1995 and Campbell et al., 1995). 

 

The restorative dental material Captek is a metal-metal IPC used as a core or 

framework material which is subsequently veneered by ceramics (Figure 6).  

 

Figure 6: Captek IPC principle; Figure from Captek brochure, Argen Edelmetalle GmbH, 

Duesseldorf, Germany.  

 

The core IPC material consists of the matrix phase, a hard metal gold-platinum-palladium 

alloy which forms a porous precursor during fabrication. In a second step molten gold is 

infiltrated by capillary effect, resulting in the IPC material (Qualtrough and Piddock, 1997). 

This kind of IPC dental framework materials are reported (Goodson et al., 2001) to inhibit 

plaque accumulation in the oral environment, owing to the infiltrated gold phase, 

whereas the matrix metal alloy serves as load bearing constituent. 

 

An experimental kind of IPC dental material was presented in a previous study by 

Petrini et al. (2013) where a biomimetic ceramic-polymer IPC for possible indirect dental 

restorations was developed. The intention was to fabricate a biomimetic material with 
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the elastic modulus and wear behavior comparable to natural enamel and reduced 

brittleness compared to dental ceramics. Since dental ceramics and composites are both 

isotropic and unable to emulate the natural aligned structure of dentin and enamel the 

material in the study of Petrini et al. (2013) is characterized by a multi-level hierarchical 

structure of the inorganic component, infiltrated with resin. The benefits of this material 

could be a minimal invasive tooth preparation, less abrasion of antagonist teeth and the 

possibility to in-vivo repair. The major change or approach however would be the 

biomimetic composite structure characterized by the same anisotropy of natural dentin. 

The porous lamellar precursor ceramics with hierarchical structures were fabricated using 

the freeze casting technique where the architecture of freeze-cast materials can be 

manipulated from nanometers to millimeters scales (Petrini et al., 2013). The material 

used in the study was alumina powder. A vacuum impregnation system was used to 

infiltrate the preforms with an epoxy resin resulting in the IPC material. Petrini et al. 

(2013) demonstrated that synthetic produced materials with multi-level hierarchical 

structures that match or even surpass the mechanical properties of natural biological 

materials can be produced by the freeze casting technique. This process offers a 

fabrication technique to manufacture complex IPCs through the control of microstructural 

and mechanical properties. The produced material is different from conventional dental 

ceramics and composites. The ceramic matrix phase exhibits an aligned and graded 

structure resulting in anisotropy of the IPC.  
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The first scientific study on novel polymer-infiltrated-ceramic-network material was 

conducted by He and Swain (2011) on experimental materials. In their study the porous 

matrix ceramic materials as well as the polymer infiltrated ceramic materials were 

investigated. The outcomes suggest differences between already existing dental ceramic 

materials and PICNs. That is, the hardness of the PICN materials is much lower than 

conventional dental ceramics and veneering porcelains. Furthermore the materials 

demonstrate similar indentation creep response as human enamel upon indentation but 

without backcreep or recovery upon unloading. The toughening of the porous precursors 

by infiltration of polymer resulted in a fracture toughness increase of the PICNs. The 

materials suggest a successful step towards emulating the mechanical behavior of natural 

human enamel and dentin (He and Swain, 2011).  

This finding is consistent with a further study by He et al. (2011) where polymer infiltrated 

ceramic materials were investigated as material for dental phantom simulation. Due to 

the harder and stiffer structure of the novel polymer-infiltrated-ceramic material, 

compared to conventional available phantom teeth, a more valid simulation of cutting 

resistance during cavity and crown preparation was observed. The similar mechanical 

properties to enamel and dentin make the material an appropriate candidate for 

simulation in dental education (He et al., 2011). 

Dental restorative materials have to sustain the abrasion by antagonist dentition and the 

chewed food media. One study (Mörmann et al., 2013) deals with the two-body wear and 

tooth brush abrasion (including gloss and roughness measurement) of different kind of 

dental ceramic and composite materials including VITA ENAMIC (a product from the PICN 

material family) and human enamel as the control group. Mörmann et al. (2013) found 
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that the IPC VITA ENAMIC behaves similarly with respect to two-body and tooth-brushing 

wear to natural enamel. Ceramics on the other hand showed a better gloss retention 

compared to VITA ENAMIC and common dental composites. 

Nguyen et al. (2014) addressed in their latest publication the topic of resin infiltrated 

glass ceramic network fabrication by slip cast manufacture of porous preforms and 

subsequent infiltration and polymerization of resin into the open porous network. The 

results of the study revealed that the mechanical properties of the resin infiltrated glass 

ceramic network obtained via high temperature/high pressure polymerization were 

superior - by means of increased fracture toughness, strength and hardness - to those of a 

commercially available composite CAD/CAM block material. The authors (Nguyen et al., 

2014) however suggest the necessity of further studies focusing on wear, monomer 

release, biocompatibility, etc.  
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2.3.2. Non-dental interpenetrating phase composites 

 During the past few decades several interconnected phase combinations were 

developed specifically for different applications. In Figure 7 a classification of various IPC 

systems with phase combination examples and possible application fields are given. The 

primary denoted materials correspond to the matrix materials into which the second 

phase or material is introduced or infiltrated. The following literature review addresses 

examples of the IPC phase combination groups of Figure 7.  

 

Figure 7: Classification of interpenetrating phase composites. 

IPCs

(Interpenetrating 
Phase Composites)

Ceramic-Metal

Al2O3-Al

(Marchi et al., 2003; Moon et al., 
2009) 

not defined

Al2O3-CuO

(Winzer et al., 2011)

automobile, aerospace, 
bicycle parts -> wear 

applications 

TiB2-Cu,Ni

(Han et al., 2007)

engineering and aerospace -> 
thermal protection

TiC-steel

(Rittel et al., 2005)
tribological properties

SiC-metal 

(Roy et al., 2012)

materials for electronic 
packiging thermal control

Ceramic-Polymer

lead zirconate titanate-
polyurethane, epoxy resin 

(Chen et al., 2007)

sensors and actuators

Al2O3-epoxy resin 

(Tilbrook et al., 2005)
not defined

Glass-Polymer
alkali borosilicate glass-

methylmethacrylate 

(O’Brien and Parquette, 2012)

military and architectural 
applications -> blast and 

ballistic impact resistance, 
transparent materials

Metal-Metal 
420 stainless steel-bronze 

(Wegner and Gibson, 2001)
not defined

Metal-Polymer

316L stainless steel-methacrylate 
resin (Wegner and Gibson, 2001)

not defined

aluminum-polypropylene or epoxy 
resin (Liu and Gong, 2006; Dukhan 

et al., 2010)

automobile industry -> light-
weight structural applications

Metal-Glass
Au/Pt/Pd or Au-lanthanum glass 

(Harris and Marquis, 2002)
not defined

Potential applications Examples IPC phase 

combinations 
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During literature review in some studies a lack of information on the application 

field of the IPCs (as can be adopted from the “potential applications” column in Figure 7) 

was found; in many studies calculation models of the effective elastic properties were the 

investigative driving force. Several models may be applicable to IPCs such as the isostress- 

and isostrain- approximation model, the Hashin-Shtrikman bounds (Tilbrook et al., 2005; 

Wegner and Gibson, 2000), the Voigt-Reuss model (Liu and Gong, 2006; Meyers et al., 

2008) and the Halpin-Tsai model (Balać et al., 2004). Furthermore FEA models were 

employed in previous studies to predict the mechanical, mainly elastic properties and 

behavior of IPCs (Wegner and Gibson, 2000). Unit cell models to estimate the effective 

IPC properties were proposed by several investigators (Wegner and Gibson, 2000; Feng et 

al., 2003), since the mechanical properties of IPCs depend not only on the volume 

fractions, but also, on the spatial distribution of the constituent phases and differ from 

traditional composite (e.g. particle reinforced) models. 

 

Ceramic-Metal IPCs (cf. Figure 7) 

Previous studies refer to the fabrication of ceramic-metal IPCs with material 

combinations such as TiB2-Cu or Ni (Han et al., 2007), Al2O3-Al (Marchi et al., 2003; Moon 

et al., 2009; Prielipp et al., 1995), TiC-steel (Rittel et al., 2005) and Al2O3-Cu-O (Travitzky 

and Shlayen, 1998; Winzer et al., 2011). A study by Roy et al. (2012) deals with the 

fabrication and characterization of SiC porous preforms for ceramic-metal IPCs.  

The objectives in developing ceramic-metal IPCs according to previous studies were 

to tailor and enhance properties such as strength along with thermal protection (Han et 

al., 2007), increased compressive strength (Marchi et al., 2003; Rittel et al., 2005), crack 
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deflection, bridging and cleavage mechanism (Moon et al., 2009; Prielipp et al., 1995; 

Rittel et al., 2005; Schicker et al., 1999; Travitzky and Shlayen, 1998) and increased 

fracture toughness (Prielipp et al., 1995; Rittel et al., 2005; Schicker et al., 1999; Travitzky 

and Shlayen, 1998). 

Ceramic-metal IPCs with their effective properties are of interest and possibly 

applicable in different kind of fields such as engineering and aerospace as high 

temperature material structures with thermal ablation resistance (Han et al., 2007). The 

experimental investigated IPCs (Han et al., 2007) consist of a high melting point ceramic 

(TiB2) phase and a low melting point metal phase (Cu, Ni). The ceramic phase provides 

certain framework strength and rigidity, while the metal phase may serve to reduce the 

temperature for thermal protection. The thermal ablation resistance of the melt-

infiltrated ceramic IPCs makes them potential high-temperature material structures (Han 

et al., 2007).  

The ceramic precursors to fabricate ceramic-metal IPCs can be produced by varying 

procedures, for example pressing and pre-sintering of ceramic powder (Han et al., 2007) 

or by three-dimensional layer by layer printing (Marchi et al., 2003). In a previous study 

by Marchi et al. (2003) a mixture of Al2O3 and ZrO2 powder suspension was used to 

produce porous structures with isotropic cubic spatial distribution of the inorganic 

ceramic phase by robotic deposition. The infiltration with liquid aluminum of the ceramic 

preforms and their directionally solidification resulted in a compressive strength increase 

of the IPC by a factor of almost 4 compared to the un-infiltrated ceramic precursor 

(Marchi et al., 2003).   
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Ceramic-polymer IPCs (cf. Figure 7): 

In a previous study by Chen et al. (2007) the mechanical properties of porous lead 

zirconate titanate ceramic precursors were enhanced by the infiltration with polymers 

(polyurethane, epoxy resin or hydrocarbon resin). The produced IPCs illustrate higher 

fracture strength and therewith enhancement of mechanical properties while having 

promising applications as sensors and actuators (Chen et al., 2007).  

In consensus Tilbrook et al. (2005) analyzed in their study alumina-epoxy IPCs 

produced via an infiltration process and the elastic properties were measured. Alumina-

epoxy IPC was chosen for experimental and calculation analysis because of the 

exceptional difference of elastic properties of the two phases. They found that slight 

compositional variation and processing resulted in significant variation in mechanical 

properties. 

 A three phase IPC was presented by Miao et al. (2005) where a porous tricalcium 

phosphate network was filled with hydroxyapatite and the resulting network was 

infiltrated by poly(DL-lactide-co-glycolide). According to Miao et al. (2005) the 

compressive strength of this kind of IPC, intended for use as bone tissue, was improved 

mostly by the ductile polymer phase from 8 MPa to 30 MPa. Although the IPCs were still 

insufficient for high load-bearing applications, the three interpenetrating phases would 

lead to different biodegradation rates in vivo and could maintain their shape and hence 

carry the physiological load for bone tissue ingrowth.  
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Glass-polymer IPCs (cf. Figure 7): 

Only one study was found that dealed with IPCs where material transparency was 

amongst others an important factor. In military and architectural applications it is of 

interest to improve the blast and ballistic impact resistance of transparent materials such 

as windshields, visors and sensor covers (O’Brien and Parquette, 2012). According to 

O’Brien and Parquette (2012) currently available transparent materials for the above 

mentioned applications are glasses, polymers and ceramics. To improve the blast and 

impact resistance these materials are often conventionally laminated. A new approach 

was investigated by infiltration of nanoporous glass (alkali-borosilicate glass) with 

methylmethacrylate monomer and in situ polymerization. The many interfaces in an IPC 

which influence the mechanical properties normally also lead to an opaque appearance. 

For transparent applications of IPCs the reduction of the pore size to the nanometer 

length scale evades the need for matching constituent refractive indices of the two 

phases since the pores are smaller than the wavelength of light (O’Brien and Parquette, 

2012). The resulting nanometer size of polymer ligaments however did not improve the 

fracture toughness of this kind of IPC material. The pore size needs to be optimized to 

obtain the maximum possible toughness while maintaining an appropriate level of 

transparency.      
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Metal-metal IPCs (also termed metal matrix composites, MMCs; cf. Figure 7): 

Wegner and Gibson (2001) analyzed the fracture toughness of a bronze infiltrated 

porous 420 stainless steel. The fabricated IPC exhibited R-curve behavior and this 

behavior increased with increasing volume fraction of the more ductile (bronze) 

constituent phase.  

 

Metal-polymer IPCs (cf. Figure 7): 

In previous studies by Liu and Gong (2006) and Dukhan et al. (2010) open cell 

aluminum foam with varying densities were impregnated by an injection molding process 

with polypropylene or infiltrated by epoxy resin. According to Dukhan et al. (2010), the 

aluminum foam would contribute its ability to absorb energy and to resist creep at higher 

temperatures. The polymer network would contribute its low weight and impact 

resistance. The purpose of the study by Dukhan et al. (2010) was to fabricate and 

characterize (flexural modulus and strength) these IPCs in order to enhance mechanical 

properties of the polymer for light-weight structural applications. Polypropylene was 

chosen because it is widely used in the automobile industry. The results showed the 

combination of the polymer and metal foam to be stiffer than the two individual 

components. The bending stiffness of the IPCs was found to increase with decreasing 

pore size (Dukhan et al., 2010). According to Liu and Gong (2006), the influence of the 

matrix material and structure of the pores is more significant than that of the interfacial 

behavior on the mechanical behavior in compression. The IPCs in the study by Liu and 

Gong (2006) showed improved compressive behavior and enhanced energy absorption 

capacity compared with the pure aluminum foam. It was therefore suggested that the 
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energy absorption behavior of metallic foams could be modified by the infiltrated 

polymer. 

 

Metal-glass IPCs (cf. Figure 7): 

 One study by Harris and Marquis (2002) dealed with the deformation and failure 

characteristics of two metal-glass IPCs. The porous metal phases employed were the two 

Captek (see 2.3.1.) components including flake-shaped Au/Pt/Pd and spherical Au 

particles with porous networks. The glass was infiltrated into the porous networks by 

capillary action at high temperature. Harris and Marquis (2002) found that even though 

the strength of the glass was not significantly different to that of either IPC, both IPCs 

displayed significantly reduced elastic moduli and higher toughness than the glass control. 

The IPC materials exhibited plastic deformation prior to failure. Mixed fracture modes 

were evident on fracture surfaces. Corresponding stress-strain profiles for the materials 

showed well defined linear elastic regions and a gradual transition to plastic behavior 

(Harris and Marquis, 2002).  
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2.4. Biological materials 

Many biological materials such as dentin, trabecular bone, trunks and limbs of 

plants, exhibit interpenetrating multiphase network microstructures and strong 

anisotropy in the mechanical properties (e.g. wood and dentin, Weinkamer and Fratzl, 

2011; Porter et al., 2013).  

In order to imitate the microstructure of biological materials (such as dentin) 

synthetically their structure-function relationships need to be understood. Biomimetic or 

bioinspired materials refer to synthetically engineered novel materials that mimic one or 

more aspects of design, function or properties of natural biological materials (Chen et al., 

2012; Meyers et al., 2008; Porter et al., 2013).  

The experimental PICN materials analyzed in this study attempt amongst others to 

emulate the mechanical properties of natural human dentin and enamel, hence, the 

compositions and structures as well as the resulting mechanical properties of natural 

materials are of interest and will be discussed in the following literature review.  

 

2.4.1. Constituent materials and compositions 

Biological materials consist of relatively few constituent low atomic number 

elements (e.g. C, N, O, H, Ca, P, S, Si - Studart, 2012) that are used to synthesize a wide 

variation of polymers and minerals (Fratzl, 2007; Chen et al., 2012).  

The authors of previous studies (Meyers et al., 2008 and 2011) differ within 

biological materials between hard (minerals such as calcium carbonate CaCO3, calcium 

phosphate in the form of hydroxyapatite Ca10(PO4)6(OH)2, amorphous silica SiO2(H2O)n) 
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and soft components (organic macromolecules such as collagen, keratin, elastin and 

cellulose).  

Hydroxyapatite (HAP) is the main mineral component of bones and teeth while 

calcium carbonate is the main component of seashells and coral. Amorphous silica builds 

the main mineral content of sponge spicules (Chen et al., 2012).  

 

Bone is a natural composite material consisting of collagen (32 - 44 vol%), 

hydroxyapatite (33 - 43 vol%), and water (15 - 25 vol%) constructed into a complex, 

hierarchical structure (Chen et al., 2012; Meyers et al., 2008). Bone exists in two main 

forms, namely cortical (or compact) with a density of ∼ 2 g/cm³  and cancellous (or 

trabecular) bone. Cancellous bone is highly porous (75 - 85 % porosity; ∼ 0.4 g/cm³ 

density) and consists of trabecular struts that surround large pores 100 - 500 µm in 

diameter (Porter et al., 2013; McKittrick et al., 2010).  

 

Dentin resembles the chemical properties of bone (Jones, 2001) and consists of 30 - 

33 vol% collagen, 20 - 25 vol% water and 45 - 47 vol% carbonated hydroxyapatite (Meyers 

et al., 2008; Bechtle et al., 2010a). Dentin tubules (1 µm in diameter, Figure 8) span the 

entire dentin layer from the pulp to the dentin-enamel junction (DEJ). These tubules, are 

embedded in a composite consisting of a collagen matrix reinforced with HAP called the 

intertubular dentin (Meyers et al., 2008; Bechtle et al., 2010a). 
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Figure 8: SEM micrographs of the human dentin microstructure with the characteristic 

tubules. 

 

Enamel is the most highly mineralized tissue of the human body and builds a 

protective hard and wear resistant enclosure for the dentin. Enamel consists of ∼ 85 vol% 

nanometer scale hydroxyapatite rods and organic matter (∼ 3 vol% protein and ∼ 12 vol% 

water). The HAP rods are 25 nm thick and 100 nm wide and form prismatic (keyhole-

shaped) structures (4 - 8 μm in diameter). The prisms are arranged parallel and extend 

from the DEJ to the occlusal surface. The prisms are surrounded by a non-collagenous 

continuous organic matrix (Meyers et al., 2008; Bajaj and Arola, 2009a and 2009b; Jones, 

2001; Bechtle et al., 2010a). The DEJ interconnects the two dissimilar dentin and enamel 

(Bechtle et al., 2010a). 

 

2.4.2. Structures 

According to Meyers et al. (2008), Wegst and Ashby classify biological materials into 

four groups: Ceramics and ceramic composites (the mineral component is prevalent, such 

as in shells, teeth, bones); Polymer and polymer composites (such as the hooves of 
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mammals, ligaments and tendons); Elastomers (these materials can undergo large 

stretches or strains such as the skin and muscles); Cellular materials (lightweight materials 

such as in feathers, cancellous bone, spines of sea urchins and wood).  

 

Materials with cellular structures are widespread in biological materials (Gibson, 

2005). Cellular materials are networks of struts or plates that form the cell walls. The 

shape and distribution of the cells divide cellular solids into open (polyhedral cells) or 

closed (prismatic, two-dimensional honeycomb-like cell structures) forms. Cancellous 

bone and shell-like bones, such as the skull represent open interconnected cell forms (in a 

network-like structure, Weinkamer and Fratzl, 2011), while cork and wood are examples 

of the closed cell form (Chen et al., 2012; Gibson, 2005).  

 

Spines from sea urchins exhibit an open-pore, light-weight construction (up to 60 

vol% pore volume; 10 - 30 µm pore diameter) (Presser et al., 2009). The open pore 

volume network of the spines is partially filled with organic material. The sea urchin 

spines need to withstand mechanical stresses such as tidal energy. Hence, upon 

compression spines can absorb high energies by crushing. The function of energy 

absorption may not require a high value of characteristic strength but the structural 

design and the partially organic phase lead to nanoscale crack deflection and hence an 

increased toughness. This localized destruction is different from traditional porous 

ceramics (Presser et al., 2009).  
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Natural bone can be regarded as an IPC of inorganic and organic phases (Miao et al., 

2005). The range of elastic modulus and density of cancellous bone are displayed in 

Figure 9. 

 

Natural dentin and enamel as well as many other natural biological materials exhibit 

anisotropic microstructures resulting in an anisotropic response upon loading. Some of 

the physical properties of human dentin and enamel, determined by composition and 

microstructure are displayed in Chapter III, Table 1 (p. 39) and Figure 9. Dentin can be 

regarded as a continuous composite, with the intertubular dentin forming the matrix and 

the tubules forming the cylindrical fiber reinforcement (Kinney et al., 2003). 

 

The inorganic constituents of biological materials are weak by themselves, but in 

combination with the organic matrix and the hierarchical structure materials with 

superior mechanical properties are built (Chen et al., 2008; Studart, 2012). The organized 

inorganic-organic structure and the presence of porous (foam) and fibrous areas are 

common in many biological composites such as in bones, sea sponges, antlers and teeth 

(Chen et al., 2008; McKittrick et al., 2010; Studart, 2012; Lee et al., 2012). The density of 

biological materials is less than 3 g/cm³, resulting in the formation of porous lightweight 

frameworks (Chen et al., 2008). 

 

The similarity of some biomaterials such as antler, tooth, horn and hoof is that the 

porosity is lowest at the surface giving the material the capability of higher energy 

absorption while the core porosity decreases the weight (McKittrick et al., 2010). 



Literature review                                                                                                                                  Chapter II 

28 

 

The properties of the constituent biological phases (mineral and biopolymer) are 

not very different compared to engineered materials but the structure and arrangement 

of the phases contribute to the exceptional mechanical efficiency of natural materials 

(Wegst and Ashby, 2004).  

 

2.4.3. Mechanical properties  

Biological materials need to serve different purposes, amongst others defense 

(teeth, horns, and antlers), structural support (bones) and mastication (teeth) (McKittrick 

et al., 2010).  

Biopolymers exhibit low elastic modulus but high toughness while the stiffness is 

high and toughness is low for the mineral phase (McKittrick et al., 2010). Combining the 

two phases results in biological materials (as listed above) with orders of magnitude 

higher toughness and stiffness values compared to the constituent materials (McKittrick 

et al., 2010; Chen et al., 2012). The minerals provide load bearing capability (strength and 

stiffness) while the biopolymer provides toughness and ductility (Chen et al., 2012).  

Given their low density, natural materials are highly efficient using as little material 

as possible (Wegst and Ashby, 2004; Lee et al., 2012).  

Besides toughness and stiffness, they need to withstand static and dynamic loading, 

store and release elastic energy, flex and resist buckling and fracture (Wegst and Ashby, 

2004).  

Derived from the main loading orientation, many cellular materials exhibit 

anisotropic behavior (Chen et al., 2012). That is the cells for example in trabecular bone 

(in the femur head) tend to orientate to produce maximum mechanical efficiency 
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resulting in a much higher compressive strength in the direction of maximum load than in 

the transverse directions (Chen et al., 2012). 

In a previous study (Arola and Reprogel, 2006), the anisotropy of dentin was 

determined by means of four-point-bending strength measurement of human dentin 

specimens as a function of tubule orientation. The strength of dentin specimens with 

perpendicular oriented tubules with respect to the beam length was 109 (± 10) MPa and 

160 (± 22) MPa respectively for parallel aligned dentin tubules. The results display, similar 

to bone, the anisotropic behavior with loading direction of dentin. 

 

Fracture resistance is an important mechanical property of biological materials. The 

presence of interfaces in these materials stops cracks (by several mechanisms) from 

propagation and causing catastrophic failure (Chen et al., 2012). In biological composite 

materials in general several toughening mechanisms act to shield the crack from applied 

load: including crack deflection, crack bridging, and process zone toughening 

(microcracking) (Chen et al., 2012; Wang and Gupta, 2011). The toughness of natural 

ceramics (e.g. dentin, bone and enamel) depends on their microstructure and increases 

with decreasing mineral content and increasing collagen content (Wegst and Ashby, 

2004). The fracture toughness of bone, enamel, and dentin is higher than their 

constituent hydroxyapatite phase implying a reinforcement mechanism resulting from 

structural combination of mineral and polymer phases (Studart, 2012). 

According to various authors (Chen et al., 2012; Meyers et al., 2008; Wang and 

Gupta, 2011), the fracture toughness (K1C) of biological materials is dependent on crack 

size, and does not have a single value. The fracture toughness increases as the crack 
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extends, leading to a so called resistance curve (R-curve). Materials with R-curve behavior 

such as in many biological materials stabilize cracks and exhibit a certain damage 

tolerance (Wang and Gupta, 2011). The degree of damage tolerance depends on the 

structure and toughening mechanisms described above (Wang and Gupta, 2011).  

Enamel exhibits rising R-curve behavior (Bajaj and Arola, 2009a) and crack growth 

resistance as a function of distance from the DEJ. Crack bridging by the organic matrix 

between the HAP prisms was observed by Bajaj and Arola (2009a). The crack growth 

resistance within enamel is caused by the arrangement of prisms as well as the presence 

and the distribution of the organic matrix (Bajaj and Arola, 2009a). 

 

As proposed by Chen et al. (2012), for flexure and torsion resistance, a compact 

outer layer and a porous, compliant core are beneficial (such as is found in: bird beaks, 

antlers, bones and plant stems). Human tooth combines a highly mineralized enamel 

outer layer to provide surface hardness and wear resistance with a less mineralized 

dentin core to ensure crack growth resistance (Studart, 2012). 

 

Enamel exhibits creep ability upon loading (during mastication) and recovery upon 

unloading (He and Swain, 2011). This behavior within human enamel is derived from the 

HAP nano-crystallites coupled with the ability of the proteins (that glue the crystallites 

together) to unfold and refold, thus contributing to the recovery ability (He and Swain, 

2011). In most biological tissues at constant stress, creep occurs with time. Materials that 

exhibit a time-dependent response are called viscoelastic (Kinney et al., 2003). 



Literature review                                                                                                                                  Chapter II 

31 

 

Results from a previous study (Bajaj and Arola, 2009b) suggest that the 

microstructure of human enamel is optimized to guide cracks from the more brittle outer 

enamel inwards towards the DEJ, where they experience higher growth resistance and 

are prevented from causing fracture and chipping. According to Bajaj and Arola (2009b) 

the unidirectional anisotropy in crack growth resistance of enamel is not present within 

engineered materials.  

 

2.4.4. Biomimetic approach 

Several research groups are engaged with the biomimetic approach, namely 

understanding the structure-function relationship of biological materials and then 

attempting to emulate their structures and mechanical properties synthetically. Therefore 

several fabrication techniques such as foaming, 3-D printing and freeze casting were 

employed by material scientists (Gibson, 2005; Meyers et al., 2011; Studart, 2012; Porter 

et al., 2013; Li et al., 2012) to fabricate porous cellular structures.  

 

According to Li et al. (2012) the freeze tape casting technique allows for fabrication 

of scaffolds with graded and aligned porous microstructures similar to those of bone, 

where the porous cancellous structure is covered by compact bone (Li et al., 2012). The 

freeze casting technique is a potential biomimetic fabrication method where the imitation 

of the natural human tooth structure is conceivable. That is a graded structure with 

increasing density from dentin to enamel.   
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 Due to the excellent compressive strength and porosity of HAP scaffolds fabricated 

via freeze casting in a previous study by Li et al. (2012), the authors refer to the potential 

application of this technique for the production of synthetic trabecular bone substitute 

that generally require an interconnected porous microstructures. 

 

 In a publication by Gibson (2005), titanium foams are being considered as substitute 

materials for trabecular bone by imitating the extracellular matrix structure and allowing 

the attachment, migration and proliferation of cells (Gibson, 2005). Furthermore, the 

impregnation of a biodegradable polymer and the degradation thereof over time creates 

an in situ porosity and promotes new bone ingrowth (Porter et al., 2013). 
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2.5. Summary 

The literature review addressed several kinds of IPC materials (dental, non-dental 

and biological materials). All materials (including IPCs) can be classified in a so called 

“Ashby-chart” where different material parameters can be combined and visualized. A 

typical materials property Ashby chart (Ashby, 2005; Wegst and Ashby, 2004) in Figure 9 

plots the elastic modulus versus density for a range of natural (biomaterials: green) and 

engineered materials (polymers: yellow; dental ceramics: grey; PICN materials: blue). The 

sphere/ellipse for each material is designed to represent the typical range of properties 

that might be achieved for the various grades of a family or class of materials. 

 

Figure 9: Elastic modulus - density plot for natural biomaterials, existing dental ceramic 

materials, polymers and PICN materials (adapted from Ashby, 2005; Wegst and Ashby, 

2004; Chen et al., 2008) 

0,1

1

10

100

1000

0,1 1 10

E
la

st
ic

 m
o

d
u

lu
s,

 E
 [

G
P

a
]

Density, ρ [g/cm³]

PICNs 

Dentin

Enamel 

YTZP

In-Ceram Alumina

Polymers: 
PMMA, PEEK, 
PA, PS, PP, PE, 
PC, PET, 
Epoxides

Feldspar glass 
ceramics

Lithium disilicate 
glass ceramic



Literature review                                                                                                                                  Chapter II 

34 

 

The factors controlling the properties such as elastic modulus and density are the 

atomic-level bonding which lead to varying properties. Combining constituent phase 

materials such as is the case for different kind of IPCs and PICNs, gaps between already 

existing materials can be filled (Figure 9). The composition of IPCs can be altered to tailor 

the effective material properties by varying the matrix - reinforcement phase ratio.  

Not surprising, the combination of porous feldspar glass ceramic (sphere in Figure 9 

corresponds to dense feldspar ceramic) and polymer close the gap between already 

available dental ceramics and polymers and leave the scope to manipulate the PICN 

properties within a certain range. Moreover, as can be identified from Figure 9 the PICN 

materials overlap the properties of dentin, with respect to the elastic modulus and 

density.  
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2.6. Conclusions 

Considering the literature review on dental CAD/CAM materials and synthetic as 

well as biological interpenetrating phase composites an attempt and approach towards 

developing novel materials with enhanced and tailored physical properties and 

microstructures was found. Many of the cited previous studies report on the fabrication 

techniques of IPCs and tailored properties for specific applications.  

Biological materials like bones and plants make use of hierarchical anisotropic 

interpenetrating structures to withstand different loading conditions they are exposed to.    

The physical properties of the constituent materials may be tailored by the 

combination of at least two phases (e.g. ceramic, metal, polymer, glass) in a three-

dimensional interconnected network structure. In contrast to conventional composite 

materials (e.g. particle reinforced or laminated structures) the properties of IPCs differ as 

a result of the interconnected microstructure.  

Apart from one study where IPCs for windshield and visors were investigated, for 

the reviewed non-dental IPC materials the optical appearance such as color and 

translucency weren’t important factors during material development and analysis. For 

dental restorations color and translucency are amongst others essential factors 

determining the suitability of a novel material. Hence, the two available IPC dental 

materials Captek (Argen Edelmetalle GmbH, Duesseldorf, Germany) and the products of 

the In-Ceram material family (VITA Zahnfabrik, Bad Saeckingen, Germany) are used as 

framework materials which are subsequently layered with tooth colored veneering 

porcelain to comply with the desired aesthetic demands.  
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With the PICN material group and as part of it ENAMIC (VITA Zahnfabrik, Bad 

Saeckingen, Germany) full contour restorations can be fabricated due to the possibility to 

produce the material in tooth like colors and translucencies (Figure 10). These facts make 

them potential candidates for restorative materials. Besides the optical appearance the 

physical properties of PICNs need to be investigated.  

 

Figure 10: PICN/ENAMIC colors and translucency derived from the L*a*b*-color space. 

 

The findings of this literature review support the attempt to develop and examine 

an IPC material for dental restorative material applications. The driving forces are to 

emulate the structures and/or properties of natural human dentin and enamel and to 

close the gap between conventional dental ceramic and composite materials.   

The following chapters address investigations of PICN (polymer-infiltrated-ceramic-

network) material properties and the resulting findings will be related to the IPC 

microstructure.  

 

PICN/ENAMIC colors and translucencies 
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Chapter III 

3. Mechanical properties of polymer-infiltrated-ceramic-

network materials 

3.1. Introduction 

 The use of dental CAD/CAM-systems in combination with CAD/CAM-machinable 

materials enables the aesthetic demands of prosthetic restorations to be fulfilled. Besides 

aesthetic outcomes, complementary superior physical properties are needed for 

permanent dental restorations. Regarding non-metal CAD/CAM materials for permanent 

dental restorations there are currently two main groups, ceramics and composites 

(Strietzel and Lahl, 2009). The ceramic group is subdivided into polycrystalline and glass 

ceramics. The composites are subdivided in macro-, micro-, hybrid-filled- or nano- 

composites (Kahler et al., 2008). Ceramics tend to be more rigid and brittle, while 

composites are more compliant, soft and experience high wear. The ideal goal for 

restorative dentistry would be to replace lost tooth substance by a restorative material 

with tooth like structure and matching physical properties. Toward this objective a novel 

material that attempts to emulate the properties of natural teeth in its structure and 

physical properties was developed and named polymer-infiltrated-ceramic-network 

material (PICN). The goal is to achieve a material with enhanced mechanical 

characteristics, compared to conventional restorative materials like ceramics and 

composites.  

 

1
 This chapter was the basis of a publication “Coldea A, Swain MV, Thiel N. Mechanical properties of 

polymer-infiltrated-ceramic-network materials”, which appeared in Dental Materials, 2013; 29:419-426. 

 

1 
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 PICNs can be classified as interpenetrating phase composites (IPC). IPCs have a 

three-dimensional interconnected geometry. A ceramic interpenetrating material was 

introduced to dentistry more than two decades ago, known as the In-Ceram system (VITA 

Zahnfabrik, Bad Saeckingen, Germany). In-Ceram materials are based on a porous ceramic 

structure with a glass interpenetrating phase (Apholt et al., 2001). The combination of 

ceramic-metal IPC has been reported by Horvitz et al. (2002), who outlined the 

advantages of the ceramic matrix (Al2O3) as, for example, enhanced wear resistance, high 

temperature strength etc., and the fact that the metallic phase improves toughness by 

crack bridging.   

 Due to the presence of two connected phases within IPCs, crack propagation is 

generally limited because of interfacial crack deflection. The phase with the higher strain 

to failure enhances the fracture resistance by bridging the cracks introduced to the other 

phase (Horvitz et al., 2002; Pezotti et al., 2000; Nalla et al., 2003).   

 Compared to In-Ceram the brittle glass phase is replaced by a polymer to form the 

PICN. In contrast to traditional composites which consist of one continuous phase filled 

with inorganic particles, PICN consists of two continuous interpenetrating networks. One 

network is a ceramic material (feldspar, light gray areas in Figure 11) and the other a 

polymer (commonly used methacrylates for dental applications, dark gray areas in Figure 

11).  
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Figure 11: Polymer-infiltrated-ceramic-network structure. 

 

 The anticipated improvements of the novel PICN CAD/CAM materials are reduced 

brittleness, rigidity and hardness coupled with improved flexibility, fracture toughness 

and better machinability compared to ceramics. Further improvements would be to 

maintain the wear “kindness” toward opposing teeth such as occurs with composites 

along with enamellike material attrition. The long-term aim is to imitate the mechanical 

behavior of a natural tooth. A literature summary of the physical properties of human 

dentin and enamel is listed in Table 1. 

 

Table 1: Physical properties of human dentin and enamel. 

 Elastic modulus 

[GPa] 

Hardness 

[GPa] 

Fracture toughness 

[MPa√m] 

Density 

[g/cm³] 

Dentin 16 – 20.3 
(Hairul et al., 2005; 

Lawn et al., 2001) 

0.6 – 0.92 
(Lawn and Lee, 2009; 

Mahoney et al., 2000) 

2.2 – 3.1 
(Lawn and Lee, 2009; 

Yan et al., 2009) 

1.96 – 2.4 
(Lin et al., 2010) 

Enamel 48 – 105.5 
(Ausiello et al., 2004; 

He and Swain, 2007) 

3 – 5.3 
(Park et al., 2008; 

He and Swain, 2007) 

0.6 – 1.5 
(Bajaj et al., 2008; 

Lawn et al., 2001) 

3.02 
(Bajaj et al., 2008) 

Ceramic 

Polymer 
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  The main aim within the scope of this paper was the comparison of elastic modulus 

and hardness of PICNs, dense ceramic and polymer, employing three-point-bending and 

Vickers indentation. Also, the flexural strength of the mentioned materials above was 

compared. Additionally, the microstructure deformation and cracking behavior around 

indented areas of PICNs were observed by SEM. 
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3.2. Materials and Methods 

3.2.1. Manufacturing of PICN 

 In the first step a porous pre-sintered feldspar ceramic with adjustable densities 

was produced. In the second step the porous ceramic network structure was filled with 

resin. The ceramic powder was initially compressed into blocks then sintered to a porous 

network. Different porosities of the ceramic could be achieved by manipulating the initial 

ceramic particle size and utilizing different firing temperatures. The ceramic network had 

to be conditioned by a coupling agent (3-methacryloxypropyltrimethoxysilane, Evonik 

Industries AG, Essen, Germany) prior to resin infiltration. Thus, the polymer network is 

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 (resin mixture and initiator namely, urethandimethacrylate, 

triethylenglycoldimethacrylate, dibenzoylperoxide, Evonik Industries AG, Essen, Germany) 

by capillary action. Subsequently heat induced polymerization, to form a polymer 

network, led to the polymer-infiltrated-ceramic-network material. 

 

3.2.2. Materials   

 Ten materials were tested in this study. They included the pure components of PICN 

that is a polymer (mixture of two methacrylates), a densely sintered feldspar ceramic, 

four feldspar ceramic networks with varying porosities (Table 2) and additionally four 

PICNs based on the porous ceramics mentioned before. The density in g/cm³ as well as in 

percent and the pore volume in cm³/g (measured by mercury intrusion) of the porous and 

dense ceramics, are listed in Table 2. The density of the dense feldspar ceramic is 2.44 
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g/cm³ measured by Archimedes' principle, and considered as 100 % dense. The densities 

of the porous ceramics were determined based on the dense ceramic.         

 

Table 2: Tested porous materials, including the density of listed materials in g/cm³, 

percent and pore volume. 

Material 
Density 

[g/cm³] 

Density 

[%] 

Pore volume 

[cm³/g] 

Porous feldspar ceramic 1.45 59 0.266 

Porous feldspar ceramic 1.54 63 0.248 

Porous feldspar ceramic 1.66 68 0.208 

Porous feldspar ceramic 1.76 72 0.145 

Dense feldspar ceramic 2.44 100 0 

 

 

Methods 

3.2.3. Flexural strength, elastic modulus and strain at failure 

 For the flexural strength and static elastic modulus measurement, bending bars (n = 

10) of each material (20 x 4 x 1.2 mm³) were cut out of blocks with a diamond saw. 

Subsequently bending bars of the materials except porous ceramics were ground and 

polished with a 3 µm diamond suspension (Struers, Willich, Germany). Porous materials 

were prepared on silicon carbide paper (grit size 340 and 1200). All bending bar edges 

were chamfered. The cutting and preparation of bending bars of porous ceramic with 

initial density of 59 % was not possible (insufficient sintering necks and too fragile). The 

bars were loaded until fracture in a universal testing machine (Z010, Zwick/Roell, Ulm, 

Germany) in three-point-flexure with a crosshead speed of 0.5 mm/min. The fracture 

stress, σf, was calculated by the formula (according to ISO 6872:2008): 

�� � ���/
��
         (1)          
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where F is the fracture load, l the roller span (here 15 mm), w the width and h the height 

of the bar. In Table 3 and Table 4 the flexural strength mean values and standard 

deviations were listed. 

 The static elastic modulus was calculated from the three-point-bending results, by 

the formula (Quinn JB and Quinn GD, 2010):	 

� � ���/�����        (2)  

where d is the deflexion corresponding to load F. 

 For comparison with experimental data and prediction of the elastic modulus of 

PICNs, the Halpin-Tsai analytical equation was employed (Balać et al., 2004; Wu et al., 

2004; Halpin and Kardos, 1976):      

���� � �
������
�����

  (3) 

� � ��/��	�	�
��/��	�	�

  (4) 

where EP is the elastic modulus of the pure polymer, VC is the ceramic volume fraction, ξ is 

a factor dependent upon ceramic particle -geometry, -arrangement and loading 

conditions. � is a parameter containing EP, EC (elastic modulus of ceramic) and ξ (Balać et 

al., 2004). The composite Halpin-Tsai equation employed is a semi-empirical equation to 

predict the elastic modulus of composites and tends to fit two-phase composite materials 

better than most other expressions (Braga et al., 2012). 

 The strain at failure was determined employing the equation: 

�� �	��/�     (5)                  
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3.2.4. Vickers hardness (HV5)  

 The hardness was measured on high gloss polished specimens (14 x 12 x 5 mm³). 

Five Vickers indentations per material were placed with loads of 50 N with a universal 

testing machine (Z010, Zwick/Roell, Ulm, Germany). The maximum load of 50 N was held 

for 20 s. Indentation diagonals and cracks emanating from the diagonals were measured 

by light microscopy. Hardness was calculated by the formula (EN standard 843-4, 2005):  

� � �.  !� �
�


  (6)  

where F is the load and d the indentation diagonal length. 

 

3.2.5. Statistical analysis   

 Single-factor ANOVA was applied to test for significant differences in flexural 

strength, elastic modulus, strain at failure and hardness in relation to different PICN 

materials and their porous ceramic networks. P < 0.05 was considered significant. 

 

3.2.6. Scanning electron microscopy        

 Scanning electron microscopy (SEM) (LEO 438 VPi, Carl Zeiss, Oberkochen, 

Germany) was employed to examine the indented areas. After gold coating the 

embedded specimens were analyzed by secondary electron (SE) detector at 10.00 kV or 

15.00 kV.  
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3.3. Results 

3.3.1. Flexural strength and elastic modulus 

 The flexural strengths of the materials tested are shown in Table 3 and Table 4. 

With increasing density, the flexural strength of the three porous ceramics rises from 9.2 

to 28.8 MPa. The flexural strength values of PICNs are inversely related to ceramic density 

with the highest value of 159.9 MPa (see Table 3, Table 4 and Figure 12). 

 

Table 3: Measured physical properties of the PICN materials.  

 

 

Table 4: Measured physical properties of the porous materials. 

 

          * 
bending bars to chalky to prepare  

Material /Density Polymer PICN / 

59% 

PICN / 

63% 

PICN / 

68% 

PICN / 

72% 

Dense 

Ceramic / 

100% 

Flexural strength 

(SD) [MPa] 

135.90 

(5.77) 

159.88 

(8.49) 

146.38 

(4.43) 

149.24 

(5.73) 

131.07 

(3.84) 

103.36 

(4.95) 

P-value between groups  P < 0.05
 

P < 0.05
 

P = 0.23 P < 0.05
 

P < 0.05
  

Elastic-modulus 

(SD) [GPa] 

3.31 

(0.07) 

16.45 

(0.85) 

17.80 

(0.56) 

21.53 

(1.33) 

28.14 

(0.84) 

54.50 

(3.44) 

P-value between groups  P < 0.05
 

P < 0.05
 

P < 0.05
 

P < 0.05
 

P < 0.05
  

Strain at failure 

(SD) [%] 
4.1 (0.17) 

0.97 

(0.02) 

0.82 

(0.02) 

0,69 

(0.04) 

0,47 

(0.02) 

0,19 

(0.01) 

P-value between groups  P < 0.05
 

P < 0.05
 

P < 0.05
 

P < 0.05
 

P < 0.05
  

Hardness HV5  

(SD) [GPa] 
0.21 (0) 

1.05 

(0.02) 

1.07 

(0.05) 

1.48 

(0.05) 

2.10 

(0.15) 

6.41 

(0.42) 

P-value between groups  P < 0.05
 

P = 0.4 P < 0.05
 

P < 0.05
 

P < 0.05
  

Material /Density Porous 

Ceramic / 

59% 

Porous 

Ceramic / 

63% 

Porous 

Ceramic / 

68% 

Porous 

Ceramic / 

72% 

Dense 

Ceramic / 

100% 

Flexural strength 

(SD) [MPa] 
not measurable

*
 

9.22  

(0.56) 
18.68 (1.33) 28.75 (1.79) 

103.36 

(4.95) 

P-value between groups  - P < 0.05 P < 0.05 P < 0.05  

Elastic-modulus 

(SD) [GPa] 
not measurable

*
 

3.30  

(0.89) 

7.45  

(0.55) 
12.03 (0.88) 54.50 (3.44) 

P-value between groups  - P < 0.05 P < 0.05 P < 0.05  

Strain at failure 

(SD) [%] 
not measurable

*
 

0.29  

(0.06) 

0.25  

(0.01) 

0,24  

(0.01) 

0,19  

(0.01) 

P-value between groups  - P = 0.05 P < 0.05 P < 0.05
  

Hardness HV5  

(SD) [GPa] 

0.09  

(0.01) 

0.19  

(0.01) 

0.39  

(0.02) 

0.74  

(0.11) 

6.41  

(0.42) 

P-value between groups  P < 0.05
 

P < 0.05
 

P < 0.05
 

P < 0.05
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Figure 12: Comparison of flexural strength of three porous ceramic densities and four 

PICNs. 

 

In Figure 12 linear equations were used to fit the measured flexural strength data. The 

100 % value (x-axis) of 103.4 MPa corresponds to the flexural strength of the dense 

ceramic. The flexural strength values obtained for PICN 63 % and 68 % were not 

significantly different at 95 % confidence (P = 0.23). All other flexural strength values were 

significantly different as tested by single-factor ANOVA (Table 3 and Table 4).   

 Figure 13 displays the elastic moduli of the materials mentioned above. The values 

rise for both porous ceramics and PICNs with increasing ceramic density from 3.3 to 54.5 

GPa. Significant differences (P < 0.05) in elastic modulus were present as indicated by the 

P-value (Table 3 and Table 4). The elastic modulus of the dense ceramic is 54.5 GPa. By 

applying the Halpin-Tsai method (Eq. (3)) to extrapolate the elastic modulus, ξ = 1.2 and 

1.5 led to a very good agreement with the experimental PICN results. 
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Figure 13: Comparison of experimental and calculated elastic moduli of PICNs for various 

ceramic volume fractions. 

 

 The strain at failure of porous ceramics and PICNs are plotted in Figure 14. An 

increased ceramic ratio results in a slightly higher strain at failure of porous ceramics and 

decreased strain at failure of PICNs (from 1 % to 0.5 %). With a value of 4.1 % the polymer 

exhibits the highest strain at failure of the tested materials. Strain at failure values 

differed significantly (P < 0.05, Table 3 and Table 4). 

 

Figure 14: Comparison of strain at failure of PICNs with varying ceramic-ratio.  
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3.3.2. Vickers hardness 

 Values of hardness (HV5) are presented in Table 3 and Table 4. Except for PICN 59 

% and PICN 63 % (P = 0.4), significant differences in hardness were observed.   

The hardness and elastic modulus of PICNs including the pure polymer (0 % on the x-axis) 

and dense ceramic (100 % on the x-axis) were plotted in terms of ceramic ratio in Figure 

15. By increasing the ceramic ratio both the elastic modulus and hence, the hardness of 

the materials increased exponentially. A good representation of the data was given by 

exponential regression analysis (R² > 0.95).   

 

Figure 15: Elastic modulus and hardness (HV5) of PICNs based on four porous feldspar 

ceramics. 

 

Figure 16 displays SEM images of indented areas at 50 N loads in polymer (a), dense 

ceramic (b), PICNs with 59 % (c), 63 % (d), 68 % (e) and 72 % (f) ceramic network density. 

Indentation dimensions depended on the hardness of the material. Figure 16 (b) and 

Figure 19 show typical cracks for dense feldspar ceramics. The PICN (Figure 16 (c - f)) 

indentation diagonals values, range between that of polymer and dense ceramic. No 
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propagating cracks were detectable for PICNs with 59 % (Figure 16 (c)) and 63 % (Figure 

16 (d)) ceramic density. In Figure 16 (f) cracks emanating from the corners of the 

indentation diagonals were detectable, but not precisely measurable at the picture 

magnification.  

 

  

  

  

Figure 16: SEM observations of indented areas at 50 N indentation load of (a) polymer, 

500x, (b) dense ceramic, 500x, (c) PICN 59 %, 500x, (d) PICN 63 %, 1000x, (e) PICN 68 %, 

1000x and (f) PICN 72 %, 1000x. 

(a) (b) 

(c) (d)

(f) (e) 
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Higher magnification SEM images of the above mentioned cracks and microstructures of 

PICNs are displayed in Figure 17 and Figure 18. The darker parts represent the continuous 

polymer network and brighter areas the ceramic network. The pore free microstructure is 

evidence for a complete infiltration process. 

 

Figure 17: SEM observation of PICN 68 %, 10000x magnification of Figure 16 (e), area P1 

to P2. 

 

 

Figure 18: SEM observation of PICN 72 %, 5000x magnification of Figure 16 (f), area P1R - 

P2R.  
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Figure 19: SEM observation of the dense ceramic, 2000x magnification of Figure 16 (b).  
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3.4. Discussion 

The present study was mainly conducted to define the mechanical properties of 

novel polymer-infiltrated-ceramic-network materials (PICN). Comparing the results to 

natural teeth, a very promising step toward imitating natural teeth has been realized with 

PICNs, which was also reported by He and Swain (2011) and He et al. (2011). These 

investigators found that mechanical properties of PICNs were similar to those of human 

dentin and enamel. For example, an ISE (Indentation size effect) for elastic modulus and 

creep ability were similar to that observed for enamel.       

 

 In addition to previous investigations by He and Swain (2011) on PICNs where two 

different PICNs were considered, in this study a broader range of four varying PICNs were 

experimentally analyzed and fitted by empirical equations. By fitting the experimental 

data, a prediction of mechanical properties for other PICNs is possible.  

 

 The measured mechanical properties of PICN were influenced by the ceramic 

precursor. The fabricated ceramic precursors show statistically significant differences in 

mechanical properties related to the density (Table 2). A lower ceramic fraction of PICNs 

implies a lower elastic modulus and hardness accompanied by increased flexural strength 

and strain at failure. The mean flexural strength of polymer is 135 MPa, whereas that of 

porous ceramic is below 30 MPa, nevertheless, the flexural strength of PICN can reach 

significantly higher values of about 160 MPa (Figure 12). The superior flexural strength of 

the two-phase material compared to the single components implies a reinforcement 

mechanism comparable to the results of Wegner and Gibson (2001), Travitzky and 
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Shlayen (1998) and Prielipp et al. (1995). In the two latter studies, porous ceramics were 

infiltrated by metal phases and mechanical properties were analyzed. Reinforcement 

mechanisms were observed for ceramic-metal IPCs as well as for the ceramic-polymer 

IPCs analyzed in this study. The strength and toughness were considerably improved by 

infiltration of a ductile phase to the ceramic (Travitzky and Shlayen, 1998). Crack bridging 

by a ductile metal or polymer phase controls the fracture resistance of IPCs (Travitzky and 

Shlayen, 1998). The increase of ceramic pore diameter (Table 2) and therewith ceramic 

porosity is accompanied by an increase of ductile volume fraction. It is believed that this 

effect contributes to the toughness increase of IPCs (Travitzky and Shlayen, 1998; Prielipp 

et al., 1995). Based on investigations of the fracture strength of alumina, where the 

largest pore determines the failure origin, Prielipp et al. (1995) assume that the size of the 

initial flaw remains unchanged, but is converted to a metal filled cavity (Prielipp et al., 

1995). For dental application purposes a tooth colored material is required, therefore, the 

infiltration takes place by a polymer instead of metals. Based on the results of the flexural 

strength of PICNs it is assumed that the material behavior under loading is similar to a 

ceramic-metal IPC. The ceramic pores or flaws are filled thoroughly by the polymer.   

The elastic moduli of PICNs matched well the Halpin-Tsai equation with the elastic 

modulus upper and lower boundaries at 3.3 and 54.5 GPa for the polymer and dense 

ceramic respectively (Figure 13). The measure ξ of the formulae (3) and (4) was also 

adopted by Balać et al. (2004), with a value of 1.2. In addition the value of ξ was set to 1.5 

and the data were still well fitted by the relationship. With increasing polymer fraction, 

thus decreasing elastic modulus values, the strain at failure of PICNs increased 

significantly. The strains at failure of dental ceramics are typically in the range of 0.1 - 0.2 
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%. In this study the measured pure polymer exhibits a failure strain of 4.1 %. Due to the 

polymer ratio PICNs reached greater strains (0.5 - 1 %) than brittle ceramics when loaded 

to fracture. The higher strain at failure implies a higher fracture resistance of loaded 

restorations during mastication.   

 The elastic modulus of PICN (16.4 - 28.1 GPa, Table 3) resembles that of human 

dentin (16 - 20.3 GPa, Table 1) and adhesive luting cements (6.8 - 10.8 GPa) (Pest et al., 

2002) more closely than dental ceramic materials (50 - 380 GPa) (Dietschi and Spreafica, 

1998). Due to the improved elastic modulus match of dentin, adhesives and PICN, a more 

uniform stress distribution especially during mastication loading (of restored teeth) is 

anticipated (Ichim et al., 2007; Ausiello et al., 2004). This means that the strain response 

during loading is more uniform in the system (dentin, adhesive, PICN). 

 

 Comparing PICNs to dental composite block materials the microstructural 

differences are obvious. In composite materials the inorganic filler particles are 

embedded in a polymer matrix material without interconnections. For this reason, also 

the mechanical properties of composites differ compared to PICNs, where, in contrast, an 

interconnected two-phase system is present (Figure 11 and Figure 18).  

 

 The investigated mechanical properties of PICNs (Table 3) were compared with 

those of human enamel and dentin (Table 1). The elastic modulus of PICNs with 59 % and 

63 % ceramic density resembles the given literature values of dentin which were found to 

be 16 - 20.3 GPa. Regarding the hardness values of PICN, the lowest measured hardness 

was 1.05 GPa for the 59 % PICN, also matching more the dentin rather than the enamel. 
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With the lower hardness of PICNs compared to veneering ceramics (∼ 6 GPa, Park et al., 

2008), no excessive wear of the antagonist dentition is expected. Since the flexural 

strength of dentin and enamel is difficult to measure, few references are available, thus 

there was no comparison made to PICNs. 

 

 The relevance to CAD/CAM generated restorations of PICNs is its machinability. 

Because of only porously sintered ceramic and interpenetrating polymer fraction, PICNs 

are expected to exhibit a good machinability with minimal chipping. To support this 

assumption, He and Swain (2011) measured the brittleness index of PICNs and found a 

reasonable value for PICNs which makes the material a suitable CAD/CAM candidate. In 

this study the potential damage caused by manufacturing restorations was imitated by 

means of Vickers indentations. The crack extensions emanating from indentation 

diagonals of the dense ceramic (Figure 16 (b)) were much larger than for PICNs (Figure 16 

(c - f)). The crack extension results, amongst others, lead to the assumption that minimal 

machining or clinical adjustment damage and associated strength degradation occur. This 

means the damage tolerance of PICNs is higher compared to CAD/CAM machined 

ceramics, which often chip during milling. As could be seen from the SEM images Figure 

17 and Figure 18, emanating cracks induced by indentation run through ceramic parts, 

but deflect at polymer-ceramic interfaces. This behavior is an indication of the damage 

tolerance of PICN. The relevance to potential clinical applications of the above depicted 

behavior of PICN is that local damage is less likely to result in chipping induced failure of 

restorations. The damage tolerance is investigated further in Chapters IV, V and VI.  
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3.5. Conclusions 

Based on the results of the present study, the following conclusions were drawn: 

1. The mechanical properties (flexural strength and strain at failure) of feldspar ceramic 

can be enhanced by infiltration of a second phase (polymer) into porous ceramic 

precursor. 

2. The ratio between porous ceramic and polymer content influences the mechanical 

properties especially flexural strength (in the range of 131.1 to 159.9 MPa), elastic 

modulus (16.4 to 28.1 GPa), hardness (1.1 to 2.1 GPa) and strain at failure (0.5 to 1 %) of 

the novel PICN (polymer-infiltrated-ceramic-network) material.  

3. The Halpin-Tsai relationship appears to reliably predict the PICN elastic modulus values. 
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Chapter IV 

4. In-vitro strength degradation of dental ceramics and novel 

PICN material by sharp indentation 

4.1. Introduction 

Dental CAD/CAM ceramics for restorations are generally categorized on the basis of 

their flexural strength, which is not the only characteristic determining the clinical 

performance. Depending on materials microstructure, intrinsic flaws, geometry and 

finishing of specimens the strength values scatter within a certain range. The uncertainty 

of ceramic materials in structural applications is their brittleness and consequent 

limitations for mechanical reliability (Zhu et al., 2009; Yap et al., 2004). From an esthetic 

viewpoint, ceramics are used as dental materials because of their tooth colored 

appearance. To predict the clinical performance of restorations more closely, not only the 

intrinsic flexural strength of dental ceramics should be investigated, but also the fracture 

toughness, strength degradation and R-curve behavior. The latter material properties are 

independent of intrinsic flaw distribution (Guazzato et al., Part I, 2004). Some ceramics 

demonstrate increasing fracture toughness with increasing crack length. This so called R-

curve (resistance-curve) behavior occurs because of the microstructure toughening 

interactions behind the crack tip (Chung and Yap, 2005). An important objective of 

ceramics research is the engineering of tougher materials with high reliability.  

  A frequently used measurement of strength degradation and fracture toughness of 

brittle materials is the indentation strength technique (IS). This method (Chantikul et al., 

2
 This chapter is identical to the publication: Coldea A, Swain MV, “Thiel N. In-vitro strength degradation 

of dental ceramics and novel PICN material by sharp indentation” which appeared in Journal of the 

Mechanical Behavior of Biomedical Materials, 2013; 26:34-42.   

 

2 
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1981) is a two-step technique that requires a flaw introduction and subsequent bending 

test to determine the retained strength. The IS technique was employed in previous 

studies for dental materials (Guazzato et al., Part I, 2004; Chung and Yap, 2005; 

Bartolomé et al., 2007; Gutierréz-González and Bartolomé, 2008), but also non-dental 

materials (Zhu et al., 2009; Kim et al., 2000; Jung et al., 2004; Sglavo et al., 2005; Lach et 

al., 2007) and interpenetrating phase composites (Ha et al., 2000). For the IS method no 

crack measurement is required which makes it a simple and relatively fast technique. 

Furthermore, a round robin test conducted in 1992 showed consistent fracture toughness 

results, which also compared well with other fracture toughness measurement 

techniques (Quinn GD et al., 1992).          

 The purpose of this paper focused on the strength degradation or in other words, 

the damage tolerance of dental ceramics. The in-vivo strength degradation of restorations 

based on dental ceramics may occur in oral environments as a consequence of 

masticatory and parafunctional forces of more than 200 N (Peterson et al., 1998b). Flaws 

of different magnitudes may be introduced to restorations depending on the chewed 

food and associated mastication force. In addition, damage may be introduced during 

technicians or clinicians adjustment of ceramics prior to or during placement in the 

mouth. This study addresses the issue of controlled flaw application in dental ceramics, 

using sharp indentations. Such in-vitro indentations are more severe than expected due 

to in-vivo mastication contact damage, however similar damage may be introduced 

during technicians or clinicians adjustment of ceramics prior to or during placement in the 

mouth (Chung and Yap, 2005).   
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   The specific aim of this paper was the flexural strength determination of ceramic 

materials containing contact flaws produced by a sharp Vickers indenter, as a function of 

indentation load. The investigated materials included four CAD/CAM ceramics and one 

veneering ceramic already on the market, as well as two experimental materials (PICN 

test material 1 and 2). VITA Mark II, IPS e.max CAD and In-Ceram YZ are already used 

clinically as monolithic materials. PICN test material 1 and 2 are intended for the 

application as monolithic CAD/CAM materials. Contrary to manufacturer’s instructions In-

Ceram Alumina was investigated without a veneering layer. PICN test materials (PICN = 

Polymer-Infiltrated-Ceramic-Network material) are novel interpenetrating phase 

composites (IPC) and described in earlier papers (Coldea et al., 2013b; He and Swain, 

2011; He et al., 2011; He et al., 2012). In this study the two PICN materials differed in 

their ceramic-polymer ratio. PICN test material 1 had a higher ceramic fraction than PICN 

test material 2. In-Ceram Alumina and PICN test materials were expected to exhibit a 

toughening mechanism due to their 3-dimensional interconnected two-network 

structures (Raddatz et al., 2000).    
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4.2. Materials and Methods 

4.2.1. Materials   

 In this study the seven investigated materials included Mark II, PICN test material 1, 

PICN test material 2, In-Ceram Alumina, VM 9, In-Ceram YZ (all VITA Zahnfabrik, Bad 

Saeckingen, Germany) and IPS e.max CAD (Ivoclar Vivadent, Schaan, Liechtenstein) (Table 

5). 

 

Table 5: Technical profiles of the studied materials of chapter IV. 

Material (Abbreviation) Category Manufacturer 

Mark II  

(MarkII) 
Feldspar glass ceramic 

 

VITA Zahnfabrik,  

Bad Saeckingen, 

Germany 

PICN test material 1  

(PICN1) 

Interpenetrating phase composite 

(polymer-infiltrated-ceramic-network) 

PICN test material 2  

(PICN2) 

Interpenetrating phase composite 

(polymer-infiltrated-ceramic-network) 

In-Ceram Alumina 

(ICAlumina) 
Glass infiltrated aluminum oxide ceramic 

VM 9  

(VM9) 
Feldspar veneering ceramic 

In-Ceram YZ  

(YTZP) 

Yttria stabilized tetragonal zirconia 

polycrystals  

IPS e.max CAD  

(emaxCAD) 

Lithium disilicate crystals embedded in a 

glassy matrix 

Ivoclar Vivadent,  

Schaan, Liechtenstein 

 

Methods 

4.2.2. Bending bar preparation 

 For all applied experiments in this study, 50 bending bars of each material 

mentioned above were fabricated. Bending bars of MarkII, PICN1 and 2, ICAlumina, YTZP 

and emax CAD were cut out of blocks with a diamond saw. To compensate the sintering 

shrinkage YTZP bending bars were cut oversized and sintered according to manufacturer’s 

instructions. For the VM9 bending bar preparation, a mold to shape and a furnace (VITA 
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Vacumat 4000, VITA Zahnfabrik, Bad Saeckingen, Germany) to sinter the specimens were 

used. The sintering was conducted according to manufacturer instructions with slow 

cooling (70°C/min) to 600°C to minimize the development of tempering residual stresses. 

ICAlumina bars were glass-infiltrated after cutting according to manufacturer instruction. 

Subsequently the bending bars were lapped (MDF 400 PR, Bierther sub micron, Bad 

Kreuznach, Germany) down (15 µm diamond suspension) to a size of 18 mm x 4 mm x 1.2 

mm. All tests in this study were carried out on 1.2 mm thick bending bars (according to 

ISO 6872:2008). The edges of all bending bars were chamfered (according to ISO  

6872:2008) in order to minimize stress concentration due to machining flaws. Due to 

machining (lapping, chamfering) of YTZP bending bars, a regeneration firing according to 

manufacturer instructions was conducted. The fabricated specimens were divided into 

three groups: Group I (n = 10 bending bars), Initial flexural strength; Group II (n = 35 

bending bars), Strength degradation; Group III (n = 5 bending bars), Fracture toughness.     

 

4.2.3. Initial flexural strength, (Group I) 

 The bars were loaded until fracture in a universal testing machine (Z010, 

Zwick/Roell, Ulm, Germany) in three-point-flexure with a crosshead speed of 0.5 

mm/min. The fracture stress σf, was calculated by the formula (according to ISO 

6872:2008): 

�� � ���/
��
        (7)          

where F is the fracture load, l the roller span (here 15 mm), w the width and h the height 

of the bar.  
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4.2.4. Strength degradation, (Group II) 

 The 35 bending bars of each material were subdivided into 7 x 5 bars in order to 

place seven varying Vickers indentation loads. Respectively, five bars per material were 

indented with 1.96, 4.9, 9.81, 19.61, 29.42, 49.03 and 98.07 Newton (N) employing a 

hardness testing device (ZHU0.2/Z2.5, Zwick/Roell, Ulm, Germany). The macro Vickers 

indentations were positioned in the center of the prospective tensile surface of the 

bending bars (Figure 20). The loads were applied during 2 to 8 seconds and held for 20 

seconds. To avoid subcritical crack growth, the flexural strength measurement of 

indented bars was performed immediately after indentation and similar to the above 

described initial flexural strength measurement (Figure 20). Every specimen was checked 

to ensure that fracture initiated from the indent. The flexural strength results obtained 

from the specimens that fractured from the indentations were used for the subsequent R-

curve analysis. 

                             

Figure 20: Schematic test design for strength degradation determination. 

 

  

 

 w = 4 mm 

 

l = 15 mm 

0.5 mm/min 

h = 1.2 mm 
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4.2.5. Fracture toughness SEVNB, (Group III) 

 The SEVNB (single-edge-vee-notch-beam) specimens for fracture toughness 

measurement were prepared according to CEN/TS standard 14425-5, (2005). After 

notching the bending bars with a razor blade and diamond suspension, the fracture 

toughness (K1C) was determined in three-point-bending by the equation (CEN/TS standard 

14425-5, 2005; Scherrer et al. 1998): 

"��,$��% �	
�

�√�
∙ �
�
∙ �√(

���	(��.!

∙ )                (8) 

) � �. *�+
, !. -
�+( . ��.  *!�(
 , � . -/�!(� . ��. !* /(� , �. / */(! (9) 

where F = fracture load, w and h = bending bar width and height, l = roller span, α = a/w, 

a = notch depth and Y = stress intensity shape factor. 

 

4.2.6. Fracture toughness IS  

 The results from the strength degradation measurement (described above) were 

used to additionally calculate the fracture toughness from an indentation strength (IS) 

equation proposed by Chantikul et al., (1981): 

"��,�$ � 	-. !*�/���/ ∙ 0����/�1
�/�

          (10) 

where 0.59 is a geometrical constant adopted by Guazzato et al., (2004), E is the elastic 

modulus (evaluated from the slopes of load deflection curves of the above described 

initial flexural strength measurement), H the hardness of the material (calculated from 

indentations on strength degradation specimens), σf is the as-indented fracture strength 

and P the indentation load. 
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4.2.7. Statistical analysis 

 Single-factor ANOVA was applied to test for significant differences of initial 

compared to as-indented flexural strength and fracture toughness results. P < 0.05 was 

considered significant. 

 

4.2.8. Scanning electron microscopy 

 A range of indented and fractured specimens were gold coated for scanning 

electron microscopy. SEM (LEO 438 VPi, Carl Zeiss, Oberkochen, Germany) was employed 

to observe the indented and fractured surfaces of the specimens by secondary electron 

(SE) detector. 
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4.3. Results 

4.3.1. Flexural strength and strength degradation 

 The intrinsic flexural strength values and standard deviations of the materials tested 

are listed in Table 6.  

Table 6: Intrinsic flexural strength, elastic modulus, hardness and fracture toughness by 

SEVNB- and by IS- method in three-point-bending of studied materials with standard 

deviations (SD). 

Material 

Intrinsic  

Flexural strength 

(SD) 

[MPa] 

Elastic modulus 

(SD) 

[GPa] 

Hardness 

(SD) 

[GPa] 

Fracture 

toughness 

SEVNB 

(SD)  

[MPa√m] 

Fracture 

toughness 

IS 

(SD) 

[MPa√m] 

MarkII 137.83 (12.4) 57.20 (3.6) 6.24 (0.43) 1 (0.06) 1.25 (0.14) 

PICN1 144.44 (9.61) 31.72 (1.43) 2.41 (0.08) 1 (0.04) 1.41 (0.17) 

PICN2 158.53 (7.14) 26.54 (1.05) 1.71 (0.01) 1.51 (0.11) 1.89 (0.27) 

ICAlumina 402.13 (34.54)  211.83 (13.13) 11.76  (0.59) 3.73 (0.13) 3.64 (0.45) 

VM9 121.60 (11.61) 57.15 (2.53) 6.29 (1.24) 0.82 (0.06) 0.96 (0.02) 

YTZP 1358.53 (136.54)  184.21 (2.57) 13.91 (0.9) 4.94 (0.28) 4.97 (0.28) 

emaxCAD 344.05 (64.5) 79.75 (4.92) 6.02 (0.21) 2.37 (0.28) 2.27 (0.16) 

 

 

The flexural strengths as a function of indentation load are plotted in Figure 21 on 

logarithmic axis. The unindented initial flexural strength values of the specimens are 

arbitrarily plotted at 1 N indentation load. With increasing indentation load, the flexural 

strength of all tested materials decreased compared to the initial flexural strength. The 

material with the highest strength degradation of 81 % at an applied load of 98.07 N, is 

YTZP, followed by VM9 with 77 %, emaxCAD with 72 %, MarkII with 64 %, PICN1 with 62 

%, ICAlumina with 56 % and PICN2 with the lowest value of 51 % loss of strength. PICN2 

and ICAlumina maintained their intrinsic flexural strength until an indentation load of 4.9 

N, indicated by the horizontal bands in Figure 21. The initial strength of all other materials 
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decreased significantly already at the minimum load of 1.96 N. Solid lines in Figure 21 

represent linear fits through data points with a simple power law function of the type Y = 

A·X
b
. The factor b indicates the slope of the linear regression line with the value A a 

constant. As can be seen from Figure 21 the slopes of the linear fit lines vary with 

materials and have the sequential negative values of 0.40 YTZP, 0.34 VM9, 0.26 emaxCAD, 

0.24 ICAlumina and PICN2, 0.22 MarkII and 0.21 for PICN1.       

 

 

Figure 21: Initial Flexural strength (arbitrarily plotted at P = 1 N) and strength degradation 

of named materials with rising indentation loads. X- and Y-axes logarithmic plot. Solid 

lines and equations represent power law fits through the data. Each data point represents 

the mean and standard deviation of five specimens per load and material.  
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4.3.2. Fracture toughness SEVNB and IS techniques 

 The hardness, elastic modulus and fracture toughness (K1C) values, both SEVNB and 

IS methods as well as standard deviations of the examined materials, are listed in Table 6. 

The elastic modulus and hardness are required to calculate the IS fracture toughness. 

Among the examined materials PICN2 exhibits the lowest hardness and elastic modulus 

values of 1.71 GPa and 26.54 GPa respectively. Except for emaxCAD and ICAlumina all 

mean IS fracture toughness values are higher than SEVNB values and range from 0.96 to 

4.97 MPa√m for VM9 and YTZP respecHvely. The IS fracture toughness values in Table 6 

are mean values of seven (for ICAlumina, emaxCAD, PICN2, PICN1, MarkII and VM9) and 

respectively five (for YTZP) indentation loads as can be seen in Figure 22. The fracture 

toughness of VM9 in Figure 22 appears to act independently of indentation load as can be 

seen from the almost horizontal linear regression line in the log-log plot. The six other 

materials exhibit a fracture toughness increase with rising indentation loads suggesting an 

R-curve behavior.  
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Figure 22: Fracture toughness values measured by the IS-method at rising indentation 

loads. Note the X- and Y-axes are plotted on logarithmic scale. Solid lines indicate fits 

through data calculated with a simple power law function of the type Y = A·X
b. Factor b 

indicates the slope of the linear regression line. 

 

4.3.3. Scanning electron microscopy 

Figure 23 shows Vickers indentation loads of one indented and one fractured 

bending bar per material, after the application of 49.03 N. A-column images represent the 

top view of indented bars and B-column images fractured cross sections with impressions 

left by the Vickers diamond indenter. All materials except PICN2 developed cracks upon 
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Vickers indentation with a load of 49.03 N as can be seen from top view images at a 1000-

fold magnification. All visible cracks emanated from the corners of indentation diagonals. 

Depending on the hardness (Table 6) of the material the indented surface contact area 

varied. Of the tested materials YTZP represents the highest and PICN2 the lowest 

hardness. 
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Figure 23: SEM micrographs of indented and fractured bending bars surfaces with 49.03 N 

indentations as fracture origin. A-pictures: top view prior to fracture, B-pictures: fractured 

cross section. 
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4.4. Discussion 

Firstly, the investigated materials in the current study comprised a range of dental 

ceramics with different microstructures. The categories were interpenetrating phase 

composites (IPCs) either filled by a glass (ICAlumina) or polymer (PICN), oxide-ceramic 

(YTZP), feldspathic ceramic (MarkII, VM9) and lithium disilicate glass ceramic (emaxCAD). 

The materials were selected to cover a broad range of dental restorative materials. 

 ICAlumina is a core material and normally has to be veneered by a ceramic with 

corresponding CTE (coefficient of thermal expansion). In this study the microstructure of 

ICAlumina was of interest as a comparative material to PICN. PICNs are test materials and 

representatives of IPCs, where a porous ceramic network is filled by a second lower 

elastic modulus phase (polymer) (He and Swain, 2011; He et al., 2011).  

 All tests were carried out on bending bars polished down to 15 µm. As described in 

a previous paper (Chung and Yap, 2005), the effect of surface roughness is negligible if 

the indentation depth (for the IS method) is much greater than the surface roughness. As 

can be seen from Figure 23 A (top view), indentations were applied on micro meter scale, 

hence, high gloss polishing of specimens was not required. 

       

 Secondly, a correlation of the methods for fracture toughness measurement could 

be drawn. A standard deviation of 0.02 (YTZP) to 0.29 (PICN1) MPa√m (1 % and 29 % 

respectively) in fracture toughness was observed comparing the IS to the SEVNB values 

(Table 6). In a previous study by Scherrer et al., (1998), where three different fracture 

toughness measurement methods were applied to three dental ceramic materials, the 

results agreed within 10 %. In this study, it was observed that the lower the fracture 
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toughness of the materials (according to the SEVNB method) the higher the difference to 

the IS fracture toughness values. 

 No correlation was present between fracture toughness and strength degradation. 

YTZP for example indicates the highest fracture toughness of 4.94 (SEVNB) and 4.97 (IS) 

[MPa√m], but also has the highest strength degradaHon of 81 % (at 98.07 N load) 

amongst all investigated materials.   

 The low as-indented flexural strength standard deviations of bending bars in Figure 

21 indicate that fractures originated from the flaws introduced by the indentations. 

Hence, it is assured that the introduced flaws were larger than intrinsic ones that initiated 

failures.  

 The flexural strength degradation or fracture resistance with rising indentation load 

in Figure 21 reflects the resistance of a material to catastrophic fracture.  From the data 

in Figure 21 and the IS-equation (10) an indentation load – fracture toughness plot was 

generated (Figure 22). For all investigated materials, except VM9 in Figure 22, the 

fracture toughness increased with rising indentation load. Such rising fracture toughness 

with indentation load is an indication of R-curve behavior (Quinn J et al., 2000; Cesar et 

al., 2011; Fischer H et al., 2002; Shah et al., 2009). Because of the statistical significant 

differences in the order of fracture toughness values, the YTZP values at 1.96 and 4.9 N 

were not considered in the linear fit lines in Figure 22. The indentation loads of 1.96 and 

4.9 N for YTZP (with a high intrinsic flexural strength of above 1000 N) are too low to 

calculate the fracture toughness. At such low loads there are no cracks evident. A 

transformation reaction (tetragonal to monoclinic phase) occurs (as an implication to 

indentation) to block radial crack formation. The IS K1C values calculated at 1.96 and 4.9 N 
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are 6.1 and 6.2 MPa√m respecHvely and differ significantly to the fracture toughness 

measured at 9.81 N (4.6 MPa√m). Hence, the YTZP IS fracture toughness (4.97 MPa√m) 

displayed in Table 6 represents the mean value of the five fracture toughness values of 

Figure 22. For a material with no R-curve behavior the slope (as suggested by Eq. 10) of 

the strength degradation with indentation load should be 1/3. This behavior was also 

reported in previous publications (Bartolomé et al., 2007; Gutierréz-González and 

Bartolomé, 2008). Values of the slope lower than 1/3 indicate R-curve behavior, whereas 

values in excess of 1/3 suggest that surface compressive stresses are present or the initial 

ability to nucleate indentation cracks is compromised.  On this basis the extent of the R-

curve ranging from most to least significance in Figure 21 is: PICN1, MarkII, PICN2, 

ICAlumina, emaxCAD. In Figure 21 linear regression was used to obtain the best fit 

through experimental data. PICN1 and MarkII have the lowest slopes of 0.21 and 0.22 

respectively. Due to the incorporated second phase into the open network ceramic 

precursors, toughening mechanisms are present within PICN1. Introduced cracks are 

deflected or bridged along its trajectory by the second infiltrated phase (polymer). In 

previous studies toughened Y-TZP and Al2O3 by infiltrated ductile metallic phases like 

niobium, indicate a rising R-curve behavior and fracture toughness as measured by 

applying the indentation strength method (Bartolomé et al., 2007; Gutierréz-González and 

Bartolomé, 2008; Sbaizzero et al., 1998). In summary R-curve behavior can be predicted 

both from the method in Figure 21 and Figure 22.  

 The SEM micrographs of fractured bending bar surfaces in Figure 23 (B) reveal 

differences between the materials. Depending on the materials microstructure the 

appearance of the fractured surfaces differ. Smooth fractured surfaces imply crack 
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propagation with limited deflection generally implying lower fracture toughness. The 

fractured surfaces of PICN1, PICN2 and ICAlumina appear to be rougher compared to the 

other materials. It is assumed that propagating cracks are deflected and experience a 

more tortuous path for the three above-mentioned materials resulting in rough surfaces.     

 

 Thirdly, comparing the results of fracture toughness and R-curve behavior of a 

frequently investigated material like YTZP, corresponding results were generated in this 

study. Values of 5 - 6 MPa√m (Bartolomé et al., 2007) for fracture toughness and 

indication of no R-curve behavior (Bartolomé et al., 2007) are in agreement with the 

results calculated in this study. Guazzato et al., Part II, (2004) generated values of 5.5 

(0.34) MPa√m for YTZP applying the IS (indentaHon strength) method. In this study the 

calculated IS fracture toughness value of YTZP is 4.97 (0.28) MPa√m. Considering the 

standard deviations, comparable results were generated in previous papers and the 

present study for YTZP using the IS method. For ICAlumina the IS K1C values reported by 

Guazzato et al., Part I, (2004) is 3.6 (0.26) MPa√m and 3.87 (0.33) MPa√m respecHvely, as 

reported by Gonzaga et al., (2009). These results are in good agreement with the value of 

3.64 (0.28) MPa√m, found in the present study. Thus, it is assumed that the measurement 

of fracture toughness by the IS methodology provides reproducible results. 

 

 Fourthly, PICNs are test materials with the specific purpose to enhance the fracture 

toughness and reduce the strength degradation. Therefore, the novel materials were 

engineered by introducing a lower elastic modulus polymeric second phase into ceramic 

networks. Compared to ICAlumina where a glass is infiltrated into the ceramic network, 
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the PICN materials were infiltrated by resin. The slope of PICN1 linear fit line in Figure 21 

exhibits the lowest value compared to all investigated materials, which implies the 

highest R-curve behavior. The slopes of the linear fit lines in Figure 22 indicate a 

significant R-curve behavior for PICN2, PICN1 and ICAlumina with the least negative slope 

values (B) of 0.107 and 0.092 respectively. Regarding the overall strength degradation 

observed in Figure 21 from 1 N to 98.07 N, the IPC materials PICN2, ICAlumina and PICN1 

indicate the least loss of strength. As assumed, this result implies a toughening 

mechanism present within the tested IPC materials. Although the strength of the PICN 

materials 1 and 2 initially (at 1 N, Figure 21) is well below that of the two crown core 

materials YTZP and ICAlumina, however at indentation loads of 98.07 N, their retained 

strengths exceeded that of the other materials which are currently used for single crowns 

(MarkII) and veneering ceramic (VM9) but were almost comparable to those for limited 

bridge structures (emaxCAD). 

 

 Lastly, the outcomes of this study are anticipated to be associated with the clinical 

performance of restorations made of the tested materials. Comparing the intrinsic 

flexural strength values (P = 1 N) in Figure 21 and strength degradation at P = 98.07 N of 

emaxCAD and PICN2 a difference of about 200 MPa initially (P = 1 N) and 15 MPa at P = 

98.07 N is present. This indicates a higher damage tolerance of PICN2. As a consequence 

introduced flaws by, for example, chewing or grinding adjustment, are expected to have a 

lower impact on the resultant strength of PICN2 than on emaxCAD.  

 This study was conducted in-vitro to indicate the likely clinical behavior of 

restorations with flaws introduced during technician and clinician adjustments. The 
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influences on the materials introduced by the oral environment were not considered in 

this study. The present study covered the radial crack type of flaws produced by Vickers 

indenters. During mastication also cone cracks by Hertzian contact can be introduced to 

restorations (Ha et al., 2000; Peterson et al., 1998). To simulate cone and partial cracking, 

future work will consider the influence of blunt indentation (Brinell) of dental ceramics.  
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4.5. Conclusions 

 Based on the results of the present study, the following conclusions were drawn: 

1. All studied materials with the exception of YTZP and VM9 showed some R-curve 

behavior. The interpenetrating network materials PICN1, PICN2 and In-Ceram Alumina as 

well as MarkII appear to exhibit the most significant R-curve behavior. PICN1, PICN2 and 

In-Ceram Alumina are porous ceramic microstructures infiltrated by polymer or glass 

respectively.  

2. Toughening of dental materials, can be engineered by incorporation of a second lower 

elastic modulus phase into a ceramic to improve the damage tolerance of restorations 

against introduced flaws.  

3. The tested PICN materials are even more damage tolerant than commonly used dental 

ceramics available on the market, and imply therewith suitability as dental restorative 

material. 
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Chapter V 

5. Hertzian contact response and damage tolerance of dental 

ceramics 

5.1. Introduction 

 Enamel, the natural tooth substance exposed to the oral cavity, is composed of 

hydroxyapatite, water and organic matrix (Bechtle et al., 2010b). It is a bio-composite and 

in combination with dentin optimized by nature to withstand the localized forces applied 

during chewing and generally to endure different types of load applications (chewing, 

grinding, crushing) in the oral environment. In the human oral posterior region maximum 

biting forces are reported to be in the range of 150 - 665 N (Da Silva et al., 2008) but 

occlusal forces during masticatory contacts are generally much lower than maximum 

biting forces. Furthermore the high posterior forces are distributed over the opposing 

cusps of several teeth and in general these forces do not exceed 10 N (Da Silva et al., 

2008). The load resulting from chewing or crushing is transferred by opposing cuspal radii 

of 2 - 4 mm as reported in previous studies (Rueda et al., 2013; Peterson et al., 1998a; 

Lawn, 1998). However damage to teeth and dental materials may arise from biting with 

the inadvertent presence of small seeds and stones. When lost tooth substance is 

replaced by dental restorative materials the requirement on the materials is their load 

bearing capacity to the aforementioned forces and radii of the contacting surfaces.  

 Amongst other factors, the microstructure of ceramic based dental materials as well 

as intrinsic flaws, the design, finishing of restorations and wear in function dominate the 

3
 Chapter V corresponds to the publication “Coldea A, Swain MV, Thiel N. Hertzian contact response and 

damage tolerance of dental ceramics published in Journal of the Mechanical Behavior of Biomedical 

Materials, 2014; 34:124-133. 

 

3 
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behavior under loading conditions. The loading of materials with flaws present can result 

in fatal fractures of restorations. A further consideration is the restoration of implants 

with ceramic materials, because of their higher rigidity and absence of propreception.  As 

a consequence the implant supra-structure has to sustain higher loading and bending 

forces than periodontal ligament supported natural teeth. To predict the clinical 

performance of restorations more closely, not only the intrinsic flexural strength of dental 

ceramics should be investigated, but also the in-vitro contact response, strength 

degradation and associated fracture mechanics upon loading with spherical indenters.  

 

 Compared to the strength degradation associated with sharp diamond indentations, 

where the R-curve behavior can be determined, blunt spherical indentation emulates 

masticatory loading conditions more closely compared to conventional mechanical tests. 

Blunt or Hertzian indentation method was employed in previous studies on dental 

ceramics (e.g. Peterson et al., 1998a, 1998b; Jung et al., 1999) and human enamel (He 

and Swain, 2007). The method utilizes indentations with hard metal spheres (in this 

study: tungsten carbide) and subsequent analysis of fracture mechanics, flexural strength 

and contact response of tested materials. Masticatory forces, various contact and cusp 

radii can be simulated with this method by varying the maximum load and indenter 

radius. 

 

 The purpose of this paper is the in-vitro comparative examination of ceramic based 

dental materials by means of controlled flaw introduction with varying spherical indenter 

sizes and loads to simulate the likely clinical behavior during mastication. In this study the 
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materials tested were four CAD/CAM ceramics (MarkII, IPS e.max CAD, In-Ceram YZ, In-

Ceram Alumina) and one veneering ceramic (VM9) already on the market as well as two 

experimental polymer-infiltrated-ceramic-network materials (PICN). Mark II, IPS e.max 

CAD and In-Ceram YZ are already used clinically as monolithic materials. PICN test 

material 1 and 2 are intended for the application as monolithic CAD/CAM materials. The 

PICN materials are interpenetrating phase composites composed of two continuous 

networks of ceramic and polymer and described in earlier papers (Coldea et al., 2013a, 

2013b; He and Swain, 2011; He et al., 2011, 2012). In this study the two PICN materials 

differed in their ceramic-polymer ratio. PICN test material 1 had a higher ceramic fraction 

(75 vol% ceramic, 25 vol% polymer respectively) than PICN test material 2 (69 vol% 

ceramic, 31 vol% polymer respectively). Contrary to manufacturer’s instructions In-Ceram 

Alumina was investigated without a veneering layer.  

 

 The in-vivo strength degradation of restorations based on dental ceramics may 

occur in oral environments as a consequence of masticatory and parafunctional forces. 

Flaws of different magnitudes present within restorations in combination with loading 

may be the origin of subsequent fractures. This study addresses the issue of controlled 

flaw application in dental ceramics, using blunt indentations. The specific aim of this 

investigation was to determine the contact response and damage tolerance of ceramic 

materials containing contact flaws produced by spherical indenters, as a function of 

indentation load. 
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5.2. Materials and Methods 

5.2.1. Materials    

 In this study the seven investigated materials included Mark II, PICN test material 1, 

PICN test material 2, In-Ceram Alumina, VM 9, In-Ceram YZ (all Vita Zahnfabrik, Bad 

Saeckingen, Germany) and IPS e.max CAD (Ivoclar Vivadent, Schaan, Liechtenstein) (Table 

7). 

 

Table 7: Technical description and properties of the studied materials of chapter V. 

Material 

(Abbreviation) 
Category Manufacturer 

Initial 

 strength  

σσσσ f [MPa] 

Fracture 

toughness 

K1C [MPa√m] 

Hardness 

H [GPa] 

Elastic 

modulus  

E [GPa] 

Mark II  

(MarkII) 
Feldspar glass ceramic 

 

Vita Zahnfabrik,  

Bad Saeckingen, 

Germany 

137.83 

(12.4) 
1.12

#
 

6.24 

(0.43) 

57.20  

(3.6) 

PICN test 

material 1  

(PICN1) 

Interpenetrating phase 

composite (polymer-

infiltrated-ceramic-

network) 

144.44 

(9.61) 
1.21

#
 

2.41 

(0.08) 

31.72  

(1.43) 

PICN test 

material 2  

(PICN2) 

Interpenetrating phase 

composite (polymer-

infiltrated-ceramic-

network) 

158.53 

(7.14) 
1.7

#
 

1.71 

(0.01) 

26.54  

(1.05) 

In-Ceram 

Alumina 

(ICAlumina) 

Glass infiltrated aluminum 

oxide ceramic 

402.13 

(34.54) 
3.68

#
 

11.76 

(0.59) 

 211.83  

(13.13) 

VM 9  

(VM9) 
Feldspar veneering ceramic 

121.60 

(11.61) 
0.89

#
 

6.29 

(1.24) 

57.15  

(2.53) 

In-Ceram YZ  

(YTZP) 

Yttria stabilized tetragonal 

zirconia polycrystals 

1358.53 

(136.54) 
4.95

#
 

13.91 

(0.9) 

 184.21  

(2.57) 

IPS e.max CAD  

(emaxCAD) 

Lithium disilicate crystals 

embedded in a glassy 

matrix 

Ivoclar Vivadent, 

Schaan, 

Liechtenstein 

344.05 

(64.5) 
2.32

#
 

6.02 

(0.21) 

79.75  

(4.92) 

Dentin Biomaterial --- --- 2.65* 0.76* 18.15* 

Enamel Biomaterial --- --- 1.05* 4.15* 76.75* 

* Mean values from different references summarized in Coldea et al., 2013b 
#
 Mean values of SEVNB and IS fracture toughness measurement adopted from Coldea et al., 2013a 

All other values adopted from Coldea et al., 2013a 
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5.2.2. Indentation strength measurement 

 Bending bars of MarkII, PICN, ICAlumina, YTZP and emaxCAD were cut out of blocks 

with a diamond saw. To compensate the sintering shrinkage YTZP bending bars were cut 

oversized and sintered according to manufacturer’s instructions. For the VM9 bending bar 

preparation, a mold to shape and a furnace (Vita Vacumat 4000, Vita Zahnfabrik, Bad 

Saeckingen, Germany) to sinter the specimens were used. The sintering was conducted 

according to manufacturer’s instructions. ICAlumina bars were glass-infiltrated after 

cutting according to manufacturer’s instruction. Subsequently the bending bars were 

lapped (MDF 400 PR, Bierther sub micron, Bad Kreuznach, Germany) then diamond grit 

polished (15 µm diamond suspension) to a size of 18 mm x 4 mm x 1.2 mm or 3 mm (for 

higher loads). The edges of all bending bars were chamfered according to ISO 6872 (ISO 

6872:2008) in order to minimize stress concentration due to machining flaws. After 

machining (lapping, chamfering) of YTZP bending bars, a regeneration firing according to 

manufacturer’s instructions was conducted.   

 Loads of 1.96, 4.9, 9.81, 19.61, 29.42, 49.03, 98.07, 190, 300, 500, 700 and 1000 

Newton (N) were applied with a 1.25 mm radius tungsten carbide (TC) sphere onto five 

bars per material employing a hardness testing device (ZHU0.2/Z2.5, Zwick/Roell, Ulm, 

Germany). Additionally a 0.5 mm radius spherical indenter was employed to indent five 

bars per material at the aforementioned range of loads. The Hertzian indentations were 

positioned in the center of the prospective tensile surface of the bending bars. The loads 

were applied during 5 to 10 seconds and held for 20 seconds at maximum load. The 

flexural strength measurement of indented bars was performed immediately after 

indentation.  
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 The indented bars (n = 5) were loaded until fracture in a universal testing machine 

(Z010, Zwick/Roell, Ulm, Germany) in three-point-flexure with a crosshead speed of 0.5 

mm/min. The fracture stress σf, was calculated by the formula according to ISO 6872 (ISO 

6872:2008): 

�� � ���/
��
                                   (11) 

where F is the fracture load, l the roller span (here 15 mm), w the width and h the height 

of the bar. 

 The initial (unindented) flexural strength of the seven investigated materials was 

additionally determined on 10 specimens per material (n = 10) using the described three-

point-flexural strength method. 

 

5.2.3. Calculated critical loads for cone cracking and quasi-plastic deformation 

 The critical loads to form cone cracks and quasi-plastic deformation were calculated 

adopting the analytical expressions developed by Lawn et al. (Lawn, 1998; Lawn et al., 

2001). The critical loads to form cone cracks (PC) at single cycle loading with a spherical 

indenter were determined by the equation:   

�� � 2	�"��

/�	3                                        (12) 

where A is a dimensionless constant from Auerbach’s law, K1C equals to the fracture 

toughness, E represents the elastic modulus and r the indenter radius (ranging from 0.5 to 

2.5 mm).  

The critical loads for quasi-plasticity were determined by the equation: 

�) � 4	�	��/�
	3
                                     (13) 
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where D is a dimensionless coefficient, and H is the hardness of the tested materials. The 

values of the constants A (8.6 x 10
3
) and D (0.85) in equations 12 and 13 were adopted 

from Rhee et al., 2001.  

  

5.2.4. Observations of indented surfaces 

 To analyse the deformation mechanics during spherical indentations, high gloss 

polished specimens of each material were fabricated. The specimens were indented in 

the same manner as described under 5.2.2. with a 0.5 mm radius TC-sphere at varying 

loads.  

 The materials were gold coated for scanning electron microscopy. SEM (LEO 438 

VPi, Carl Zeiss, Oberkochen, Germany) and LM (Leitz DM RME, Leica, Wetzlar, Germany) 

were employed to observe the indented surfaces of the specimens. 

 

5.2.5. Force-displacement curves 

 Differences in Hertzian contact response of the tested materials were determined 

by the force-displacement curves acquired from the recorded loading-unloading data of 

indentations at 98.07 N with a 1.25 mm radius TC-sphere. 

 

5.2.6. Statistical analysis 

 Single-factor ANOVA was applied to test for significant differences in initial 

compared to as-indented flexural strengths. P < 0.05 was considered significant. 
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5.3. Results 

5.3.1. Indentation strength measurement 

The initial (unindented) flexural strength values and standard deviations of the 

examined materials are listed in Table 7 and plotted in Figure 24 and Figure 25 arbitrarily 

at 1 N indentation load. The data points represent the mean values of ten specimens.  

The retained strengths after indentations at varying loads and sphere radii are 

displayed in Figure 24 and Figure 25 (data points correspond to the mean value of five 

specimens).  

Initial strength reduction of the tested materials with a 1.25 mm radius TC-sphere 

occurred at relatively high indentation loads compared to the 0.5 mm radius sphere. 

Statistically significant strength degradations upon Hertzian contact with the 1.25 mm 

sphere radius started at 190 N for VM9 followed by MarkII at 300 N, emaxCAD at 500 N, 

ICAlumina at 700 N and PICN2 at 1000 N (indicated by the horizontal bands in Figure 24). 

The flexural strengths at aforementioned loads degraded to values of 86 MPa (VM9, 29 % 

strength degradation), 69.1 MPa (MarkII, 50 % strength degradation), 88.6 MPa (PICN2, 

44 % strength degradation), 268.7 MPa (emaxCAD, 22 % strength degradation) and 310.3 

MPa (ICAlumina, 23 % strength degradation) (Figure 24). The maximum indentation force 

of 1000 N (in this study) with the 1.25 mm radius sphere had no strength degrading 

effects on YTZP. The strength degrading load value of PICN1 from Figure 24 did not 

demonstrate a sharp drop in strength but a gradual decline over the range of 300 - 500 N 

(21 % strength degradation), hence for PICN1 a mean value of 400 N was included in 

Figure 26 (filled symbol). With the ICAlumina a large scatter was evident at 700 N 

indicative that not all indented specimens resulted in strength degradation. 
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 Figure 24: Initial flexural strength 

(arbitrarily plotted at P = 1 N) and strength 

degradation as a function of indentation 

load with an indenter radius of 1.25 mm. 

Horizontal bands represent areas where no 

strength degradation occurred. 

Figure 25: Initial flexural strength   

(arbitrarily plotted at P = 1 N) and strength 

degradation as a function of indentation 

load with an indenter radius of 0.5 mm. 

Horizontal bands represent areas where 

no strength degradation occurred. 
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The critical loads for onset of strength reduction and the limit of damage tolerance 

(indicated by the horizontal bands in Figure 25) of the materials with a 0.5 mm sphere 

radius were 98.1 N for VM9, 147.1 for MarkII and PICN1, 300 for emaxCAD and ICAlumina 

followed by 500 N for PICN2 and YTZP (Figure 25).  

 

5.3.2. Calculated critical loads for cone cracking and quasi-plastic deformation 

 The calculated critical loads to initiate cone cracking (PC) were determined 

employing equation 12. The material parameters used for calculation are summarized in 

Table 7. In Figure 26 the calculated PC values (unfilled symbols) were plotted on 

logarithmic axis as a function of K1C
2 divided by the elastic modulus of the appropriate 

materials. Three different indenter radii were chosen for comparative reasons to 

determine PC (the symbols ○, □, ∆ correspond to the calculated PC values with 2.5, 1.25 

and 0.5 mm sphere radius respectively) of the seven tested ceramic materials as well as 

for dentin and enamel. The critical load to initiate cone cracking increases from VM9 

followed by enamel, MarkII, PICN1, ICAlumina, emaxCAD, PICN2, YTZP and ends with 

dentin (Figure 26). With rising indenter radius the PC values increase.  
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Figure 26: Calculated critical cone cracking loads PC (unfilled symbols) as a function of 

material properties and varying indenter radii. Experimental determined values of onset of 

strength degradation (filled symbols). Triangle symbols unfilled, filled correspond to 

calculated respectively experimental results with the 0.5 mm radius indenter. Rectangular 

symbols display the results obtained with the 1.25 mm radius indenter.      

 

 The experimentally measured critical indentation load data to reduce strength 

significantly (filled symbols in Figure 26) were compared to the aforementioned 

calculated PC (onset of cone cracking) values for the 0.5 mm and 1.25 mm radii indenter. 

Dentin and enamel PC values were only calculated. The maximum applied load in this 

study was 1000 N. The critical load to form cone cracks with YTZP and the 1.25 mm radius 

sphere exceeds 1000 N hence the experimental strength degrading value for YTZP is not 

given in Figure 26. The experimental strength degrading critical load data is in agreement 

with the calculated PC values, such as in both cases the critical load PC increased with 

increasing indenter radius.  

 Additionally to the PC values the PY (critical load at first yield) analytical values were 

determined by equation 13 and plotted in Figure 27. Critical calculated onset loads to 
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cause quasi-plastic deformation (respectively first yield) in the tested materials range in 

increasing order from dentin to PICN2, enamel, PICN1, emaxCAD, ICAlumina, MarkII, VM9 

and YTZP (Figure 27). The critical loads for quasi-plasticity tend to be lower than critical 

cone cracking loads for all the materials tested.  

 

 

Figure 27: Calculated critical quasi-plasticity loads PY as a function of material properties 

and varying indenter radii.  

 

5.3.3. Force-displacement curves 

 In Figure 28 the indentation force versus indentation depth was plotted. The 

materials in Figure 28 were loaded to a maximum load of 98.07 N during 5 to 10 seconds. 

The indentation depth varies between the materials, such that the higher elastic modulus 

materials like YTZP and ICAlumina indicate lower indentation depths in comparison to the 

lower modulus materials PICN1 and PICN2. As can be seen from Figure 28 PICN2 exhibits 

the greatest indentation depth of 26.7 µm followed by PICN2 with 22.3 µm, MarkII with 
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15.9 µm, VM9 with 15.3 µm, emaxCAD with 12.2 µm, YTZP and ICAlumina with 8.6 µm 

and 9 µm respectively.  

 

 

Figure 28: Load displacement curves of tested materials determined at 98.07 N 

indentation loads with 1.25 mm radius spherical TC indenter and a holding time of 20 

seconds at maximum load. 

 

 The plateau load period at 98.07 N between loading and unloading curves of 

PICN1 and PICN2 were associated with substantial creep of the materials, that is, 

increasing indentation depth during the holding time. PICN2, the lower modulus 

experimental polymer-infiltrated-ceramic-network material, showed greater creep 

compared to PICN1. 

The PICN1 and PICN2 materials display a substantially greater indentation depth on 

loading (Figure 28) in the low load region compared to the other tested ceramics. This 

behavior is attributed to the lower hardness because of the presence of the polymeric 

phase within PICN. The higher penetration depths in Figure 28 of PICN1 and PICN2 are in 

agreement with the calculated values for the onset of plasticity in Figure 27, where PICN1 
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and PICN2 are to be found at the lower end of the plot. The transition from elastic to 

elastic-plastic behavior of the materials was determined from the onset and extent of 

hysteresis in the force-displacement curves (Figure 28). The extent of the hysteresis was 

as follows PICN2 > PICN1 > VM9 > emaxCAD ∼ MarkII > ICAlumina > YTZP. YTZP exhibits 

almost fully elastic behavior indicated by the near identical loading unloading slops in 

Figure 28. PICN1 and PICN2 display initial elastic loading behavior followed by plastic 

deformation and creep upon holding at maximum load along with significant offset of the 

unloading curve indicative of plastic flow (Figure 28).     

 

5.3.4. Observations of indented surfaces 

The focus of SEM and LM observations were the analysis of the experimental 

materials PICN1 and PICN2 in comparison to already well-studied dental ceramic 

materials like MarkII. The SEM and respectively LM images in Figure 29 (a and b) and 

Figure 30 (a and b) reveal well developed ring cracks upon indentations with the 0.5 mm 

TC sphere at 98 N and 190 N indentation loads in MarkII and PICN2 respectively. At 190 N 

indentation load a shallow ring crack was present within the emaxCAD material (Figure 

31). The materials YTZP and ICAlumina developed no ring and cone cracks upon 

indentations with 190 N. It is assumed that quasi-plastic deformation rather than Hertzian 

ring/cone cracking takes place in aforementioned materials.  

The force-displacement curves in Figure 28 reveal almost complete elastic behavior 

of YTZP indicated by the almost full recovery of displacement upon unloading. ICAlumina, 

emaxCAD, MarkII and VM9 exhibit elastic behavior with plastic flow indicated by the 

hysteresis of loading-unloading curves. In all these materials a glass phase is present and 
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may have contributed to the plastic deformation. PICN1 and PICN2 demonstrate elastic 

behavior with a greater amount of plastic flow and creep in contrast to the other tested 

materials. These results can be correlated to the SEM/LM fractured surface results. PICN2 

exhibits Hertzian ring cracks upon indentation (Figure 30 a and b) and after fracture 

plastic deformation is obvious as indicated by the residual impression of the sphere and 

subsurface yield zone (Figure 30 c). MarkII in contrast displays Hertzian ring cracks (Figure 

29 a and b) with the latter evident as cone cracks  after fracture (Figure 29 c). 

 

  

 

Figure 29: SEM and LM micrographs of MarkII surfaces indented with a 0.5 mm radius 

tungsten carbide spherical indenter at different loads: a): 98.07 N, surface impression; b): 

190 N, surface impression; c): 500 N, cross section of fractured bend bar. 
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Figure 30: SEM and LM micrographs of PICN2 surfaces indented with a 0.5 mm radius 

tungsten carbide spherical indenter at different loads: a): 98.07 N, surface impression; b): 

190 N, surface impression; c): 500 N, cross section of fractured bend bar. 

 

 

Figure 31: LM micrograph of emaxCAD surface indented with a 0.5 mm TC sphere at a 

load of 190 N.  

a 

Ring Cracks 

b 

Subsurface 

yield zone 

Indenter 
impression 

c 



Hertzian contact response and damage tolerance of dental ceramics                                                    Chapter V 

94 

 

5.4. Discussion 

5.4.1. Blunt indentation technique 

 In this study the Hertzian or blunt indentation method was employed which utilizes 

a high modulus elastic hard-metal sphere to indent flat specimens. In comparison to the 

method of sharp indentations with diamond pyramids the force application with blunt 

indenters emulates more closely the conditions of oral function. Human posterior tooth 

cusps exhibit a near spherical shape with radii in the range of 2 - 4 mm as reported by 

Rueda et al., 2013; Peterson et al., 1998a and Lawn, 1998. In this study the tungsten 

carbide indenter radii employed were 0.5 and 1.25 mm to possibly achieve degradation at 

typical mastication loads. In this respect the damage may be more indicative of that 

caused by the presence of a small hard seed or stone loaded between the occlusal 

surfaces. The elastic modulus of tungsten carbide spherical indenter used to characterize 

dental materials in-vitro is much higher compared to the enamel modulus. The high 

modulus and small radii tungsten carbide indenter create an in-vitro worst case scenario 

and attempts to avoid deformation of the indenter by multiple loading during indentation 

tests.  

 

5.4.2. Experimental indentation strength/ damage tolerance 

The results of the retained strength upon blunt indentation were used to determine 

the damage tolerance and critical strength degrading load of a range of dental ceramics. 

In comparison to the results of a previous study (Coldea et al., 2013b) where the strength 

degradation following sharp Vickers indentation was examined on the tested materials of 

this study, the critical strength degrading load for all tested materials was in the range of 
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1.96 to 9.81 N. In the present study the onset of strength degradation upon blunt 

indentation was present at 98 N (for VM9) at an indenter radius of 0.5 mm indentation 

load (Figure 25). To confirm the aforementioned critical strength degrading load of VM9 

an additional evaluation with the 0.5 mm radius sphere at 70 N indentation load was 

conducted. 40 % of the pre-damaged bending bars showed strength degradation and 60 

% retained their inert strength, resulting in a bigger scatter. A 100 % strength reduction 

accompanied by a low scatter in flexural strength was present within VM9 bending bars 

by applying a load of 98 N.  

In summary, the tested ceramic materials were less susceptible to blunt 

indentations compared to sharp indentations. The strength degrading indentation load 

with spheres is dependent on the indenter radius and the appropriate material 

properties. 

Considering Auerbach’s law, as reported in previous studies (Lawn et al., 1975), the 

critical load Pc required for a hard elastic sphere to introduce a cone crack in a flat brittle 

specimen is proportional to the spherical indenter radius. Hence, indenting the bend bars 

with the smaller radius spherical indenter of 0.5 mm at comparable loads to the 1.25 mm 

radius indenter, resulted in a higher strength degradation of the tested dental ceramics.  

YTZP with the highest intrinsic strength and fracture toughness (Table 7) of the 

tested materials is the least susceptible material for spherical indentation induced 

damage. In contrast VM9, the material with the lowest strength and toughness in this 

study is most affected by Hertzian indentations.   
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5.4.3. Calculated critical loads PY and PC 

The analytical expression by Lawn (Lawn et al., 2001) where the critical load to 

produce ring cracks is determined by Pc = A(K1C
2/E)r provides a basis to compare the 

experimental onset of strength degradation with the fracture toughness and elastic 

modulus of the material. In comparison to MarkII, PICN1, PICN2 and VM9 the ceramic 

materials YTZP, ICAlumina and emaxCAD have higher fracture toughness values and 

therewith ring cracks form only at relatively high loads (Figure 26).  

Pre-damaging the experimental materials PICN1 and PICN2 with both the 0.5 mm 

and 1.25 mm radii indenter resulted in a higher damage tolerance of the lower modulus 

PICN2 material. The higher fracture toughness of PICN2 implies a higher ratio of K1C
2/E (x-

axis in Figure 26). The calculated critical load for cone cracking of PICN2 is higher 

compared to PICN1 and therewith in agreement with the experimental results.   

The experimentally determined strength degradation loads exceed the calculated PY 

results, although from the PICN materials the extent of the plastic deformation was small, 

and were comparable to the calculated PC values (Figure 26).    

On the other hand the calculated loads required to initiate yield stress lie well 

below the calculated cone cracking loads. Furthermore, differences in the material order 

on the PC (Figure 26) and PY (Figure 27) plots were observed. Not surprisingly VM9 for 

example is the most susceptible material to brittle cone cracking, whereas MarkII and 

YTZP were the least susceptible materials to quasi-plasticity. The aforementioned 

contrary critical load values result due to the different controlling material parameters. 

The loads to form cone cracks are controlled by the toughness of the materials, in 
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contrast the onset of critical loads resulting in quasi-plasticity are strongly dependent on 

the hardness of the materials (Lawn et al., 2001).  

The experimentally determined strength degrading loads of the tested materials 

correlate with the calculated PC values. When considering new materials an 

approximation of the strength degrading loads can be determined by equation 12 and the 

material parameters K1C and E.   

 The calculated critical cone cracking load values in Figure 26 determined by 

equation 12 match the experimentally determined results by Jung (Jung et al., 1999). The 

Alumina PC value is reported to be 1000 N when applying a 2 mm sphere radius indenter 

and comparable to the calculated value of this study for ICAlumina with approximately 

1000 N (range between 1.25 and 2.5 mm radius sphere in Figure 26). 

 

5.4.4. Observations of indented surfaces 

 The formation of cone cracks or plastic deformation as a result of spherical 

indentation can be correlated to the strength degradation of dental ceramics.  

In dental ceramic materials two types of damage modes, brittle (cone cracks) and 

quasi-plasticity deformation are present as reported in previous studies (Lawn et. al., 

1998 and 2001, Peterson et al., 1998a). Within the specimens indented above the 

strength degrading load fractures originated from indents (from either cone cracks or 

yield zones). In Figure 29, Figure 30, and Figure 31 the materials MarkII, PICN2 and 

emaxCAD exhibit Hertzian surface ring cracks on the bending bar surface resulting in cone 

cracks in the case of MarkII and in plastic deformation in the case of PICN2. The formation 

of cone cracks is associated with the fracture toughness of the materials. Hence, the 



Hertzian contact response and damage tolerance of dental ceramics                                                    Chapter V 

98 

 

materials VM9 and MarkII with the lowest fracture toughness values of 0.89 MPa√m and 

1.12 MPa√m respecHvely (Table 7) developed predominant cone cracks upon the 

strength degrading indentation loads. In Figure 26 the material order determined by 

K1C
2
/E reflects the susceptibility to the formation of cone cracks upon spherical loading. 

The order correlates with the observed fractographic analysis, such as VM9 and MarkII 

exhibit cone cracks at 98 N and 147 N indentation load respectively, whereas PICN1, 

ICAlumina, emaxCAD, PICN2 and YTZP  did not develop cone cracks at these loads. For the 

softer materials PICN1 and PICN2 permanent impressions caused by the indenter were 

visible by light microscopy. In contrast contact deformation could not be detected for the 

tougher materials emaxCAD, ICAlumina and YTZP even though some evidence of 

hysteresis was present in the force-displacement curves (Figure 28). 

 

5.4.5. Force-displacement curves 

 The indentation depths of the materials correlate with the corresponding elastic 

moduli. The loading response of the low modulus PICN2 material results in a relative large 

displacement implying high mechanical energy absorption of applied load and substantial 

but not complete recovery of stored elastic energy upon unloading. The experimental 

indentation depth results were in good agreement with calculated ones (Software: 

Elastica 3.0.6 Basic, ASMEC GmbH and SIO). Further analysis of force-displacement curves 

will be presented in a following publication.  
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5.4.6. Implications of the results for the in-vivo behavior of dental ceramics 

As can be seen from Figure 26 enamel and dentin with their specific material 

properties (K1C and E) set the limits of the tested ceramic materials. Enamel is a brittle 

biomaterial but in combination with the arrest of cracks in the dentin-enamel junction 

and the resilience as well as the toughness of dentin, enamel is able to withstand forces 

applied during mastication without fractures (Xu et al., 1998).  

Of the tested materials VM9 and Mark II are the most susceptible materials to 

brittle cone cracking (and subsequent strength degradation) in the range of 60 to 200 N 

indentation load with 0.5 and 1.25 mm indenter radii (Figure 26). Average cuspal radii are 

reported to be in the range of 2 - 4 mm (Rueda et al., 2013), hence the tested 

experimental strength degrading load values have to be considered as worst case 

scenarios (0.5 and 1.25 mm radii were applied). This means that for example when 

loading VM9 and PICN2 with a 2.5 mm radius cusp, the onset of cone cracking and 

strength degradation is approximately 300 N and 2000 N respectively (Figure 26).  

The critical strength degrading loads of the experimental materials PICN1 and PICN2 

are located between enamel and dentin with an onset of cone cracking/strength 

degradation at 1000 N and 2000 N load respectively with a clinical relevant sphere 

antagonist of 2.5 mm radius (Figure 26). These values are much higher than the reported 

(Da Silva et al., 2008) maximum biting forces of 150 - 665 N. As can be noticed from the 

load-displacement curves in Figure 28 the elastic-plastic absorption under the simulated 

mastication forces are the highest for the materials PICN1 and PICN2 indicated by the 

greatest displacements and creep response. In less brittle materials like PICN1 and PICN2, 

it is likely that occlusal loading is distributed by a greater contact area and therewith 
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decrease the localized contact pressure and stress intensity of a flaw near the contact 

area during mastication.  

 

5.5. Conclusions 

 This study used spherical tungsten carbide indenters to examine the contact 

response of dental ceramics and two experimental polymer-infiltrated-ceramic-network 

(PICN) materials upon indentation. The following conclusions were drawn:  

 All tested ceramic materials were less susceptible to blunt indentations compared 

to sharp indentations.  

 The critical load for strength reduction of all tested materials obey Auerbach’s law, 

such as the strength degrading load increases with rising indenter radius and is related to 

the materials fracture toughness and elastic modulus. 

 The experimental PICN materials exhibit the greatest loading displacements among 

the tested ceramics, with plastic deformation and creep upon spherical contact. This 

outcome implies that in these less brittle materials occlusal contacts are distributed over 

a greater contact area and as such decreases the contact pressure and resulting stress 

intensity on surrounding defects during mastication. 
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Chapter VI 

6. Damage tolerance of PICN/ENAMIC and other dental 

ceramic materials after simulated clinical and laboratory bur 

adjustments 

6.1. Introduction 

 During fabrication of dental restorations such as crowns and inlays several potential 

material damaging processes may be applied. 

 First, when restorations are fabricated via the CAD/CAM technique the restorations 

are milled with diamond burs (mostly under water coolant) out of blocks. Depending on 

material properties such as hardness, elastic modulus and the brittleness index (He and 

Swain, 2011) the milling process can introduce flaws (such as microcracks and chipping) 

to the material (De Jager et al., 2000). Depending on the milling parameters and burs 

used and also on the damage tolerance of the materials, the extent of strength 

degradation will vary. CAD/CAM machining related damage of ceramic restorations is also 

often the cause of premature fractures (Dong et al., 2000). 

 Second, before or after restorations are cemented/bonded to the prepared tooth 

(with cements or adhesives) the occlusal fits generally need to be adjusted directly in the 

mouth under antagonist contact using coloring contact paper. For the adjustment 

procedures either a high speed air-driven turbine (Song et al., 2013) or a dental 

handpiece with diamond burs are used. The adjustment procedure can be a material 

4
 This chapter is based on the following manuscript prepared for submission: “Coldea A, Swain MV, 

Thiel N. Damage tolerance of PICN/ENAMIC and other dental ceramic materials after simulated clinical 

and laboratory bur adjustments”, April 2014.  

 

4 
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damaging process. The degree of damage depends on grinding parameters such as load, 

cooling, rotations per minute (rpm) and abrasive bur grit size (Chang et al., 2011). 

 The initial or intrinsic strength of prosthetic CAD/CAM materials depends on the 

specific microstructure and is influenced by the manufacturing process, for instance 

pressing or casting. The blank should be relatively major defect/flaw free.  

 Five commercially available CAD/CAM ceramic materials (Mark II, ENAMIC, IPS 

e.max CAD, In-Ceram YZ, In-Ceram Alumina) and one veneering ceramic (VM 9) as well as 

an experimental polymer-infiltrated-ceramic-network material (PICN 2) were 

investigated. Contrary to manufacturer’s instructions In-Ceram Alumina was investigated 

without a veneering layer. As the latter is used as a framework/core ceramic it is not 

intended for adjustments and therefore normally not ground but it was included for 

comparative reasons in this study. Similar to ENAMIC, the PICN 2 material is an 

interpenetrating phase composite with two continuous networks of ceramic and polymer 

and described in earlier papers (Coldea et al., 2013b; He and Swain, 2011; He et al., 2011). 

The PICN 2 test material had a combination of 69 vol% ceramic and 31 vol% polymer 

whereas ENAMIC exhibits a ratio of 75 vol% ceramic to 25 vol% polymer.  

 The materials used in the present study were tested in previous investigations 

related to sharp and blunt indentation induced damage (Coldea et al., 2013a and 2014). 

These studies have shown that all the above mentioned ceramics were less susceptible to 

blunt compared to sharp indentations. The polymer-infiltrated-ceramic-network materials 

appeared to exhibit the most significant R-curve behavior, that is, high resistance to crack 

propagation (Coldea et al., 2013a) and relatively high contact induced loading 

displacements with plastic deformation (Coldea et al., 2014).  
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 From the results of the previous studies, the interpenetrating phase composites 

ENAMIC and PICN 2 (with their polymeric reinforcement phase) are expected to exhibit a 

highly damage tolerant behavior upon adjustment machining procedures investigated in 

the present study.   

 The aim of the present study was to analyze the impact of simulated clinical and 

technical adjustments on the flexural strength of dental ceramics. The specific objectives 

were to evaluate and compare the damage tolerance of dental restorative materials 

following diverse standardized grinding protocols and varying abrasive diamond burs. 
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6.2. Experimental procedure 

6.2.1. Materials 

The seven investigated materials (listed in Table 9, with abbreviations used in the 

following text) included Mark II, ENAMIC, PICN 2 test material, In-Ceram Alumina, VM 9, 

In-Ceram YZ (all Vita Zahnfabrik, Bad Saeckingen, Germany) and IPS e.max CAD (Ivoclar 

Vivadent, Schaan, Liechtenstein). 

 

6.2.2. Specimen preparation 

The test specimens in this study were bending bars of the test materials (Table 9). 

MarkII, PICN 2, ICAlumina, YTZP and emaxCAD bars were cut from blocks with a diamond 

saw. YTZP bending bars were prepared oversized to compensate the sintering shrinkage 

and sintered according to manufacturer’s instructions. For the VM9 bending bar 

preparation, a mold to shape and a furnace (Vita Vacumat 4000, Vita Zahnfabrik) to sinter 

the specimens were used. The sintering was conducted according to manufacturer’s 

instructions. ICAlumina bars were glass-infiltrated after cutting according to 

manufacturer’s instructions. Subsequently the bending bars were lapped (MDF 400 PR, 

Bierther sub micron, Bad Kreuznach, Germany) then diamond grit polished (15 µm 

diamond suspension) to a size of 18 mm x 4 mm x 1.2 mm. 

 

6.2.3. Characterization of mechanical properties 

 The initial flexural strength of the materials was determined by three-point-bending 

until fracture in a universal testing machine (Z010, Zwick/Roell, Ulm, Germany) with a 
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crosshead speed of 0.5 mm/min. The initial fracture stress σf (n = 10), was calculated 

according to ISO 6872 (ISO 6872:2008): 

�� � ���/
��
           (14) 

where F is the fracture load, l the roller span (here 15 mm), w the width and h the height 

of the bar.  

  

 The dynamic elastic modulus (E) and Poisson’s ratio (ν) were determined five times 

on one specimen per material with dimensions of 40 mm x 15 mm x 2 mm by the impulse 

excitation of vibration analysis according to (ASTM E 1876, 2009) and the equations for 

rectangular bars: 

 � -. *�/!�5	��

/6�	�7�/8��	9�  (15) 

: � �/
;�, �  (16) 
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where m, b, t and L correspond to the mass, width, thickness and length of the bar; ff and 

ft represent the fundamental resonant frequency of the bar in flexure and torsion, 

respectively; T1 and R are correction factors and G corresponds to the dynamic shear 

modulus. 

 

6.2.4. Standardized adjustment apparatus 

 To simulate adjustments of dental restorations an apparatus was employed to 

ensure a standardized grinding procedure (Figure 32). The hand piece (4911, KaVo Dental 

GmbH, Biberach/Riß, Germany) was fixed and the specimens (bending bars prepared 

according to 6.2.2.) were placed longitudinal or transversal with respect to the bur 
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orientation into slots. A pneumatic control releases and retracts (with adjustable time 

intervals) the specimen holder which was attached to a weight (100 g).     

 

 

Figure 32: Standardized grinding apparatus with adjustable grinding pressure and time. 

 

6.2.5. In-vitro adjustment protocols and measurement of damage tolerance 

 The specimens (prepared according to 6.2.2.) were divided into six groups of 5 

bending bars per material to apply the following adjustment procedures. Three different 

diamond grit burs (Hager & Meisinger GmbH, Neuss, Germany), C, M and EF (Table 8 and 

Figure 33) according to (DIN EN ISO 7711-3:2004; Coldea et al., 2009) were employed to 

grind (with 20000 rpm) the specimens for 2 seconds and 100 g load in both transversal 

and longitudinal directions with respect to the bending bar length (cf. bending bar slots in 

Figure 32). The head of the burs were spherical (2.3 mm diameter). Each bur was 

Hand Piece 

100 g 

Specimen (bending bar) 

Diamond bur 
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replaced after grinding ten bending bars of one material type to ensure the cutting 

efficiency of the bur.  

  

Table 8: International color-coding for diamond instruments according to DIN EN ISO 

7711-3. 

 Abbreviation Color coding 
Diamond grain 

size [µm] 

Mean grain 

size [µm] 

Very Coarse VC Black ring 151 – 213 181 

Coarse C Green ring 107 – 181 151 

Medium M 
Blue ring or 

without ring 
64 – 126 107 

Fine F Red ring 27 – 76 46 

Extra Fine EF Yellow ring 10 – 36 25 

Ultra Fine UF White ring 4 – 14 8 

 

 

 

 a 

 

 b 

 

 c 

 
 

 

 

 

 

 
 

Figure 33: SEM images of tested diamond burs; (a) Extra Fine (EF, 25 µm), (b) Medium (M, 

107 µm) and (c) Coarse (C; 151 µm).  
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 The damage tolerance (after the above described adjustment procedure) was 

investigated by measuring the three-point-bending strength (according to ISO 6872:2008) 

with the ground bending bars surfaces located on the tensile side. 

 

6.2.6. Observations of machined surfaces and burs 

A selection of bending bars was gold coated for scanning electron microscopy. SEM 

(EVO MA10, Carl Zeiss, Oberkochen, Germany) was employed to observe the machined 

and fractured specimens by secondary electron (SE) detector. Additionally diamond burs 

before grinding were analyzed by SEM. 

 

6.2.7. Statistical analysis 

 Single-factor ANOVA was applied to test for significant differences between initial 

and machined flexural strength results. P < 0.05 was considered significant. 
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6.3. Results 

6.3.1. Mechanical properties 

The measured mechanical properties (flexural strength, fracture toughness, 

hardness, elastic modulus and Poisson’s ratio) are displayed in Table 9. The hardness of 

the materials is (besides the elastic modulus) the mechanical property determining the 

cutting efficiency during adjustment grinding and hence listed in Table 9. 

 

Table 9: Technical description and mechanical properties of the studied materials of 

chapter VI. 

Material 

(Abbreviation) 
Category 

Initial 

 strength  

σσσσ f [MPa] 

Elastic 

modulus  

E [GPa] 

Poisson’s 

ratio 

v 

* IS Fracture 

toughness  

K1C [MPa√m] 

* Hardness 

H [GPa] 

Mark II  

(MarkII) 

Feldspar glass ceramic 122.18 

(6.36) 

72.12 

(0.01) 

0.18 1.25 

(0.14) 

6.24 

(0.43) 

ENAMIC Interpenetrating phase composite 

(polymer-infiltrated-ceramic-network) 

152.27 

(8.91) 

35.48 

(0.02) 

0.21 1.41 

(0.17) 

2.41 

(0.08) 

PICN 2 test 

material  

(PICN2) 

Interpenetrating phase composite 

(polymer-infiltrated-ceramic-network) 

158.53 

(7.14) 

29.56 

(0.18) 

0.24 1.89 

(0.27) 

1.71 

(0.01) 

In-Ceram 

Alumina 

(ICAlumina) 

Glass infiltrated aluminum oxide 

ceramic 

548.48 

(74.67) 

273.63 

(0.04) 

0.23 3.64 

(0.45) 

11.76 

(0.59) 

VM 9  

(VM9) 

Feldspar veneering ceramic 121.60 

(11.61) 

69.17 

(0.02) 

0.19 0.96 

(0.02) 

6.29 

(1.24) 

In-Ceram YZ  

(YTZP) 

Yttria stabilized tetragonal zirconia 

polycrystals 

1222.13 

(107.07) 

209.34 

(0.04) 

0.30 4.97 

(0.28) 

13.91 

(0.9) 

IPS e.max CAD  

(emaxCAD) 

Lithium disilicate crystals embedded in 

a glassy matrix 

397.23 

(56.63) 

98.30 

(0.02) 

0.20 2.27 

(0.16) 

6.02 

(0.21) 

* Fracture toughness and hardness values adopted from Coldea et al., 2013a 

 

6.3.2. In-vitro adjustment results 

Adjustment grinding with coarse, medium and extra fine diamond grit burs (Figure 

33) resulted in different strength degradations (Table 10), depending on grinding 

direction, grit size and ground material parameters. 
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Table 10: Test matrix and flexural strength results upon adjustments with strength 

degradations in % compared to initial flexural strength.  

  Spherical bur (Ø 2.3 mm); 2 s grinding time; 100 g load; 20000 rpm 

  Transversal - grinding direction Longitudinal - grinding direction 

  
C  

grit 

M  

grit 

EF  

grit 

C  

grit 

M  

grit 

EF  

grit 

 
Initial flexural 

strength [MPa] 

flexural strength after above adjustment [MPa] /  

strength degradation in % 

MarkII 122.18 (6.36) 72.76 (3.81) 

40.45 % 

72.20 (6.19) 

40.90 % 

79.47 (3.91) 

34.96 % 

94.90 (4.99) 

22.33 % 

103.38 (6.00) 

15.39 % 

106.88 (8.22) 

12.52 % 

ENAMIC 152.27 (8.91) 110.88 (2.46) 

27.19 % 

107.67 (8.86) 

29.29 % 

116.78 (4.63) 

23.31 % 

123.25 (10.12) 

19.06 % 

138.30 (12.09) 

9.18 % 

136.31 (10.33) 

10.48 % 

PICN2 158.53 (7.14) 107.45 (3.18) 

32.22 % 

114.22 (3.59) 

27.95 % 

137.61 (5.31) 

13.19 % 

125.71 (14.14) 

20.70 % 

133.63 (10.46) 

15.71 % 

143.60 (11.10)  

9.42 % 

ICAlumina 548.48 (74.67) 220.25 (7.71) 

59.84 % 

240.09 (11.56) 

56.23 % 

296.73 (13.79) 

45.90 % 

373.85 (35.77) 

31.84 % 

379.94 (29.87) 

30.73 % 

481.37 (20.99) 

12.23 % 

VM9 121.60 (11.61) 65.52 (5.54) 

46.12 % 

66.65 (5.33) 

45.19 % 

78.38 (4.86) 

35.54 % 

86.17 (8.59) 

29.14 % 

95.91 (14.04) 

21.12 % 

112.12 (11.74) 

7.79 % 

emaxCAD 397.23 (56.63) 153.77 (16.03)  

61.29 % 

147.44 (13.07) 

62.88 % 

172.96 (6.92) 

56.46 % 

234.70 (29.11)  

40.92 % 

249.10 (20.07) 

37.29 % 

339.83 (49.41) 

14.45 % 

YTZP 1222.13 (107.07) 1196.95 (213.61) 

no strength 
degradation 

- - - - - 

 

Adjustment of YTZP bending bars in the more severe transversal grinding direction 

and with the most abrasive coarse bur resulted in a strength value of 1196.9 MPa. Hence, 

of the seven examined materials YTZPs initial strength of 1222.1 MPa exhibited no 

significant (p = 0.76) strength reduction upon grinding (Table 10). Except for the YTZP 

bending bars, fractures of all other materials always originated from grinding impressions. 

As can be identified from Table 10, Figure 34 and Figure 35 the initial materials strength 

of all tested materials except YTZP decreased significantly upon adjustments already by 

employing the extra fine diamond bur in both transversal and longitudinal grinding 

directions. 
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Figure 34: Initial flexural strength (plotted at 1 µm) and strength degradation following 

transversal grinding procedures with 100 g load, 2 s grinding time, 20000 rpm and three 

different abrasive diamond bur grit sizes (25, 107 and 151 µm). 

 

In Figure 34 and Figure 35 the flexural strength values (after transversal and 

longitudinal grinding) as a function of abrasive diamond grit obey a power law 

relationship Y=AXb, with value b indicating the slope of the regression lines. The slopes of 

the fitted curves in Figure 34 indicate the resistance of the ground materials to strength 

reduction (upon transversal grinding), hence the following order in the damage tolerance 

from highest to least tolerant material is indicated as follows: PICN2 > ENAMIC > MarkII > 

VM9 > ICAlumina > emaxCAD.    
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Figure 35: Initial flexural strength (plotted at 1 µm) and strength degradation following 

longitudinal grinding procedures with 100 g load, 2 s grinding time, 20000 rpm and three 

different abrasive diamond bur grit sizes (25, 107 and 151 µm). 

 

The strength degradation after grinding in the longitudinal direction (Figure 35) 

follows the order from least to greatest degradation as indicated by the power law slopes: 

ENAMIC > PICN2 > MarkII > VM9 > ICAlumina > emaxCAD. The drop off in strength of all 

examined materials after longitudinal grinding is generally less compared to transversal 

grinding.  

In most cases no significant differences in flexural strength reduction after 

adjustments between the medium and coarse grit burs were found. As can be seen from 

Table 8 and Figure 33 the diamond grain size range of medium (64 - 126 µm) and coarse 

(107 - 181 µm) grit burs overlap and hence the effect of the two burs on the resultant 

strengths following grinding does not differ significantly. In comparison the flexural 



Damage tolerance of PICN/ENAMIC and other dental ceramic materials after simulated adjustments           Chapter VI 

113 

 

strength upon machining with the extra fine burs (10 - 36 µm grit size) resulted in 

significantly lower strength reduction of all tested materials (Figure 34 and Figure 35).    

The greatest strength reductions (Table 10) from initial 397.23 MPa to 153.77 MPa 

(61.29 % reduction) and to 147.44 MPa (62.88 %) were found for emaxCAD after 

adjustments with coarse and medium diamond bur in the transversal direction. In 

contrast the lowest strength losses occurred for VM9 from 121.60 MPa to 112.12 MPa 

(7.79 %) and ENAMIC from initial 152.27 MPa to 138.30 MPa (9.18 %) upon longitudinal 

grinding direction with extra fine and medium diamond grit bur respectively Table 10. 

 

6.3.3. Observations of machined surfaces and burs 

The diamond grain size distribution of the burs is displayed in Figure 33 and 

corresponds to the specifications (grain size) in Table 8 regarding the color-coding of 

diamond rotary instruments.  

Top views of typical abrasive particle grinding patterns are displayed in Figure 36 - 

Figure 41 (a) for the examined materials after coarse bur grinding in transversal direction 

(indicated by the dashed arrow in (a)) for two seconds, 100 g load and 20000 rpm. The 

ground surface areas ranged from 0.406 mm² (ICAlumina) to 1.110 mm² (PICN2). The 

fractured bending bar surfaces in Figure 36 - Figure 41 (b) demonstrates the grinding 

marks and the varying cutting depths ranging from 0.061 mm (ICAlumina) to 0.174 mm 

(PICN2). The fractured surfaces beneath the grinding patterns vary in roughness. Except 

for emaxCAD, cracks or flaws developed and responsible for strength reduction upon 

grinding could not be detected. Since fractures occurred always from grinding pattern it is 

assumed that damage was introduced by adjustments. In Figure 36 - Figure 41 (d) higher 
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magnification SEM images reveal the grinding induced damage, that is, brittle machining 

marks for VM9, MarkII, emaxCAD and ICAlumina. PICN2 and ENAMIC exhibit smoother 

ground surfaces indicative of plastic flow. 

The SEM images (c) of Figure 36 - Figure 41 represent 8500x magnifications of the 

material microstructures beneath the grinding impression. The structures of the fractured 

bending bar surfaces of Figure 36 - Figure 41 will be considered in the Discussion (under 

6.4.4.).    
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a 

 

b 

 

c 

 

d 

 

 

Figure 36: SEM images, (a) top view and (b, c, d) cross section of fractured PICN2 bending 

bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 20000 

rpm, 100 g load and transversal grinding direction. (a) ground surface: 1.110 mm²; (b) 

ground depth: 0.174 mm.  
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Figure 37: SEM images, (a) top view and (b, c, d) cross section of fractured ENAMIC 

bending bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 

20000 rpm, 100 g load and transversal grinding direction. (a) ground surface: 0.858 mm²; 

(b) ground depth: 0.139 mm. 
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a 
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Figure 38: SEM images, (a) top view and (b, c, d) cross section of fractured VM9 bending 

bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 20000 

rpm, 100 g load and transversal grinding direction. (a) ground surface: 0.788 mm²; (b) 

ground depth: 0.115 mm. 
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d 

 

 

Figure 39: SEM images, (a) top view and (b, c, d) cross section of fractured MarkII bending 

bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 20000 

rpm, 100 g load and transversal grinding direction. (a) ground surface: 0.632 mm²; (b) 

ground depth: 0.109 mm. 
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Figure 40: SEM images, (a) top view and (b, c, d) cross section of fractured emaxCAD 

bending bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 

20000 rpm, 100 g load and transversal grinding direction. (a) ground surface: 0.543 mm²; 

(b) ground depth: 0.085 mm. 
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Figure 41: SEM images, (a) top view and (b, c, d) cross section of fractured ICAlumina 

bending bar after grinding with C diamond grit bur, 2.3 mm Ø sphere, 2 s grinding time, 

20000 rpm, 100 g load and transversal grinding direction. (a) ground surface: 0.406 mm²; 

(b) ground depth: 0.061 mm. 
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6.4. Discussion 

6.4.1. Elastic modulus determined by the impulse excitation method 

The elastic modulus values in Table 9 determined by the impulse excitation of 

vibration technique employing equation (15) appear to exhibit 11 - 29 % higher values 

compared to the values measured by the elastic region of the quasi static stress-strain 

curves in a previous study (Coldea et al., 2013a).  This arises because the analysis used for 

the determination of the flexural modulus from the force-displacement curves does not 

account for the machine compliance including the load cell and test jig. 

 

6.4.2. Standardized machining device and protocols 

 The adjustment procedure is strongly dependent on personnel habits of clinicians 

and technicians, such as the pressure applied during grinding/polishing, the grinding time, 

cooling, burs/polishers (e.g. shape, size) used and the setting of rpm. To evaluate the 

damage tolerance of ceramic materials upon adjustment a simple instrumented device 

was designed and constructed for this study to simulate standardized machining/grinding. 

 

 A load of 100 g was chosen as a constant parameter for all grinding tests, which is in 

good agreement with loads employed in previous studies on standardized adjustments. 

Ahmad et al. (2005) and Alkhiary et al. (2003) used a load of approx. 60 - 130 g for 

standardized polishing procedures with a handpiece on dental veneering ceramics and 

Papanagiotou et al. (2006) applied approx. 100 - 130 g to polish YTZP. Dong et al. (2000) 

applied 100 g load on glass-ceramics which is claimed to be the average load applied by 

dentists during tooth preparation. In contrast Yin (2012) reports on normal dental 
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practice loads of 200 g. In a previous study Song et al. (2008) found amongst others that 

the pressure applied by burs to MarkII ceramic specimens was influenced by the feed rate 

of the high speed handpiece and ranged from 27 - 360 g.  

 

 The grinding time in all tests of this study was set to 2 s with the standardized 

automated grinding device (Figure 32). Longer grinding time resulted in a higher cutting 

depth especially for the lower hardness materials ENAMIC and PICN2 and hence affecting 

the flexural strength results due to reduced bending bar height in the grinding groove. 

The removal rate during grinding is higher when compared to polishing, hence polishing 

time during adjustments is longer. Therefore, Ahmad et al. (2005) conducted 

standardized polishing of veneering ceramics for 52 - 156 s polishing time. 

 

 The maximum rotations per minute recommended by the manufacturer were 

50000 rpm for the coarse and medium grit burs and 120000 rpm for the extra fine bur. 

The maximum rotational speed of typical technician handpieces is 25000 rpm (for some 

devices up to 50000 rpm). In this study all burs were used at 20000 rpm in dry condition, 

without cooling and more closely simulating the conditions used by technicians.  
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6.4.3. Strength degradation upon machining 

 Generally, the transversal grinding direction (Figure 34) compared to longitudinal 

(Figure 35) direction appears to result in significantly higher strength degradation of all 

tested materials. That is, the grinding grooves introduced by the abrasive diamond 

particles (independent of grit size) act as notches, hence, fracture resistance is lower 

compared to longitudinal (with respect to bending bar length) notches.  

  

 Due to their poor thermal conductivity and brittleness, ceramics are susceptible to 

thermal shock damage (e.g. induced by abrasive grinding, Chang et al., 2011). In their 

previous study Chang et al. (2011) found that high-speed (340000 rpm) air turbine 

abrasive grinding with fine diamond burs and water irrigation led to thermal shock 

induced surface cracks in dental veneering porcelains. Stresses may develop in ceramic 

materials when they are subjected to rapid change in temperature (thermal shock). In the 

present study adjustment of ceramic materials with diamond rotary instruments at 20000 

rpm and a pressure of 100 g is likely to lead in friction caused heat generation and with 

subsequent air cooling to temperature differences. Thermal induced damage upon 

adjustments may facilitate premature failures by fractures. To express the thermal shock 

behavior of ceramic materials several parameters (R, R’, R’’, R’’’, R’’’’) were introduced by 

Kingery and Bowen (1976). Besides the stress level, stress distribution and stress duration, 

ceramic material characteristics such as ductility, homogeneity, porosity and pre-existing 

flaws influence the effect of thermal stresses. Thus, it is impossible to define a single 

thermal shock resistance parameter for all situations (Kingery and Bowen, 1976). The R’’’’ 

parameter is defined by equation (18) as the resistance to thermal shock induced crack 
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propagation.  This expression however has no specific thermal terms included but is really 

an indicator of the intrinsic flaw size present in the material for the strength measured. 

The factors K1C, σf
 
and v correspond to the fracture toughness, the flexural strength and 

Poisson’s ratio respectively. The smaller the value of R’’’’, that is the smaller the defect 

size or lower the toughness the more susceptible is the material to an increase in defect 

size associated with thermal shock or another flaw developing damage, such as grinding.  

R’’’’ = K1C
2
 / σf

2 
(1 - v)  (18) 

To avoid fracture initiation by thermal shock or another damage mechanism of ceramic 

materials, the preferable material characteristics include high fracture toughness and 

lower fracture strength values. With the corresponding material values from Table 9 the 

resultant R’’’’ values are presented in Table 11. The thermal shock resistance parameter 

R’’’’ most closely matches the strength degradation observed upon adjustments. Higher 

R’’’’ values imply higher resistance to crack propagation (Swain, 2001), that is higher 

damage tolerance to fractures upon crack initiation. According to Swain, 2001 it has been 

shown that the thermal shock induced strength degradation of materials that exhibit 

nonlinear stress-strain behavior is far less than that of linear elastic brittle materials. 

Among the tested materials ICAlumina and emaxCAD exhibit primarily linear elastic 

behavior compared to PICN materials investigated in a previous study (Coldea et al., 

2014). Kingery and Bowen (1976) found that in comparison to blunt flaws, sharp cracks 

(e.g. introduced by adjustments) lead to failure under less severe conditions of thermal 

stress. According to Kingery and Bowen (1976) the microstructure of ceramic materials 

affects the extent of thermal shock damage. That is, composite materials with different 

thermal expansions of the constituents (which is the case for the PICN materials due to 
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the polymer and ceramic phases) serve to blunt initially sharp cracks and prevent further 

propagation. Hence, such materials provide greater resistance to thermal shock and other 

damage.   

 

Table 11: Thermal shock R’’’’-values and ac-flaw size tolerance. 

 R’’’’ = K1C
2
 / σf

2 
(1 - v) ac = K1C

2
 / π σf

2
 

PICN2 0.000187 45.24 µm 

MarkII 0.000128 33.32 µm 

ENAMIC 0.000108 27.29 µm 

VM9 0.000077 19.84 µm 

ICAlumina 0.000057 14.02 µm 

emaxCAD 0.000041 10.39 µm 

YTZP 0.000024 5.26 µm 

 

 

The flexural strength of machined materials is determined by their damage 

tolerance (Cao and Zhang, 2000 and Guazzato et al., 2004). The damage tolerance of 

materials can further be expressed by the equation (19) proposed by Lohbauer et al., 

(2002 and 2008), Ashby (2011) and Cao and Zhang (2000) determining the critical flaw 

size ac. 

ac = K1C
2
 / π σf

2
   (19) 

This expression is almost identical with Equation 18 apart from π in the denominator. A 

plastic zone (in ductile materials), microcracking (in ceramics) and zone of delamination 

or debonding (in composites) are regarded as flaws ahead of the crack tip (Ashby, 2011). 

Employing equation (19) with K1C and σf adopted from Table 9 the results suggest 

maximum tolerable flaw sizes of 10.39 µm for emaxCAD < 14.02 µm for ICAlumina < 19.84 

µm for VM9 < 27.29 µm for ENAMIC < 33.32 µm for MarkII < 45.24 µm for PICN2 (Table 
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11). The above described order from least to most damage tolerant material is in 

agreement with the R’’’’ values displayed in Table 11. According to the results above, 

PICN2 appears to exhibit the most damage tolerant behavior. The results suggest 

furthermore that in order to obtain a high damage tolerant material in load-bearing and 

displacement limited applications the flexural strength should be relatively low coupled 

with high fracture toughness or by increasing both the fracture toughness and flexural 

strength. 

 

 YTZP exhibited no strength reduction upon grinding with the coarsest diamond bur 

for 2 s. Even though grinding patterns were observable, fractures under loading did not 

initiate from grinding impressions. The ground spots were analyzed by fast XRD2 

microdiffraction with focusing X-Ray microlenses as employed in previous studies 

(Berthold et al., 2009 and Tholey et al., 2010) to detect for t → m transformations. The 

results reveal a phase transformation upon grinding for 2 s with the coarse diamond bur. 

A YTZP specimen ground for 20 s with the same coarse diamond bur exhibited an 

increased phase transformation compared to 2 s grinding time. A small but not significant 

strength reduction was observed for the 20 s ground YTZP specimens. To simulate the 

oral environment situation, future studies should investigate the damage tolerance of 

ground YTZP subjected to aging (wet environment, autoclave etc.). As reported in 

previous studies (Keuper et al., 2014) aging of YTZP has a tremendous influence on the t 

→ m phase transformation and associated strength of the material. In a comparative 

study by Kosmač et al. (2008) a grinding load of 100 g and high rotation speed (150000 

rpm) lowered the flexural strength of YTZP specimens. 



Damage tolerance of PICN/ENAMIC and other dental ceramic materials after simulated adjustments           Chapter VI 

127 

 

 Compared to previous studies employing sharp (Coldea et al., 2013a) and blunt 

(Coldea et al., 2014) indenters to analyze the damage tolerance of the same materials 

examined in this study, the extent of strength degradation outcomes of the present study 

are much higher. The grinding induced subsurface damage appears to be more 

detrimental. In the present study the grinding load of 100 g (∼ 1 N) is very low compared 

to the indentation loads applied in both previous studies of 1.96 N - 1000 N. Strength 

reduction for example for MarkII started at 147 N after indentation with a 0.5 mm sphere 

and at 1.96 N indentation with a Vickers diamond pyramid. The latter sharp indenter has 

a relatively large included angle at the apex that appear to be larger than the tips of the 

diamonds on the bur tips as seen in the SEM images shown in Figure 33. Damage and 

strength reduction introduced upon grinding suggests the flaws were generated by sharp 

abrasive diamond particles.     

 

6.4.4. Observations of machined surfaces 

 The ground depths in Figure 36 - Figure 41 (b) vary depending on materials elastic 

modulus and hardness, that is the depth for PICN2 with the lowest hardness (1.71 GPa) 

exhibits approx. 0.174 mm. In contrast ICAlumina with the highest hardness (11.76 GPa) 

has the least machining depth of approx. 0.061 mm and hence indicates the lowest 

cutting efficiency. 

Flaws such as microcracks and plastic deformed zones introduced by grinding 

adjustments were not observed (except for emaxCAD Figure 40 (b) and (d), dotted 

arrows) from the SEM images of Figure 36 - Figure 41. Machining induced cracks in 

fractured bending bars are hard to find, since they tend to blend in with the 
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microstructure (Quinn, 2007). Other methods such as the bonded-interface technique 

proposed by Peterson et al. (1998), in which two bonded half-blocks are ground 

symmetrically across the interface trace on the top surface and then separated, serve 

better to analyze the subsurface grinding damage.  

 In the transversal grinding marks displayed in Figure 36 - Figure 41 (a) brittle 

chipping was observed for emaxCAD, ICAlumina, MarkII and VM9 indicative of the 

inability of brittle materials to deform plastically. The images (d) in Figure 38 - Figure 41  

of the above mentioned brittle materials are confirmed by the difference with less brittle 

materials such as PICN2 (Figure 36 a) and ENAMIC (Figure 37 a). That is, they exhibit 

rough machining patterns with chipping adjacent to the machining grooves in contrast to 

smoother grinding grooves indicative of plastic flow (Figure 36 and Figure 37 a). 

 The rough microstructural features of the fractured surfaces of PICN2 and ENAMIC 

in Figure 36, Figure 37 (c) suggest a more tortuous fracture path originating from crack 

deflection, bridging and sometimes delamination at the interface of the ceramic and 

polymer interconnected phases. Both transgranular and intergranular fractures appear to 

occur in the ceramic phase. When cracks run through PICN2 or ENAMIC, they are 

deflected and bridged by the polymeric network, therewith interfacial delamination 

between ceramic and polymer takes place. These toughening mechanisms absorb the 

energy of the advancing crack tip. The surfaces of fractured beams revealed a rough 

fractured pattern for PICN and ENAMIC indicative of ceramic transgranular as well as 

intergranular fractures coupled with the protruding polymer network. 

 The SEM images of VM9 and MarkII Figure 38, Figure 39 (c) reveal typical fracture 

patterns of feldspar derived glass ceramics with embedded crystalline phases exhibiting 
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twist hackle features. The fractured emaxCAD surface in Figure 40 (d) and (c) exhibits 

lithium disilicate needle like crystals in a glassy matrix, with a rather smooth fracture 

pattern and subsurface grinding induced cracks (dotted arrows in Figure 40 b and d). In 

Figure 41 (c) aluminum oxide platelets embedded in the glassy lanthanum phase are 

revealed.  

 

6.4.5. Implications of the in-vitro adjustment results 

 The finer the abrasive grain size of the bur, the less the damage of all materials 

tested in this study. This outcome suggests the use of extra fine and ultra fine diamond 

burs (Table 8) as being less deleterious. Future studies will address the sequential 

grinding from rough to fine grained burs with subsequent polishing. Such an adjustment 

process is assumed to be the least detrimental (as reported by Giordano et al., 1994 for 

feldspathic porcelain). Transversal grinding led to higher strength losses, when adjusting 

restorative materials and grinding direction should be varied with subsequent polishing to 

reduce/remove introduced flaws. Depending on the damage tolerance of the restorative 

material used, clinicians and technicians should consider the appropriate adjustment 

procedure for the specific material. Less brittle materials such as ENAMIC exhibit a high 

damage tolerance due to the polymeric phase. The microstructure of PICN2/ENAMIC 

materials appears to better resist the grinding imparted energy by limiting the extent of 

flaw extension about the diamond particles because of crack tip bridging and 

deformation. 
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6.5. Conclusions 

 Based on the results of simulated adjustment procedures by clinicians and 

technicians associated with typical grinding protocols of several dental ceramic materials 

the following conclusions were drawn:  

 The larger the diamond bur grit size, the greater the strength reduction of all 

investigated materials. 

 Grinding in transversal direction for a bar resulted in a higher strength reduction 

compared to longitudinal grinding. 

 The cutting depth and volume removed after grinding appears to correlate with the 

elastic modulus and hardness of the materials. The lower these material properties, the 

higher the cutting depth and volume removed. 

 Adjustments should be carried out with the lowest possible diamond abrasive grain 

sizes to avoid flaw introduction to ceramic materials. 

 The interpenetrating and polymer containing composites ENAMIC and PICN2 exhibit 

the most damage tolerant behavior upon typical clinical bur grinding procedures. 
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Chapter VII 

7. Conclusions and Implications 

7.1. Summary 

In Chapter II, the review of the related literature revealed that interpenetrating 

phase composite (IPC) materials are common to biological materials and are synthetically 

fabricated in order to enhance or tailor the physical properties for specific applications. 

The findings of the literature review support the attempt to develop and examine an IPC 

material for dental restorative material applications. 

The investigated IPC dental materials, termed PICN (polymer-infiltrated-ceramic-

network) were characterized and compared to already available dental restorative 

ceramic materials by means of in vitro studies to approve their suitability as restorative 

dental materials. 

Chapter III presented an in-vitro study where the basic relationships of the porous 

ceramic - polymer ratio were investigated and revealed a correlation to the mechanical 

properties of the PICN materials such as, flexural strength, elastic modulus, strain at 

failure and hardness.  Hence, the mechanical properties of PICN materials can be tailored 

within a certain range. The microstructure of PICN demonstrated the interconnected 

networks of ceramic and polymer. 

Chapter IV and V investigated the damage tolerance and R-curve behavior of dental 

ceramics and PICNs by in-vitro strength degradation upon sharp and spherical 

indentations and fracture toughness measurements. 
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Finally, Chapter VI analyzed the damage tolerance behavior of PICN materials (with 

ENAMIC as one representative) after simulated diamond bur adjustment procedures.  

 

7.2. Conclusions 

 The in-vitro investigation chapters (III - VI) classified the novel polymer-infiltrated-

ceramic-network materials in comparison to already available dental CAD/CAM materials 

and following conclusions were drawn: 

 

Chapter III showed: 

• The mechanical properties (flexural strength and strain at failure) of feldspar ceramic 

can be enhanced by infiltration of a second phase (polymer) into porous ceramic 

precursor. 

• The ratio between porous ceramic and polymer content influences the mechanical 

properties especially flexural strength (in the range of 131.1 to 159.9 MPa), elastic 

modulus (16.4 to 28.1 GPa), hardness (1.1 to 2.1 GPa) and strain at failure (0.5 to 1 %) 

of the novel PICN (polymer-infiltrated-ceramic-network) material.  

• The Halpin-Tsai relationship appears to reliably predict the PICN elastic modulus 

values. 

 

Chapter IV identified: 

• The interpenetrating network materials PICN 1, PICN 2 and In-Ceram Alumina as well 

as Mark II appear to exhibit the most significant R-curve behavior. 
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• Toughening of dental materials, can be engineered by incorporation of a second lower 

elastic modulus phase into a ceramic to improve the damage tolerance of restorations 

against introduced flaws.  

• The tested PICN materials are even more damage tolerant than commonly used dental 

ceramics available on the market, and imply therewith suitability as dental restorative 

material. 

 

Chapter V indicated: 

• All tested ceramic materials were less susceptible to blunt indentations compared to 

sharp indentations.  

• The critical load for strength reduction of all tested materials obey Auerbach’s law, 

such as the strength degrading load increases with rising indenter radius and is related 

to the materials fracture toughness and elastic modulus. 

• The experimental PICN materials exhibit the greatest loading displacements among the 

tested ceramics, with plastic deformation and creep upon spherical contact.  

 

The examination in Chapter VI showed: 

• The larger the diamond bur grit size applied during simulated adjustment procedures, 

the greater the strength reduction of all investigated materials. 

• Grinding in transversal direction for a bar resulted in a higher strength reduction 

compared to longitudinal grinding. 
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• The cutting depth and volume removed after grinding appears to correlate with the 

elastic modulus and hardness of the materials. The lower these material properties, 

the higher the cutting depth and volume removed. 

• Adjustments should be carried out with the lowest possible diamond abrasive grain 

sizes to avoid flaw introduction to ceramic materials. 

• The interpenetrating and polymer containing composites ENAMIC and PICN 2 exhibit 

the most damage tolerant behavior upon typical clinical bur grinding procedures. 

 

7.3. Implications 

The thesis research outcomes demonstrate the suitability of polymer-infiltrated-

ceramic-networks (PICN) for CAD/CAM based dental restorative materials. This conclusion 

is based on the findings of the in-vitro studies where the novel PICN materials where 

compared to available dental ceramic materials (Mark II, VM 9, In-Ceram Alumina, In-

Ceram YZ and IPS e.max CAD). These materials exhibit proven clinical success rates for 

many years. 

The PICN materials are found to be more damage tolerant than commonly used 

dental ceramics (listed above) upon several damaging processes such as, grinding induced 

flaws during adjustments. Hence, the PICN materials facilitate the fabrication of 

restorations by dental technicians and dentists, being less prone to damages resulting 

from the fabrication or adjustment process.     

Furthermore, the PICN materials exhibit the greatest loading displacements among 

the tested ceramics, with plastic deformation and creep upon spherical contact. This 

outcome implies that in these less brittle materials occlusal contacts are distributed over 
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a greater contact area and as such decreases the contact pressure and resulting stress 

intensity on surrounding defects during mastication. 

 

7.4. Future Research   

The ceramic and polymer material properties (e.g. ceramic grain size, grain 

distribution, grain shape, brittleness of polymers) as well as fabrication parameters 

(fabrication of porous ceramic precursor, infiltration, and polymerization) need to be 

investigated in future studies. With the present ceramic matrix material (feldspar glass 

ceramic) and resins (methacrylates) the PICN effective properties are limited within 

certain ranges. Future investigations should address different ceramic matrix materials 

and resins with varying constituent properties to further improve the mechanical 

properties of this novel kind of dental IPC materials. Novel processing techniques such as 

freeze casting of porous cellular structures as described in the literature review have to 

be investigated as a processing technique for PICNs to imitate biological materials 

structures more closely.   
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