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Abstract  

Polymer-based CAD/CAM blocks have been suggested as a viable metal-free alternative to 

meet the needs of aesthetics, biomimetics, and minimally invasive dentistry. Therefore, this 

research characterised various optical, surface, and mechanical aspects of new reinforced 

polymeric CAD/CAM materials, subdivided based on their clinical applications into aesthetic 

(Part I) and prosthetic (Part II) sections.  

The blocks investigated for Part I were three resin composites, one polymer-infiltrated 

ceramic network (PICN), and one feldspathic ceramic; for Part II, three high-performance 

polymer (HPP) composites, which included two fibre-reinforced composites (TRINIA, TR, 

and CarboCAD 3D Dream Frame, CC), and one ceramic-filled polyetherether ketone 

(DentoKeep, PK).  

For Part I, firstly, thickness-dependent apparent radiopacity and material composition were 

investigated for five aesthetic blocks versus that of direct resin-based substrates. PICN 

appeared relatively radiolucent even at 2.5 mm thickness, posing challenges for its 

identification from tooth structure and other substrate materials, such as luting cements.  

Secondly, material- and thickness-dependent translucency, blue-light transmittance, and its 

consequences on polymerising two IvocerinTM-containing luting cements (light-cured, LC, 

and dual-cured, DC) were investigated after 1 h of irradiation through four CAD/CAM 

substrates. PICN showed the least favourable optical features, resulting in significantly lower 

hardness of the underlying DC cements. Overall, LC cement exhibited greater early hardness 

compared to DC, irrespective of the substrate thickness.   

For Part II, the surface and mechanical stability of HPP composites were examined after 1 

and 7 days of ageing in three food-simulating solvents (water, 70% ethanol/water, and MEK). 

Significant material variations in terms of microstructural composition have reflected on the 

properties investigated, such as roughness, hardness, flexural strength, and fracture 

toughness. In comparison to TR and CC, PK demonstrated relative stability after accelerated 

aging. CC and TR were sufficiently strong at sections as thin as 1 mm. However, their 

increased deterioration in FSLs requires full protection with a veneer material. This research 

concludes that although initial results were promising, more material enhancement and a 

review of the currently proposed clinical applications are necessary. 
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Fig. 1.1 Graphical illustration of the thesis outline. Appendices include supplementary methodologies and results.
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1.1. INTRODUCTION 

Computer-aided design (CAD) and computer-aided manufacturing (CAM) technology have 

produced a significant paradigm shift in dentistry. This technology started by introducing 

single-visit indirect restorations, before evolving to produce complex full-mouth prosthetic 

reconstructions [1, 2]. Progressive developments and innovations have advanced the field in 

terms of digital technologies, including subtractive and additive systems. These 

advancements aim at achieving more predictable and quality-controlled restorations as an 

alternative to conventional manufacturing techniques [3].  

Aside from innovations in fabrication techniques, further material developments, which are 

influenced by three major concepts for replacing lost tooth structure, appeared over the last 

century. First, the high demand for aesthetics which contributed to the shift from the gold 

standard of metal-ceramics to a range of more appealing monolithic ceramics and resin-based 

materials [4]. Second, the evolution of novel materials with features derived from natural 

tooth structure, referred to as "biomimetic" or "biologically inspired" materials [5-7]. This 

includes achieving biological, optical, and mechanical biocompatibility to enhance their long-

term clinical performance with minimal complications. Third, the introduction of minimally 

invasive dentistry (MID) as a conservative treatment concept, which drives the ongoing 

improvement of material qualities produced at thinner sections [8]. The properties targeted 

include sufficient radiopacity, translucency, effective bonding, and adequate mechanical 

features to withstand the functional stresses. 

Currently, polymer-based CAD/CAM materials reinforced with filler particles or fibres have 

been widely applied in aesthetic restorations and prosthetic frameworks. These reinforced 

materials are competing with different materials such as glass, crystalline, polycrystalline 

ceramics, and metal alloys.  

Reinforcing these polymer composites with ceramics, glass or carbon fibres, and modifying 

their polymer matrix would potentially improve their physical and mechanical characteristics 

[9-11]. However, these compositional changes may affect other properties of aesthetic 

materials, such as radiopacity and light transmittance, undermining the bonding qualities. 

Whereas in framework materials, the impact on their surface and mechanical properties 

seems to be of greater importance than optical features. As a result, this thesis characterises 

two sets of reinforced polymer-based materials based on their clinical applications while 
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taking microstructural composition and thickness into account. Part I includes at least four 

aesthetic restorative materials, which were investigated in terms of optical properties such as 

radiopacity, translucency, and blue-light transmittance, and their consequences on effectively 

polymerising two underlying luting cements. Part II investigates the surface stability and 

mechanical behaviour of three polymeric prosthetic composites aged in three food-simulating 

liquids. 
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1.2. LITERATURE REVIEW 

 

CAD/CAM systems are based on three elements: data acquisition, design software, and a 

fabrication machine, which is either based on milling or new prototyping additive technology. 

In 1980, Mormann and colleagues introduced the Chairside Economical Restorations of 

Esthetic Ceramics (CEREC) CAD/CAM system as the first technology offering single-visit 

indirect dental restoration [12]. The field has been active ever since, with a wide range of 

technical developments with respect to scanning devices, including optical scanners, intraoral 

cameras, and mechanical probing devices in the lab. The designing software has undergone 

several upgrades in its design options and has become more user-friendly. Last, the 

manufacturing process has been extensively enhanced to improve the accuracy of the end 

product for instance the computer numerically controlled (CNC) milling machines have 

evolved from 3-axis to 5-axis using wet or dry milling for subtractive production. The new 

additive technology, described as rapid prototyping or 3D printing, has been initially 

introduced in restorative dentistry for the fabrication of prosthetic replicas and auxiliary 

products. Nevertheless, the restorations produced by prototyping require further work to 

improve their accuracy [13, 14]. This research focused on the restorative and prosthetic 

materials for subtractive production only. 

CAD/CAM systems have three main production concepts [12]. The first concept is chairside 

production, in which all components are present in the same dental setting. The teeth or 

implants are scanned using an intraoral camera, replacing the traditional impression 

technique. The clinicians design the restoration on a desktop computer and produces the 

restoration in the clinic through a chairside milling machine. The second concept is 

laboratory production, where a conventional impression is sent to a lab, and the master cast is 

digitally scanned. The third is centralised production, where the scanner in the dental 

laboratory is connected to a milling centre via the internet. All three processes are applicable 

to the investigated materials; however, the material specimens were prepared for controlled 

laboratory examination in a simplified, non-anatomical form via water-cooled sectioning.  
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The application of CAD/CAM technology in prosthetic dentistry has expanded from simple 

veneers and inlays to full-arch implant-supported frameworks. There are two modes for 

fabricating dental restorations:  

1. A full-contour reconstruction consisting of a dense, homogenous aesthetic material, 

also called monolithic. Materials for monolithic blocks include ceramics, resin 

composites, and hybrid ceramics. 

2. A double-layer type composed of a core or framework prosthesis and a veneer 

aesthetic material. The core can be made of various materials: metals, glass ceramics, 

oxide ceramics and, recently, high-performance polymer (HPP) composites such as 

TRINIA and CarboCAD 3D Dream Frame and DentoKeep. 

Therefore, the studied materials could be classified as aesthetic restorative (Part I) versus 

prosthetic core or framework materials (Part II); refer to Fig. 1.1. These materials could be 

temporary or final restorations bonded to the natural tooth structure or implants. Moreover, 

CAD/CAM materials can be classified based on their chemical composition into glass 

ceramics, oxide ceramics, resin composites, and polymers. 

In the last few years, a relatively new class of materials has emerged that is claimed to be a 

combination of resin composites and ceramics. Materials in this category have been labelled 

as hybrid ceramics, resin matrix ceramics, or polymer-infiltrated ceramic networks (PICN) in 

the literature [15, 16]. Others have referred to the polymer composites reinforced by ceramic 

infiltrations, filler particles, or fibres as HPP composites [9, 14]. These classifications are 

important for education, material development, and communication purposes among the 

researchers, which, in turn, aid the clinicians in appropriate material selection. Thus, 

determining the appropriate category for each material relies on knowing the exact chemical 

composition and structure of the material and their impact on the mechanical and optical 

properties [17, 18]. 
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Figure 1.1. The CAD/CAM materials included in this research are divided based on their 

clinical applications into: I. Aesthetic restorative materials indicated for veneers, inlays, and 

full crowns. II. Polymeric prosthetic composites indicated for single coping or multi-unit 

framework substructures for fixed and removable prostheses. 
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Dental restorative materials are expected to perform passively in a challenging environment 

characterised by temperature variations, fluctuating pH levels, physiological oral flora, and 

cyclic loading, all of which are influenced by behavioural factors [19, 20]. An ideal 

restorative material would exhibit biological, mechanical, and optical properties that mimic 

those of the natural structures being replaced [21]. Other requirements include adequate light 

transmittance, efficient bonding properties, and distinctive radiopacity to facilitate monitoring 

their marginal integrity and dimensional stability over the long term in clinical service [21]. 

Additionally, it must lack allergic or cytotoxic effects and have a lower affinity for biofilm 

accumulation [19].   

 

1.2.3.1. Types of CAD/CAM aesthetic restorative materials  

Figure 1.2 presents a general classification of aesthetic CAD/CAM blocks applied in 

monolithic, fully contoured restorations, five of which are included in this research. In 

comparison to conventional restorations, these blocks produce high-performance, quality-

controlled restorations with advantages such as increased density, fewer flaws, good marginal 

and internal adaptation, and strength in a shorter time [22, 23].  

1.2.3.1.1. Oxide Ceramics 

Zirconia is a highly dense polycrystalline metal oxide ceramic block with superior 

mechanical properties that support its application as a strong substructure material [24]. The 

flexural strength varies between 900 and 1200 MPa; nevertheless, the rate of chipping in 

ceramic veneer after 1 - 5 years ranged from 2 % to 36 % [25]. Due to the variations in 

thermal and mechanical qualities between the veneer and core materials [26], full-contour 

restorations fabricated from various translucent zirconia (e.g., InCoris-TZI, Dentsply-Sirona) 

and other materials have emerged. However, the aesthetic core and framework materials such 

as zirconia are excluded from this study. 
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Figure 1.2. Classification of CAD/CAM aesthetic materials for monolithic restorations with examples of commercially available blocks. Five 

blocks are investigated in this research (CeraSmart, Grandio blocs, Lava Ultimate, Vita Enamic, and Vita Mark II).
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1.2.3.1.2. Silicate ceramics  

Feldspathic ceramics are based on silica and alumina, such as Vita Mark II (VITA 

Zahnfabrik, Germany). This glassy ceramic is industrially sintered; thus, no firing process is 

required. It shows efficient colour matching, polishability, and wear resistance but inferior 

flexural strength (112 MPa) [27]. The brittleness of glass-based materials renders them 

susceptible to fracture under stress [24]. Imperfections in the material itself could be a source 

of crack development and propagation, leading to catastrophic failure. However, with 

CAD/CAM production, the fabrication time is reduced by 90%, with minimal development of 

micro-cracks and flaws during machining and grinding [28]. The clinical success rate of 

feldspathic CAD/CAM restorations after 9 to 18 years ranges from 84% to 95% [14], with 

fracture being the main complication.  

Attempts to reinforce the matrix with leucite, as in IPS Empress CAD (Ivoclar Vivadent), 

improved their strength (135 MPa), but were not sufficient for load-bearing areas [1, 14]. 

Feldspathic and leucite-reinforced ceramics possessed greater biomimetic translucency due to 

their glass matrix (55%-70 %), compared to other ceramics [29]. Whereas ceramics with a 

crystalline phase containing lithium disilicate showed significant increases in their strength 

(360 MPa) [1] and maintained their excellent optical properties (e.g., IPS E.max CAD, 

Ivoclar Vivadent) [30]. The blocks are milled in a pre-crystallized state, requiring sintering, 

polishing, and glazing, which resulted in significantly greater fracture toughness (1.8 

MPa.m0.5) [31]. Yet, this ceramic could not be applied to multi-unit fixed prostheses without 

the risk of fracture.  

Further modifications, such as the incorporation of zirconia in silicate ceramics without the 

need for further crystallisation such as in Vita Suprinity PC (Vita Zahnfabrik). The flexural 

strength and fracture toughness have been improved (420 MPa and 2 MPa.m0.5). 

Despite clinical and laboratory studies demonstrating superior mechanical and optical 

properties of high-strength ceramics [32-34], chipping is still prevalent in ceramic 

restorations [35]. Several factors can contribute to this complication, such as parafunctional 

habits, fatigue load, iatrogenic causes, inadequate design, and internal stress [36]. In addition, 

the preference for all-ceramic restorations versus metal ceramics appears to have resulted in a 

higher incidence of ceramic fractures [37]. 
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Consequently, alternatives such as polymer-based composites are increasingly considered due 

to their easier machinability [38] and other advantages such as intraoral reparability, effective 

bonding [39], and less abrasion to the opposing structures [40]. Nonetheless, proper planning 

is necessary. 

1.2.3.1.3. Polymer-based composites 

Resin composites were first introduced in dentistry in the 1950s, and their composition has 

continuously evolved ever since. Resin composites mainly consist of a cross-linked matrix of 

dimethacrylate (DMA) monomers reinforced with dispersed inorganic filler particles [1, 41]. 

The most common base monomer in dental composites include bisphenol A–glycidyl 

methacrylate (Bis-GMA) and other dimethacrylates such as triethylene glycol dimethacrylate 

(TEGDMA) and urethane dimethacrylate (UDMA) [41].  

The incorporated fillers modify the mechanical and optical properties of the material 

depending on the particle types, concentrations (percentages), forms, and sizes [21]. Different 

combinations of filler particles have been used, such as quartz, silica, ceramics, and zirconia. 

The filler particle surface is pre-treated with a silane coupling agent to aid the bonding and 

polymerization processes. The polymerization reaction is an ongoing process described by 

the degree of conversion (DC%), which is the proportion of reacted C=C groups to the total 

initial number of C=C groups in the monomers and expressed as a percentage. The 

polymerization process can be photo-activated, chemically activated or both. Among the 

required components are initiators and accelerators, such as camphoroquinone (CQ). 

Pigments and other modifying agents are added to impart additional functional 

characteristics. Therefore, the resin composites can be classified based on the type of 

manufacturing process, microstructure, mode of polymerization, resin matrix composition, 

filler size, and filler content [15]. 

For machinable CAD/CAM resin composites, no photopolymerization is required. Instead, 

more controlled methods of polymerization have been developed involving high temperature 

(HT, >100 °C), high pressure (HP, >150 MPa), or both (HT/HP), which result in dense 

blocks with a high degree of conversion of up to 90 - 95% [42, 43]. In comparison, the DC% 

in a conventional direct material was only 50 - 60%, and in a laboratory material, the DC% 

reached 70 - 80% [1]. Therefore, industrially produced homogenous blocks have enhanced 

mechanical and optical properties due to their controlled production, lack of pores, limited 
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polymerization shrinkage, and limited operator-related errors [43]. Typical parameters of 

resin composites, such as stickiness, slump resistance, viscosity, and sensitivity to ambient 

light, are all irrelevant in industrialised pre-processed blocks [21, 43]. Nowadays, the 

developments in CAD/CAM blocks have resulted in less artisanal types of indirect 

composites [42]. 

Based on their microstructure, CAD/CAM polymer-based composites can be subdivided into 

1) dispersed fillers with predominantly organic polymer content; and 2) polymer-infiltrated 

ceramic network PICNs with a predominantly inorganic content (Table. 1.1).  

Table 1.1. Composition of the studied polymer-based CAD/CAM composites, as provided by 

their manufacturer. 

Material 

type 

Brand and 

manufacturer 

Filler content (wt.%) Matrix (wt.%) 

Dispersed 

filler 

particle 

reinforced 

resin 

composites 

LavaTM Ultimate 

(3M, ESPE, USA) 

80% colloidal silica (20 nm 

diameter) and zirconia (4-11 nm) 

nanoparticles and zirconia-silica 

nanocluster particles (0.6-10 µm). 

20% (Bis-GMA, 

UDMA, Bis-EMA, 

TEGDMA) 

CeraSmart 

(GC dental products, 

Europe) 

71% silica (20 nm) and barium 

glass (300 nm) nanoparticles 

Bis-MEPP, 

UDMA, DMA 

Grandio Blocs  

(VOCO, Germany) 

86% nanoceramic resin  14% 

UDMA+DMA 

Polymer-

infiltrated 

ceramic 

network 

(PICN) 

Vita Enamic  

(VITA Zahnfabrik, 

Germany) 

 

86% open porous feldspathic 

ceramic structure network. 

Aluminium oxide (silicon dioxide 

58-63%, aluminium oxide 20-

23%, sodium oxide 9-11%, 

potassium oxide 4-6%, boron 

trioxide 0.5-2%, zirconia <1%, 

calcium oxide <1%) 

14% of cross-

linked polymers 

(UDMA, 

TEGDMA) 
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1.2.3.1.4. Dispersed filler particle reinforced resin composite blocks 

CAD/CAM resin composites occupy an intermediate position between ceramics and 

conventional types of resin composites in terms of mechanical properties [44]. 

In 2012, Lava Ultimate (LU) blocks were developed (3M ESPE, USA). LU exhibits slightly 

improved mechanical properties (191 MPa and 7.9 GPa) due to different temperature 

polymerization conditions and the addition of agglomerated and non-agglomerated 

nanoparticles into its polymer matrix [45]. LU displays the largest particles interspersed with 

smaller particles among the resin composite groups [46]. LU partial coverage restorations 

have an 85.7% survival rate for two years, with reported incidents of restoration fracture and 

debonding [47]. In 2015, 3M ESPE announced that LU is no longer recommended for crown 

fabrication because of the high debonding rate shown in research [46]. 

More resin composite blocks have been produced, which significantly vary in their filler 

loading (wt.%), including CeraSmart (GC, Japan) and Grandio blocs (VOCO, Germany). 

However, their flexural strengths ranged between 208 and 219 MPa, and their moduli were 

between 7.9 and 11.1 GPa [35, 44].  

1.2.3.1.5. Polymer-infiltrated ceramic network (PICN) blocks 

VITA Enamic (VE), a double-network structure, was introduced in 2013 (VITA Zahnfabrik, 

Germany) [48]. A coupling agent was used to condition a porous pre-sintered glass ceramic 

network, which was then infiltrated by capillary action with a monomer mixture of UDMA 

and an initiator [49]. Under a microscope, there was no evidence of crystallisation, and both 

phases appeared amorphous [50]. Due to the sintering process, the flexural strength and 

hardness of PICN are enhanced. The porous ceramic network showed a strength of 135 MPa, 

whereas the polymer had a strength of less than 30 MPa. The PICN presented an improved 

strength of 160 MPa [48]. VE material proposed properties intermediate between resin 

composites and ceramics [45].  

LU and VE share the same elemental composition; however, they differ in the manufacturing 

process and ultimately behave differently in service [31]. In contrast to LU, VE exhibits 

greater wear resistance and superior mechanical properties [51]. Also, PICN seems to be a 

more promising material if bonded with resin cement, showing higher three-year survival 

rates of up to 97.4% [18]. However, there is a clear need for independent research to monitor 
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the behaviour (in vitro) and performance (in vivo) of these restorative materials in order to 

enhance existing materials or revise their application range, like the case of LU [46]. 

1.2.3.2. Research trends of PICN (2010 – 2020) 

A mapping study of the literature presented an overview of research trends on the 

contemporary hybrid ceramics commercially referred to as Vita Enamic (VE) to identify 

evidence gaps and commence further in vitro research. 

Figure 1.3 illustrates the distribution of PICN-related research in three databases, PubMed, 

Scopus, and Web of Science (WoS), from June 2010 to July 2020. The search terms were 

[CAD/CAM AND “polymer-infiltrated ceramic network” OR PICN OR “hybrid ceramic” 

OR “Vita Enamic"]. The initial output was 1183 English-language research publications, with 

WoS surpassing PubMed and Scopus starting in 2014. 764 articles remained following the 

removal of duplicates using Endnote reference manager and the exclusion of studies that did 

not involve polymer-infiltrated ceramics. Misleading classifications of resin composites were 

frequently observed. 

 

Figure 1.3. Research trends between June 2010 and July 2020 involving Vita Enamic were 

found in three databases using the following search terms: CAD/CAM AND “polymer 

infiltrated ceramic network” OR PICN OR “hybrid ceramic” OR “Vita Enamic." * Updated 

relevant work has been cited later in Chapters 3 and 4. 
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The review highlights an active research area that is increasingly progressing. Also, variety of 

articles on PICN were found including reviews, in vitro and in vivo studies, clinical and 

technical case reports, conference proceedings, and dissertations. There were no long-term 

clinical trials for any VE restorations, and the follow-up periods for prospective 

investigations ranged from one to five years. All research except in vitro studies were 

excluded, which results in 423 lab-based studies (Fig. 1.4). 

 

Figure 1.4. Number of in vitro studies of PICN published each year between June 2010 and 

July 2020. * Updated relevant work has been cited later in Chapters 3 and 4. 

Figure 1.5 and Figure 1.6 provide an overview of the most prevalent peer-reviewed journals 

and topics investigating PICN. The journal Dental Materials had the most lab-based original 

research, followed by Journal of Prosthetic Dentistry, and Egyptian Dental Journal. 

Mechanical properties such as strength, load-bearing capacity, and hardness, were the most 

considered investigations (32%) for PICN. Followed by their ageing behaviour, wear 

resistance, and bond strength with great interest in the reparability. Other features such as the 

translucency and blue-light transmittance were less frequently explored (7%), despite that VE 

is an aesthetic material.  
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Figure 1.5. Top 10 peer-reviewed journals with the highest number of PICN in vitro studies 

in the period between June 2010 and July 2020. 

 

Figure 1.6. A pie chart of the most frequently investigated topics for PICN within the period 

of the mapping review (2010 -2020). 

Early studies explored the influence of the composition and microstructure on the mechanical 

and optical characteristics of PICN [52-54]. This has led to further experimental 

investigations about developing their manufacturing methodologies and modifying their 

polymer or ceramic content to formulate new and improved polymer-infiltrated ceramics [55, 

56].  
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The study of the mechanical properties of a material is of great significance to facilitate 

prediction of its clinical performance from simulated experiments. As a result, extensive 

research was conducted on VE under various ageing conditions, media, and exposure 

duration with respect to their effect on hardness and fracture resistance [52, 57, 58]. Other 

forms of ageing include thermal and mechanical cycling [59-61]. These investigations were 

often combined with monitoring any changes in their surface roughness, and gloss [62].  

VE is substantially harder than all resin composites; however, its hardness instantly decreases 

after ageing in different liquids before stabilising at a still-high level compared to the resin 

composites [63, 64]. The modulus of elasticity of VE is 30 GPa, which is between the moduli 

of the resin composite (LU = 15 GPa) and feldspathic ceramic (VM II = 60 GPa), underlining 

their composition differences [65]. Furthermore, VE is midway between enamel (60 GPa) 

and dentine (5 - 17 GPa) [50, 66]. The filler particle-reinforced RC blocks have a 

combination of high flexural strength and low flexural modulus, whereas PICN, is less brittle 

and more flexible. In contrast, ceramics have higher flexural strength and modulus [44]. 

These features may have increased the interest in monitoring the fatigue behaviour [67] and 

the capacity of VE to dissipate excessive occlusal stresses through its elastic and plastic 

deformation [68]. In SEM images of the PICN, more signs of crack deflection were noticed 

than that in ceramics [48]. Combining strength data with fractography could contribute to the 

material production via understanding its performance [69]. In comparison to milling 

ceramics, VE is easily machined with minimal destruction to the cutting diamond burs [70]. 

Moreover, milling thin restorations with high edge strength [71] and superior fit accuracy is 

advantageous, but restorations exhibited slightly wide internal gaps [13].  

Nevertheless, the bonding properties of VE, including effects of surface pre-treatments, were 

comparable with other resin composites [72]. VE provides the advantage of intraoral 

reparability due to its high bonding quality [73, 74], compared to ceramics.  

Other advantages such as long-term absence of monomer elution [75], reduced biofilm 

development [76], and decreased cytotoxicity [77] revealed the improved chemical and 

biological stability of VE. 

Numerous studies have been conducted on the colour stability of VE after exposure to 

various ageing processes involving UV light [78], staining solutions [79, 80], bleaching 

chemicals [81, 82], and organic solvents [83, 84]. These studies involved monitoring their 
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effects on surface roughness and gloss [62], and investigating several polishing techniques 

[85, 86]. Overall, VE showed clinically acceptable but slightly inferior aesthetic-related 

characteristics compared to other competitive CAD/CAM materials  [87, 88]. In addition to 

the effect of the microstructural composition, the increased water sorption and solubility of 

VE contributed to its increased susceptibility to staining and hydrolytic degradation [84, 89, 

90], compared to the dispersed particle resin composites. 

Despite that VE is an aesthetic restorative material, interest in studying its translucency did 

not rise until a few years later after its release (Fig. 1.7). A few studies have examined the 

factors that reduce their translucency and blue-light transmission, such as increasing 

thickness and darker shades [91-93]. Also, consequences such as colour masking ability [94, 

95] and polymerisation efficacy of the adhesive luting cements irradiated through VE were 

lightly studied [96-98]. However, understanding these inter-related optical characteristics 

facilitates proper selection of the restorative material, luting cement and curing conditions to 

enhance their clinical performance. 

 

Figure 1.7. A significant rise of interest in investigating the light transmittance of VE and its 

consequences starting from 2016 to July 2020. 

Moreover, the chemical composition and physical structure of any material define its inherent 

clinical and radiographic appearance [21]. From the reviewed topics in the first ten years of 

introducing VE in the dental practice, only three studies had investigated its radiopacity in 

standard digital radiographs in comparison to tooth structure and other CAD/CAM restorative 

materials [99-101]. These studies found that VE has lower radiopacity than comparable 

materials and recommended relying on the radiopacity contrast of adjacent structures or 

luting cements to distinguish VE margins. However, several methods have been applied to 
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determine the radiopacity at increasing thickness, leading to uncertainty and a lack of clinical 

relevance. 

Although the performance and durability of PICN materials are the subject of ongoing 

research, there is gradual increased interest in exploring various aspects of expanded clinical 

applications such as customised posts [102], endocrowns [103], and implants [61, 104]. 

However, these new treatment options for VE, require frequent radiographic images; hence, 

features such as adequate radiopacity appear clinically significant. 

To summarise, for the first ten years of introducing VE in the dental practice, the polymer-

infiltrated ceramics appear promising biocompatible restorative materials as shown in the lab-

based experiments. Mechanical properties showed more favourable behaviour than optical 

characteristics and colour stability. Nevertheless, due to a lack of sufficient long-term clinical 

data, clinicians might be reluctant to adopt them as a material of choice instead of ceramic 

materials. Therefore, further research is encouraged with emphasis on the appearance 

characteristics of VE, such as radiopacity and translucency. 

1.2.3.3. Radiopacity 

Radiopacity is a key intrinsic material property required for restorative dental materials for 

their radiographic identification for diagnosis, treatment, and regular maintenance. According 

to ISO standards 13116/2014 and 4049/2019, the radiopacity of resin composites is required 

to be slightly greater than the tooth structure to be replaced [105, 106], however, there are no 

specifications for the CAD/CAM blocks.  

Radiopacity could be defined as the relative opacity of a material to the transmittance X-ray 

irradiation [21, 107], and the radiopacity of dental materials could be affected by:  

• Intrinsic factors related to their composition and microstructural configuration such as 

the content and distribution of heavy inorganic elements (high atomic numbers) such 

as zirconium and barium. 

• Extrinsic factors related to the radiographic imaging system used and the exposure 

parameters applied.  

Based on the ISO standards [105, 106], a standardised aluminium step wedge (98% pure) is 

used as a reference to determine the radiopacity of the material as equivalent to the 
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radiopacity of a similar thickness of aluminium, hence expressed in mm Al. There are two 

methods for quantifying the radiopacity: 

• Directly measuring the radiodensity of a conventional radiographic image using a 

densitometer. 

• Indirectly using an imaging software, such as photoshop or ImageJ, to measure the 

grayscale values or called pixels from the digital radiographic images. Then, plot the 

results and calculate the radiopacity using trend line equations of the step wedge.  

With the application of digital radiography, many drawbacks associated with the 

conventional radiographs have been eliminated [101]. The photostimulable phosphors plates 

(PSP) were found more accurate and convenient for determining the radiopacity than 

conventional films [108], scanned films, or other digital X-ray sensors such as 

complementary metal oxide semiconductor (CMOS) and charged coupled device (CCD) 

[109]. Further comparison between different digital systems [110], found that CMOS system 

resulted in significantly higher radiopacity than PSP system. Nevertheless, changing the 

exposure parameters resulted in significant differences in radiopacity (mm Al) [111]. 

Therefore, reporting the applied radiographic system and setting parameters are vital. 

As shown by the mapping review, a few studies showed that hybrid ceramics were the least 

radiopaque CAD/CAM material [99-101]. To verify the integrity of VE restorations from 

tooth structure, these studies have suggested using the contrast in radiopacity of adhesive 

resin cements. However, the radiopacity level for luting cements is variable depending on 

their composition and clinical applications [112]. Greater radiopacity is required for posterior 

restorations and cements more than those applied in anterior accessible area [41].  

Bonding aesthetic restorations often dictate the use of aesthetic luting cements containing less 

radiopacifiers, hence appear less detectable from enamel and dentin [113]. Variolink Veneer 

cement (Ivoclar, Vivadent) is an example of a relatively radiolucent resin cement which is 

justified by its purpose of bonding aesthetic veneers that require optimum optical properties 

[112, 114]. Also, the radiopacity of six flowable resin composites were found significantly 

different [115]. Thus, the clinical skills of the dentist are paramount to handle such restorative 

materials and ensure no excess cement overhangs. Yet, the extended applications of VE such 

as dental implants and posts, due to its favourable biomimetic mechanical features, require 

frequent radiographic assessment, thus intrinsic radiopacity remains clinically significant. 
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1.2.3.4. Translucency 

The appearance of restorative materials is defined by their interaction with incident light and 

could be characterised as transmittance, absorbance, reflectance, or light scattering [21, 88]. 

Translucency is the relative amount of light transmitted through a material of a given 

thickness and can be expressed as a translucency parameter (TP), contrast ratio, or 

wavelength-specific transmittance [116]. Different instruments, such as reflective 

spectrophotometers and MARCTM systems, have been used to characterise the light 

transmitted through different material substrates [41, 88, 117].  

These features are affected by the material’s composition, thickness, and shade [97]. Several 

types of CAD/CAM materials show variable optical properties [118]. The thickness of the 

material was found to be a significant factor in the measured translucency [92, 119], and 

blue-light transmission [91]. Nevertheless, the apparent translucency of various CAD/CAM 

materials does not necessarily indicate the passage of the same amount of blue light through 

the material [120]. A study has reported high attenuation of violet-blue light (60 to 95%) 

through various 2-mm thick restorative materials [121], reflecting differences between resin 

composites, PICN, and ceramics.  

Additionally, the translucency is influenced by changes in their surface roughness due to 

inadequate polishing or surface pre-treatment methods [92]. CS exhibited a lower roughness, 

higher translucency, and greater gloss than LU and VE [119]. VE showed the lowest mean 

translucency among several resin and ceramic CAD/CAM materials [87, 122], but other 

studies presented contrasting results [91, 123].  
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1.2.3.5. Consequences of reduced blue-light transmission on polymerisation of luting resin 

cements 

The clinical success of these indirect aesthetic restorations relies heavily on the quality of 

their bonding. Many factors contribute to achieving sufficient bonding such as surface pre-

treatment, adhesive agent, luting cement type, and application management ensuring its 

effective polymerisation. 

Among many types of luting cements, resin-based cements are preferred for bonding 

aesthetic restorations due to their improved optical and mechanical properties [124]. These 

resin cements could be self-, light-, or dual-cured, and each type has its advantages and 

limitations (Table 1.2). Therefore, understanding their features is paramount for successful 

clinical application. For example, due to the improved resistance to discolouration, aesthetic 

restorations are bonded using either light-cured (LC) or dual-cured (DC) resin cements. 

However, LC and DC resin cements have a minimum energy requirement (MER) to ensure 

effective polymerisation [117]. Both cements require light irradiation, which should be of an 

appropriate wavelength range depending on their photoinitiator content.  

In dentistry, two main types of photoinitiators that absorb light at different wavelengths have 

been used for resin cements. One type, such as camphorquinone (CQ), requires additional co-

initiators such as tertiary amines to generate free radicals with light absorption at their range 

of wavelengths (400 – 500 nm) [117]. This results in a slower and less efficient 

polymerisation process compared to the amine-free types. In addition, it yields a yellowish 

discolouration with time. Thus, other initiators have been developed to obtain a lighter and 

more stable colour, such as IvocerinTM. This photoinitiator is derived from dibenzoyl 

germanium and appears sensitive to both the violet and lower blue wavelength ranges (400 - 

430 nm) requiring fewer photons than CQ to generate free radicals [125]. In addition, 

IvocerinTM-containing resin cements show potentially superior mechanical properties and 

bond strength [126, 127]. However, more research is required to verify these properties. 
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Table 1.2. Advantages and disadvantages of resin luting cements based on their curing mode, 

in respect to bonding aesthetic restorations [128-132]. 

Type of resin cement Advantages Limitations  Clinical applications 

Self-cured (SC) Dentin pre-treatment 

is not required. 

Less application steps. 

Short working time. 

Discolouration over 

time (yellowing 

effect). 

Mainly for bonding 

metallic and non-

aesthetic restorations. 

Light-cured (LC) Unlimited working 

time. 

Improved colour 

matching and stability. 

Require sufficient 

light energy of 

appropriate 

wavelength range for 

effective monomer 

conversion. 

Translucent 

restorations thinner 

than 1.5 mm. 

Dual-cured (DC) Chemical curing 

component that 

compensates for 

insufficient light 

irradiation 

(controversial). 

Superior mechanical 

properties and 

conversion than LC. 

Short working time. 

Discolouration over 

time (yellowing 

effect). 

Thicker aesthetic 

restorations ranging 

from 2 to 3 mm. 

 

Adequate polymerisation of the adhesive resin cement improves their mechanical 

characteristics, colour stability, and biocompatibility, which are required for the longevity of 

the restoration [126, 133]. However, their polymerisation could be affected by two main 

factors: 

1. Internal factors associated with the resin cement itself consist of its activation 

methods, chemical composition, photoinitiator type and concentration, shade, and 

thickness. 

2. External factors that could be categorised as: 

a) The light curing unit (LCU) [134, 135], its wavelength distribution [136], power 

mode (intermittent versus continuous), radiant exposure received [137], exposure 

time [138], tip diameter, its angle, and distance from the restoration [136, 139]. 
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b) The restorative substrate [87, 138], including microstructural composition, 

thickness, shade, optical properties (i.e., translucency), and marginal adaptation of 

the final restoration, which prevents the cement from exposure to oral fluids. 

c) Environmental factors, such as ageing medium and duration of exposure [140].  

d) The timing and methodology for evaluating luting cement polymerisation would 

yield different outcomes [140]. 
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1.2.3.5.1. Methods of determining the effectiveness of the polymerisation  

There are direct and indirect methods (types I and II, respectively) for determining the 

polymerisation efficiency of resin cements following photoactivation [117]. Studies of type I 

are concerned with the light irradiation process and its results, such as light transmission and 

degree of conversion (DC%), which may be measured under dynamic or static settings. In 

contrast, type II investigations estimate their polymerisation from the development of several 

mechanical parameters, such as hardness, flexural strength, and fracture toughness [127].  

1.2.3.5.2. Degree of conversion (DC%) 

DC% denotes the total initial concentration of the reactive group that forms the polymer [41], 

which ranges from 55% to 77% for resin composites [132, 141]. Fourier transform infrared 

(FTIR) spectrometer, infrared and Raman spectrometers, allow for direct quantification of the 

DC% [131]. However, these techniques frequently need a steep learning curve and 

specialised knowledge. FTIR with an attenuated total reflection (ATR) accessory is the most 

employed method for measuring DC% in real time [41, 96]. This is a surface-sensitive 

approach with a low penetration depth (0.5 - 2 µm) that is dependent on several parameters 

such as the incidence angle, refractive index, and wavelength of light [117, 139]. However, 

DC% is not indicative of the integrity of the crosslinked polymer [41]. While measuring the 

hardness of resin cement is one of the most used methods for estimating the quality of their 

polymerisation [117, 139]. 

1.2.3.5.3. Martens hardness (HM) 

Vickers (HV) and Knoop classical microhardness devices have been widely used in various 

research [98, 142]. However, more accurate results for polymer-based composites could be 

obtained employing the recently established instrumented indentation, Martens hardness (HM) 

[10]. Vickers and Martens hardness share the same tip but their methods for measuring the 

indentations are distinct. HV requires a microscope to visually determine the indentation 

diagonals representing the plastic deformation following load removal. Whereas HM relies on 

a force-controlled sensor that digitally plots force-depth curves and accounts for both elastic 

and plastic deformation components [143]. Therefore, HM more accurately reflects elastic-

plastic materials with minimal errors.  
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Reduced transmission of blue-light to the underlying resin cements resulted in a reduction in 

hardness [98, 142]. To compensate for the deficiency in cement polymerisation resulting 

from light attenuation, strategies such as doubling the exposure times [144, 145], using high 

intensity LCU [136, 146], and bonding with dual-cured resin cements [147, 148] have been 

investigated. However, substrate materials and resin cements revealed diverse outcomes.  

A strong correlation has been established between microhardness and FTIR data for direct 

resin composites [149, 150] and luting resin cements underlying glass ceramics [151, 152]; 

however, this association has not been examined for CAD/CAM resin composites and PICN. 

Nonetheless, the DC% and hardness could not be used interchangeably due to the sensitivity 

of each technique to distinct variables and the incompatibility of hardness comparisons across 

different studies [96]. 

The progression of polymerisation could be monitored by gradual increase in hardness, which 

usually occurs between 24 and 48 hours [117]. It seems imperative to study the 

polymerisation efficacy of luting cements in the context of a clinically relevant standard visit. 

Determining the polymerisation of the luting cement one hour after irradiation offers an 

estimate of the early sufficient hardness to endure functional forces, such as eating, after the 

patient is discharged. In addition, mechanical stresses, such as finishing, polishing, or taking 

an impression, could compromise the newly bonded restoration.  
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1.3. SUMMARY AND STATEMENT OF THE PROBLEM (PART I) 

The combination of three progressively emerging treatment concepts -aesthetic, biomimetic, 

and minimally invasive dentistry (MID)- advanced the restorative materials to cope with such 

demands. As a result, superior material properties have been required at thinner sections.  

CAD/CAM resin composites are indicated for single crowns, veneers, inlays, and 

endocrowns, similar to ceramics. However, producing ultra-thin veneers (0.3 - 0.5 mm) is 

becoming a common practice [153]. Research has found that VE is stronger than particle-

reinforced resin composites with mechanical properties closer to natural tooth structures [44, 

48] but falls short in its optical qualities [122]. Therefore, verifying the optical properties of 

CAD/CAM aesthetic materials such as translucency and blue-light transmission, at clinically 

relevant thicknesses, appears prudent. Consequently, determining their impact on the 

polymerisation of the underlying luting cements sheds light on understanding the quality of 

their bonding and durability.  

The polymerization efficacy of two relatively new, IvocerinTM-containing aesthetic resin 

cements has not been investigated within a clinically relevant time. This thesis employs both 

direct (DC%) and indirect (HM) methods to estimate the polymerization of light-cured and 

dual-cured resin cements after light irradiation through CAD/CAM substrates. 

Evidence suggests that radiopacity, light irradiation, and translucency are all material- and 

thickness-dependent features that characterize the appearance of any material [21, 91, 118]. 

Polymer-infiltrated ceramics, such as VE, showed overall inferior optical features compared 

to resin composites [118], but requires further verification under specified parameters.  

The influence of the chemical and microstructural composition of CAD/CAM aesthetic 

materials on optical properties is lightly explored in the literature [52, 53]; thus, more studies 

are required to understand their effects on the apparent radiopacity.  

In a standard digital radiograph, VE is difficult to detect from tooth structure due to its lower 

apparent radiopacity compared to other CAD/CAM materials [99-101]. To overcome this 

challenge, researchers have advised using the contrast of the luting cement to distinguish the 

margins of VE restoration. Therefore, to verify the detection of VE, the radiopacity of a range 

of relevant materials and natural tooth structure should be compared. The materials include 
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CAD/CAM resin composites and ceramics and conventional resin composites: filling, 

flowable, bulk fill, base, and luting cements. 

However, VE has potential for further applications such as customised posts [154], dental 

implants (fixtures) [155], and tooth analogues for research and training purposes [49]. These 

applications would pose further material requirements, such as adequate internal radiopacity 

at clinically relevant thicknesses.  

By investigating the performance of these aesthetic materials under laboratory-controlled 

conditions, more benefits could be gained. First, studying the inter-related optical factors of 

five CAD/CAM blocks [three resin composites, one polymer-infiltrated ceramic, feldspathic 

ceramic] provides insight towards understanding their clinical implications, hence, further 

considerations and clinical research. Second, it is an opportunity for further material 

developments and improving the properties investigated. 
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1.4. PART II: PROSTHETIC POLYMERIC COMPOSITES 

Previously, the lost wax technique was the gold standard for fabricating prosthetic 

frameworks, with gold and other metal alloys being the materials of choice [13]. This 

conventional method provided highly accurate customised framework designs, but it was 

time-consuming and technique-sensitive [156]. Moreover, various types of titanium and 

zirconia have successfully (92.4 – 99 %) been used as alternative framework materials for 

their biocompatibility, greater strength, and corrosion resistance [157]. However, frequent 

chipping or fracture of the veneering layer reduced their success rate [37]. The risk of 

developing technical complications increased as implant dentistry evolved [37]. The lack of 

proprioception in implant-supported restorations limited the biological identification from 

preventing the excessive occlusal loads from transmitting to the peri-implant bone [158]. 

Therefore, great attention has been dedicated to the prosthesis design, material, and 

fabrication process [2]. There is an increased need to ensure sufficient osseointegration 

through enhanced load distribution and dissipation through the proper selection of materials 

with shock absorbing features. A rigid framework with an adequately low modulus of 

elasticity would reduce the technical complications associated with flexural movements of 

the prosthesis. Therefore, strengthening of polymeric materials by reinforcing their 

microstructures combined with the flourishing digital technology have resulted in reinforced 

polymeric composites. These materials were developed as metal-free frameworks with 

competing mechanical characteristics and are frequently described as high-performance 

polymer (HPP) composites [159]. 

 

In 1983, Cox and Zarb established the initial requirements for ISF to ensure dental implant 

osseointegration [160] as follows: 

• Biocompatible with the oral environment. 

• Fitting the implant system with passive accuracy. 

• Adequate mechanical quality. 

• Cost effective. 
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• Aim for aesthetic results. 

With the introduction of CAD/CAM technology, the biomimetic material concept, and 

sustainability in the dental practise [161, 162], the requirements for ISF have been expanded 

to include features that improve the quality of the patient's life through long-term prosthesis 

performance with less need for frequent replacement. For the CAD/CAM production process, 

the ISF should be feasible in terms of time and cost effectiveness, with ease of machining for 

both subtractive and additive systems [70]. The prosthesis should be light with comparable 

density and modulus of elasticity to natural structures (cortical bone = 1.7 g/cm3 and 13.7–

16.4 GPa [163]) to get a natural feeling and patient comfort.  

The ISFs should have superior mechanical properties to withstand the functional loads 

without transmitting excessive stresses to the implants [68]. The prosthesis must fit 

accurately and passively, with convenience of placement and retrieval by patient and 

clinician, to ensure oral care maintenance [164]. The ISFs should show low affinity for oral 

biofilm adhesion and biological complications [165, 166]. All framework materials should 

exhibit relative stability when exposed to oral liquids, nutritional supplements, and cleaning 

agents [167].  
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The following materials are used to fabricate prosthetic single copings or multi-unit 

frameworks for fixed or removable implant-supported prostheses (ISP). These ISPs could be 

cement-retained or screw-retained, applied for immediate or delayed loading cases and 

veneered by acrylic resin, resin composites or feldspathic ceramics [2].  

1.4.2.1. Cobalt-chromium (Co-Cr) alloys 

Due to their strength, durability, and resistance to corrosion, Co-Cr alloys have historically 

been the most common prosthetic materials [13]. Previous disadvantages such as porosity and 

distortion associated with the conventional technique have been eliminated with the 

introduction of CAD/CAM technology. Continuous improvements are observed in both 

milled and printed CAD/CAM prosthetic frameworks such as the accuracy of fit, corrosion 

resistance, and bonding strength to the veneering ceramics [168]. 

1.4.2.2. Titanium and titanium alloys 

Grade 4 commercially pure titanium and titanium alloys such as Ti-6Al-4V are used to 

fabricate ISF due to their biocompatibility, corrosion resistance, and high melting 

temperature (1668 °C). However, casting is technique sensitive because bonding to ceramics 

requires careful firing temperatures that should be maintained below 800 °C due to phase 

changing in Ti at (883 °C) [164].  

Ti alloys are provided as various types of prefabricated abutments and attachments for 

implant-supported overdentures, which could be in the form of ball, bar, or telescopic 

crowns. An aesthetic veneering material (ceramic, acrylic, or resin composite) is bonded to 

this abutment. The customisation of these supra-structures by CAD/CAM has overcome 

many anatomical and functional limitations. For full-mouth rehabilitation cases, titanium 

alloys are preferable due to their high flexural strength, low cost, and ease of fabrication with 

passive fit compared to Co-Cr alloys [157].  

General disadvantages of metal alloys compared to polymeric alternative materials: 

1. Increased radiopacity that could result in radiographic artifacts and diagnostic 

distraction. 
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2. Not aesthetic; hence, it requires bonding to veneering material. 

3. Increased thermal and electrical conductivity. 

4. High mass and rigidity result in less favourable mechanical biocompatibility.  

5. Allergenic, corrosive, increased inflammatory reaction around dental implants. 

6. Relatively long production time. 

1.4.2.3. Zirconia and zirconium-alumina 

These polycrystalline ceramics have superior mechanical strength combined with better 

aesthetics and reduced bacterial adhesion compared to metal alloys [14]. Also, it exhibits 

improved colour of peri-implant mucosal tissues compared to metal-based ISFs and 

abutments [164]. However, the properties of the ISF depend on its preparation and design 

[169]. There is difficulty in achieving passive fit in a multi-unit prosthesis with lower risk of 

abutment fracture, compared to titanium [169]. There are two forms of zirconia, bi-layered 

and monolithic. The monolithic is developed to enhance its aesthetic and reduce the risk of 

chipping or fracture of the ceramic veneer layer [168]. However, zirconia could cause 

abrasive wear on the opposing dentition [170] and transmit greater stress to the peri-implant 

bone than gold alloys and polymeric composites [171]. 

1.4.2.4. Polymers and reinforced polymer composites 

Because of their relative ease of production and affordability, PMMA and MMA mixtures 

were preferred materials for initial full-mouth rehabilitation [172]. However, due to the 

inferior mechanical properties of PMMA, frequent complications such as midline fractures 

appeared [173]. These problems were mostly related to poor handling of the mix due to the 

high-viscous resin mixtures of PMMA powder and monomer liquid, void formation, and 

polymerisation shrinkage [174]. The addition of reinforcing filler particles such as nano-

zirconia, ceramics, or ultra-high molecular weight polyethylene (UHMWPE) fibres to 

PMMA has been greatly explored [175-177].  

The mechanical features of PMMA reinforced with graphene showed considerable 

improvements [178]. However, PMMA frameworks reinforced with carbon-graphite were 

found adequate for provisional ISP only [179]. Research found that reinforcing conventional 
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PMMA is bound to many factors, such as filler content, their distribution, and inclusion 

method of the fillers in the powder/liquid mixture [180]. Nevertheless, promising results were 

achieved with the CAD/CAM PMMA prostheses in terms of reduced polymerisation 

shrinkage, improved biocompatibility, and strength features [172]. 

 

HPP composites, also called high-impact polymer composites, are polymers reinforced with 

various forms of fillers and polymerised using the high temperature/high pressure (HT/HP) 

methodology designed for CAD/CAM technology [9]. The developments in polymeric 

composites involved either modification of their polymer matrices or reinforcement using 

various filler particles or fibres, joined with a coupling agent.  

Figure 1.8 presents a general classification based on the composition and microstructure of 

these reinforced composites. Polymers such as polyetheretherketone (PEEK) could be 

reinforced by ceramic filler particles (DentoKeep, NT-Trading, Germany). Epoxy resin 

reinforced with glass fibres (TRINIA, Bicon Europe, Ltd.), or carbon fibres (CarboCAD 3D 

Dream Frame, DEI®italia, Italy) are also commercially available [177]. These relatively new 

materials are presented as metal-free, polymer-based alternatives for ISFs and various 

prosthetic applications. Research is mostly focused on investigating different material 

features in a laboratory setting, and only a few studies have investigated the clinical 

performance of HPP composite frameworks [181, 182]. Consequently, their application in 

prosthetic treatment is still limited. 
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Figure 1.8. Classifications of high-performance polymer (HPP) composites based on composition and microstructural configuration with 

examples. Three HPP composites are indicated for implant-supported frameworks and investigated in this research (CarboCAD, TRINIA, and 

DentoKeep). 
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1.4.3.1. Composition 

The fibres or filler particles represent the load-bearing element in the composite structure 

(Fig. 1.9) due to their greater strength and stiffness compared to the matrix material [183]. 

Fibre-reinforcement appeared more effective in improving the strength and fracture resistance 

compared to particle-reinforced composites [183]. The coupling agent, such as silane, 

protects the filler particles or fibres and promotes their bonding to the matrix [184].  

The matrix, on the other hand, maintains the filler particles or the fibres in the required 

distribution and orientation and allows stress transfer with protection from the environment. 

The matrix material includes epoxy resin, PMMA, PEEK, metals, or ceramics. The polymers 

commonly used are from two categories: linear polymers and cross-linked polymers [185], 

which are biocompatible, resist chemical degradation, and have adequate mechanical 

properties to tolerate occlusal forces. The maximum flexural strength measured for a 

homopolymer was 133.8 MPa for UDMA [186]. Therefore, reinforcement by fillers with a 

controlled polymerisation process improved the mechanical properties of the polymer 

composite.  

 

Figure 1.9. Schematic representation of the microstructural composition of three HPP 

CAD/CAM composites (TR, CC, and PK), and examples for their clinical applications, as 

appeared in manufacturer websites [187-189]. Additional TR blocks are available for 

denture bases and full-coverage crowns. Arrows indicate exposed material surfaces.
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1.4.3.2. Properties of HPP composites for ISF: 

The HT-HP methodology contributed to their improved polymerisation quality and superior 

mechanical and biocompatibility features compared to conventional acrylic resins [174]. The 

highlighted advantages of these HPP composites include favourable strength- and stiffness-

to-weight ratios, greater fracture resistance, and damping capacity [190-192]. The lightness of 

such materials is beneficial in comparison to metal frameworks [171]. Also, there is no need 

to remove the prosthesis during computed tomography and nuclear magnetic resonance, as in 

the case of metal types [193].  

In comparison to other framework materials, HPP composites showed greater biomechanical 

compatibility, low water solubility, reparability, and ease of machining resulting in efficient 

time and cost benefits. 

However, cutting some HPP composites (e.g., PEEK) might require careful handling due to 

their viscoelastic properties and low elastic modulus, resulting in deformation and an 

inadequate surface finish compared to metallic materials [70]. The material cutting method 

should consider variations of the temperature modification during the cutting, which could be 

ductile or brittle modes depending on the glass transition temperature (Tg) and the 

viscoelastic nature of the composite [70]. Another limitation would be their lower thermal 

conductivity and chemical inertness, which cause difficulties in bonding to veneer materials. 
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FRC is a combination of a polymer matrix and treated fibres for reinforcement. The fibres 

provide the strength and stiffness [194], while the polymer matrix provides the workability 

and protection of the fibres from any mechanical or chemical damages [190, 195]. Although 

it first emerged in the 1960s, it has only been approved for clinical application in the last 30 

years after progressive developments [2]. Initially, FRC were applied as post-cores for the 

restoration of endodontically treated teeth; then they were extended to more complex 

restorative and prosthetic applications [190].  

FRC can be classified according to the fibre reinforcement and polymer matrixes used, as 

illustrated in Fig. 1.8. The fibres could be synthetic or natural fibres that have been 

chemically treated. Synthetic fibres, such as carbon, basalt, and glass, are further classified 

into organic and inorganic groups.  

Glass fibres (GF) used in dentistry include E-, S-, and R-GF and should show relative water 

resistance [196]. E-glass (electrical glass) is the most common GF due to its aesthetics 

combined with strength, stiffness, wear resistance, thermal stability, and chemical stability at 

a pH range of 4 to 11 [174, 195]. However, their disposal at the end of service presents 

difficulties for the environment [183]. 

Carbon fibres (CF) have numerous applications in the automobile, sports, and space 

industries, but their first dental application was to reinforce PMMA dentures in 1971 [197]. 

Adding 10% to 30% of CFs to a structure increases its modulus of elasticity by 78% to 113% 

[183]. Compared to GF, CF has greater tensile and compressive strengths, stiffness, 

resistance to corrosion, and fatigue resistance but lower impact strength. These higher 

mechanical strength and biocompatibility [198] could be attributed to the intrinsic bonding 

quality of the materials. The bonding between CF and the epoxy resin is significantly 

stronger than that between GF and the epoxy resin [199]. The black colour of CF could be 

masked with an opaquer material similar to metallic prostheses [185].  

Carbon-graphite fibres (C-GF) showed greater flexural strength and stiffness than GF [185]. 

There was no loss in flexural properties after ageing in water for 90 d and 12,000 thermal 

cycles if the C-G loading was up to 36 wt.% [200]. SEM images showed that the bonding 

between the C-G fibres and the polymer matrix appeared good [201]. 
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Graphene fibres (GRF) are a novel type of high-performance carbonaceous fibres with 

superior tensile strength and electrical conductivity in comparison to CF. GRF increased the 

elastic modulus of composites by 150% and reduced the wear rate by 48% [202]. 

FRC could be anisotropic, orthotropic, or isotropic, and their qualities are characterised by 

their fibre content, diameter, length, orientation, distribution, and arrangement patterns [174]. 

In addition, the properties of the polymer resin and the efficacy of the silane coupling agent 

are considered [11]. Internal adhesion affects the cohesive structure of the FRC, which is 

dependent on the bond strength between the fibres and the polymer matrix [174].   

The FRC could be subdivided according to the fibre length and orientation (Fig. 1.8) into 

long continuous (uni-, bi-, or multi-directional), short discontinuous (aligned or randomly 

oriented), and hybrid including both filler particles and fibres [183]. The unidirectional fibres 

are associated with anisotropic mechanical properties and provide the theoretical maximum 

reinforcement to withstand loads of 100%, based on the reinforcing efficiency described as 

Krenchel’s factor (Kf) (Fig. 1.10) [203]. The woven fibres, on the other hand, can withstand 

25% or 50% depending on their arrangement at 45° or 90° angles and the short fibres, which 

are randomly distributed in 3D, exhibit isotropic features (20% - 30%). Understanding 

Krenchel’s factor helps to predict the influence of the fibre orientation on the strength of a 

FRC loaded in different fibre directions [184]. The anisotropic behaviour is observed in 

mechanical properties, thermal expansion, and polymerisation shrinkage [195]. Also, the 

fibre configuration within the composite material may influence its surface topography [204] 

and failure mode [205].  

 

Figure 1.10. Reinforcing efficiency of fibres arranged in variable orientations to the applied 

load (Krenchel’s factor).
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Conventionally manufactured FRCs with randomly distributed short glass fibres were 

significantly stronger (KIC) and harder than particle filled composites [206]. Moreover, 

GFRC was a potential alternative to metal alloys for both cement- and screw-retained ISF 

[207]. However, FRCs were not suitable for long-span prostheses due to the complicated 

fabrication process which required advanced skills and a steep learning curve to maintain 

their quality and prevent pontic and connector fractures [207]. The difficulty in handling the 

fibres and the increased viscosity of the polymer resin interfered with the impregnation of the 

fibres [185], resulting in inconsistent mechanical properties, below theoretical expectations 

[190]. However, these fibres are now machine impregnated [195]. CAD/CAM has 

revolutionised FRC fabrication and improved its clinical performance and application range 

[69]. CAD/CAM-fabricated FRC frameworks for complete dentures showed significantly 

reduced deformation compared to conventional dentures [177]. Further developments in 

fabrication methods improved the quality of these materials for ISF for fixed prostheses 

fabricated from GF [207], CF [171], or C-GF [208, 209].  
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1.4.4.1. CAD/CAM Glass fibre-reinforced composites (GFRC) 

At least three novel GFRC CAD/CAM blocks have been investigated lightly in restorative 

dentistry (Table 1.3). TriLor (TL) contains multidirectional GFs and has high flexural 

strength with a conveniently low modulus of elasticity. Thus, TL has been proposed for a 

variety of permanent prosthetic substructures, such as post-core [210], ISF, fixed and 

removable prostheses. Moreover, TL has shown relative mass stability after ageing in 

artificial saliva with fluctuating pH levels [192], but exhibited rough surfaces (Ra) after 

milling (0.87 µm) and polishing (0.69 µm) [204].  

A new block composed of short fibre-reinforced composite (SFRC) has been designed as an 

aesthetic and monolithic restoration. This is an experimental hybrid composite reinforced by 

filler particles and discontinuous, multidirectional glass fibres. However, this SFRC is 

proposed for a limited range of applications, such as inlays and 3-unit FPDs.   

SFRC has been investigated in comparison to other monolithic resin composites, such as 

CeraSmart (CS). The translucency parameter (TPLab) and curing light transmission through 

three thicknesses of SFRC (1, 2, and 3 mm) were significantly lower than those of CS [211]. 

However, the shear bond strength (SBS) of SFRC was substantially greater than that of CS. 

Mechanical ageing of the material has also yielded promising results in terms of improved 

fracture resistance [212] and wear depth (< 30 µm) [213]. SEM images revealed that the 

fibres successfully impeded crack propagation [212]; however, mechanical abrasion resulted 

in significantly rougher surfaces (7.5 ± 1.1 µm), compared to their baseline [213]. This 

observation reflects the influence of mechanical ageing on the surface of FRCs.  

1.4.4.2. CAD/CAM GFRC - TRINIA (TR) 

TR is a CAD/CAM fibre-reinforced composite, formed of 55 - 60 wt.% sheets of plain 

woven, interlacing GFs aligned in multiple layers within 40 - 45 wt.% epoxy resin [177]. The 

E-glass fibres in TR have a width of 1.2 to 1.5 mm and a thickness of 0.1 to 0.4 mm [205]. 

TR is supplied in discs and blocks for either wet or dry milling and for denture base, full-

contoured crowns, or frameworks, as shown previously in Fig. 1.9.  

TR is proposed as a viable metal-free framework for fixed tooth or implant-supported 

prostheses and removable dentures with telescopic copings. Table 1.4 presents the properties 

of TR as provided by its manufacturer and a few research studies. The most distinctive 
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features are its lightness, favourable load-bearing, and biomimetic mechanical qualities for a 

full-arch implant rehabilitation with greater patient comfort [159, 214]. Nevertheless, this 

FRC exhibited anisotropic features in which its strength is dependent on the direction of the 

loading force applied along or at an angle to the GF orientation [11, 205].  

Table 1.3. Composition and baseline surface and mechanical properties of TRINIA versus two 

CAD/CAM FRCs (TriLor and experimental SFRC). 

Characteristics TRINIA  

(Bicon Europe, Ltd.) 

[205] 

Experimental SFRC  

(Stick Tech, GC) 

[211-213, 215] 

TriLor  

(Bioloren, Italy) 

[192, 204] 

Composition (wt.%) 55-60 glass fibre 

40-45 epoxy resin 

52 barium glass  

25 glass fibres  

23 UDMA, TEGDMA 

75 Glass fibre  

Epoxy resin 

Fibre configuration Woven glass fibres, 

anisotropic 

Short (200-300 µm 

length), 6 µm 

diameter, 

discontinuous, 3D 

oriented glass fibres, 

isotropic 

Multidirectional 

glass fibres 

Flexural strength Max. 393 MPa  245.8 MPa 540 MPa 

Flexural modulus  Max. 18.8 GPa  14.7 GPa 26 GPa 

Fracture toughness  Max. 9.7 MPa.m0.5 2.9 MPa.m0.5  

Fracture load  (45°) = 1555.9 ± 231 

N  

Crown (45°) = 1650 ± 

230 N 

Inlay-retained 3-unit 

FPD (90°) = 2624 ± 

463 N 

- 

Hardness  - HV = 85 ± 2.9 - 

Roughness (Ra) 1.23 ± 0.4 µm 0.28 ± 0.08 µm 0.87 ± 0.17 µm 

Gloss at 60°   - 81 ± 5.5 GU - 

Water absorption 0.03% - 0.01% 
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Table 1.4. Different properties of TRINIA as provided from the manufacturer and research. 

Physical Ref. Mechanical Ref. Chemical and 

biological 

Ref. 

Low density = 1.2 - 

1.68 g/cm3  

[11] Compressive 

strength = 347 MPa  

 Low water absorption 

4.7 ± 1.9 μg/mm3 

[205] 

Ivory and pink colour  Fracture toughness 

= 9.7* MPa/m0.5 

[11, 

205] 

Chemical stability  [192] 

Colour stability  [216] Elastic modulus = 

18.8* GPa. 

Repairability  

Rougher surfaces (dry) 

ranging from 0.62 to 

1.23 µm  

[204, 

217] 

Flexural strength = 

393* MPa 

 

Shear bond strength of 

untreated surface = 18.6 

± 4.6 MPa 

[217] 

Fit accuracy in fixed 

and removable 

prostheses 

 Tensile strength is 

around 196 MPa 

   

  Favourable load-

dissipating feature  

[218]   

*Indicates confirmed variations due to load-fibre orientation. 

 

1.4.4.2.1. Mechanical properties 

Two studies showed considerable differences in the mechanical properties of TR as a 

function of applied load and fibre orientation (0°, 45°, 90°) [11, 205]. The flexural strength 

(FS = 96.9 - 406 MPa), flexural modulus (Ef  = 6.8 - 17 GPa) and fracture toughness (KIC = 

1.9- 9.1 MPa/m0.5) were highest when the force was applied at 90° (longitudinally) to the 

fibres and lowest when applied parallel to the fibre length [11, 205].  

After the bending test, fractographic analysis revealed a mixture of complete and incomplete 

fracture patterns, with GFs appearing rough, pulled out or broken depending on their 

orientation [205]. All the TR beams in the 90° and 45° groups exhibited incomplete fractures. 

Designing TR with parallel force to fibres (0°) resulted in fracture and interlayer 

delamination.  

Due to their biomimetic elastic moduli, it is anticipated that TR frameworks will distribute 

occlusal stresses to dentin and bone more effectively than rigid zirconia and metal alloy 

frameworks [177]. 
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1.4.4.2.2. Surface and bonding properties 

A study showed that the baseline roughness (Ra) obtained after milling each investigated 

HPP composites (TR, TL, and PK) was considerably greater than the clinically accepted 

maximum (0.2 µm) ranging from 0.6 to 1.4 µm [204]. However, polishing did not adequately 

smoothen their surfaces (0.5 - 1.6 µm). The roughness was determined using a contact 

profilometer, and all specimens were polished using a three-body abrasion approach using a 

resin composite polishing kit and polishing paste. Therefore, further investigation of the 

efficiency of various polishing techniques is advised. 

The increased roughness could be beneficial for better bonding TR coping to veneering 

materials. The SBS of untreated TR was 18.6 ± 4.6 MPa, whereas after surface treatment, it 

ranged from 23.2 to 28 MPa [217]. A study showed that all surface treatments significantly 

increased the roughness of TR, with air abrasion and silica coating being more effective in 

bonding than acid etching using H2SO4 [217]. 

1.4.4.2.3. Ageing behaviour 

TR exhibited significantly lower water absorption (4.7 μg/mm3) than direct FRC (16.1 

μg/mm3) and RC (17.3 μg/mm3) [205]. TR and TL exhibited relative stability with negligible 

mass fluctuations (0.18 to 1.82 mg) after 21 days of ageing in artificial saliva with varying 

pH levels (3.5 to 7.5) [192]. 

However, after storing TR in water for 7 d [205], the FS and Ef reduced considerably (240.6 

MPa and 6.8 GPa, respectively), compared to initial measurements. Also, thermocycling and 

mechanical fatigue cycles reduced its bonding strength to dentine, exhibiting an adhesive 

failure mode at the interface between TR and luting cement [219]. 

Using fatigue and finite element analyses, researchers determined that the survival probability 

of five-unit TR frameworks bonded to individual CAD/CAM resin composite crowns was 

high. However, the veneering crowns failed due to cohesive fracture [220]. The failure mode 

of TR requires further investigation considering its fibre configuration.  

1.4.4.2.4. Implant-related research  

TR ISFs displayed lower strain around implants than BioHPP (PEEK-based composite) 

frameworks as measured by strain gauges [218]. Further results revealed greater strain 
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developments using 25° angled abutments and applying oblique loading forces compared to 

applying axial forces on less angulated abutments (15°). 

A randomised controlled trial investigated 71 tooth- or implant-retained fixed restorations 

with either pressed BioHPP or milled TR frameworks [216]. Using a split-mouth technique 

on 33 patients with a 30-month follow-up, all TR exhibited no significant changes, whereas 

2.7% of BioHPP had mild discoloration, roughness, and gingival irritation. Other studies 

presented cases of initially successful TR frameworks supported by four short implants for 

completely edentulous arches [159] and severely atrophic jaws [221] with a cumulative 

survival rate of 98.5% [222]. TR-based ISFs had lower occlusal force on the implants [222] 

and a lower debonding rate than titanium frameworks that were not deformed or fractured 

[223]. Nevertheless, these TR-based ISFs were regarded as semi-permanent transitory 

treatment phases [9].  

In a clinical trial [214], the maximum bite force (MBF) of completely edentulous elderly 

patients treated with ISP and TR telescopic attachments (ISP = 21.7 Kg) was intermediate 

between those of fully dentate (FD = 39.7 Kg) and acrylic resin complete dentures (CD = 7.4 

Kg). However, long-term clinical studies are lacking. 
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1.4.4.3. Carbon fibre-reinforced composite (CFRC) 

Prior to attempts to reinforce PMMA with carbon fibres in ISFs [2, 197], CFRC was used as 

prefabricated posts for restoring endodontically treated teeth. Carbon and carbon-graphite 

fibres showed improved strength and internal bonding characteristics [198, 201], fatigue 

resistance, and reduced thermal expansion and polymerisation shrinkage compared to glass 

fibres [194]. Conventional composite manufacture required hand integration of the resin-

impregnated carbon fibre bundle or sheet into the mould, followed by immersion in PMMA 

and polymerisation at high temperature [224]. Due to the challenges involved with modifying 

or cutting excess fibres, as well as processing the PMMA mixture, which may produce voids 

and frequent fractures, CFRC prosthetic applications were limited [198].  

Several experiments have investigated other matrices, such as epoxy resin or PEEK, for 

CFRC. Also, considered modifying the fibres content, size, distribution, and 3D orientation 

within the geometry of the final prosthetic product [198]. The fibres could be carbon, carbon-

graphite, or graphene, produced in various sizes (short, continuous), forms (woven, braided, 

or tubular) and orientations (uni-, bi- and multi-directional). These fibre features influence the 

composite's mechanical, thermal, and electrical properties, which vary with loading direction, 

as described earlier [195]. Moreover, variations between the fibres and the polymer matrices 

could induce stress that affects the material stability in the challenging oral environment. 

1.4.4.3.1. Conventional CFRC – Implant-related research  

A series of studies investigated carbon-graphite (C-G) FRC with braided fibres in tubes with 

nearly multi-directional orientation and conventionally fabricated for ISFs. Several studies on 

their flexural features [200], dimensional stability [179], biological (residual monomer and 

cytotoxicity) [179], chemical (water sorption and solubility) [179], and ageing behaviour 

(water storage and thermal cycling), have been conducted [208].  

Further research investigated the adhesion properties in terms of fibre pre-treatment or 

modifying the polymer matrices [209]. The adhesion quality includes the internal bonding 

between the fibre and polymer matrix and the bonding strength between the C-GFRC and 

veneering materials [201]. Increasing the fibre loadings up to 47 wt.% (38 vol.%) maintained 

adequate intrinsic bonding quality, hence improving their mechanical properties (FS, Ef) even 

after 90 days of water storage [208]. However, as shown in SEM images, exceeding the fibre 
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content to 58 wt.% resulted in inferior quality with porosities [208]. These porosities, or resin 

gaps, result from inadequate resin penetration within the fibre structure or improper resin 

mixing or mishandling the fibres [198]. Possibly leading to mechanical and biological 

complications (potential bacterial reservoir and monomer toxicity). Nevertheless, the series 

concluded that the mechanical and bonding qualities of C-GF-reinforced PMMA composites 

were adequate to extend their application to fixed ISFs [208]. 

A longitudinal clinical study of 3.5 years found no significant differences between cast metal 

and C-GFRC frameworks in peri-implant bone loss [209]. However, the accumulative 

survival rate for C-GFRC was only 70%, as five of the 27 frameworks fractured [209].  

A new CFRC composed of plain fabrics of carbon fibres arranged in 0°- 90° woven form in 

bio-epoxy resin (Dream Frame, DEI®italia, Italy) showed no signs of cytotoxicity using 

fibroblast count and light microscopy [198]. However, the porosity of the examined 

specimens ranged from a minimal volume of pores to 10 times higher, significantly affecting 

their mechanical properties [198]. 

A prospective clinical study conducted for 22 months after immediate loading found that full-

arch CFRC ISF (0°- 90° woven form) is a viable metal-free alternative for its minimal peri-

implant bone loss and higher survival rates compared to cast metal frameworks (0.8 mm 

versus 1 mm, respectively) [225]. 

A following study in 2019 [224] investigated the surface and mechanical features of CFRC 

with long unidirectional carbon fibres (Bio Carbon, Micro.medica S.r.l.) manually adapted in 

the mould for ISF without cutting. This fibre form exhibited 20 % greater ultimate strength 

(700 MPa) than the woven composite (582 MPa), due to improved load-to-fibre distribution. 

However, compared to the woven form, this unidirectional CFRC exhibited more surface 

flaws, such as resin gaps and fractured or misaligned CFs. However, ageing in artificial saliva 

for 60 days did not significantly reduce mechanical properties in this study [224].  

Considering the multi-axial stresses exerted through bending and torsion, the success of ISF 

is dependent on the framework material, its manufacturing and prosthetic design [2]. To 

summarise all the above studies, the conventional fabrication method of CFRC necessitates 

standardisation and a learning curve to obtain predictable prostheses [171, 198]. 

Nevertheless, with the controlled HT/HP polymerisation and advancement in digital 

technology, many of these limitations of non-homogenous and anisotropic composites seen in 
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early studies of conventionally made CFRC might be eliminated. However, there are no 

studies investigating the efficacy of the CAD/CAM CFRC blocks. 

1.4.4.4. CAD/CAM CFRC - CarboCAD 3D Dream Frame (CC) 

A new CAD/CAM CFRC has been recently introduced in the dental field (CarboCAD 3D 

Dream Frame, DEI®italia, Italy). It is made up of 99.9% chemically pure carbon 

multidirectional filaments in 5-10 µm diameter braided fibres randomly embedded in a 

vegetal epoxy resin matrix (Bio Resin, DEI®italia). The bio-epoxy resin has distinct 

biocompatibility and resistance properties, and the impregnated carbon fibres have greater 

strength and favourable loading-fibre orientation features [224].  

CAD/CAM technology enables a complete digital workflow for implant- and tooth-supported 

prosthetic frameworks with consistent mechanical quality and passively accurate fit [224]. 

The highlighted features of CC are its shock absorption, biocompatibility [198], superior 

strength-to-weight ratio, and adequate strength at a minimum thickness of 1 mm (Table 1.5). 

The lightness of the CFRC offers patients comfort with less strain around the implants and 

enhanced proprioception [171]. The mass of the CFRC is close to that of natural teeth weight 

(10-20 g). The mass of the full-arch fixed ISP of the CFRC framework was the lightest (10-

13 g), followed by gold alloy prostheses (28.5 g) [198], zirconia (95 g), and metal ceramic 

(125 g) [171]. A study showed that the load distribution on the CFRC framework is 

intermediate between fully acrylic prostheses and metal frameworks [226]. However, there 

are no supporting clinical or laboratory studies for ISFs fabricated from CC yet.  
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Table 1.5. Manufacturer features of CarboCAD 3D Dream Frame, DEI®italia, Italy. 

Physical Mechanical Chemical and biological 

Low density = 1.25-1.33 

g/cm3  

Flexural strength = 421 

MPa 

Biocompatibility.  

Black, opaquer material is 

available for masking like 

metal ISFs.  

Flexural modulus = 20.4 

GPa 

No cytotoxicity. 

Relatively radiolucent. Favourable load-dissipating 

feature. 

Chemical adhesion to resin-

based or ceramic veneering 

restorations. 

Accuracy of fit Adequate rigidity.  

Low cost and easy to 

produce. 

Excellent fatigue resistance.  

Low coefficient of thermal 

expansion and low 

electrical conductivity 

  

 

 

Understanding the biomechanics of the dentition and the design concepts of FRC are 

paramount to its application in ISF or any other restorative treatment.  

Even though FRC posts outperformed cast metal posts in terms of strength, they were 

insufficient for thinner posts used in smaller root canal diameters. Therefore, minimum FRC 

thickness required attention.  

Furthermore, contacting the exposed fibrous surface due to ageing may result in biofilm 

adherence and mechanical irritation of the oral mucosa. As a result, further research into the 

ageing behaviour of FRC (TR and CC, as examples) on its surface and mechanical properties 

is required.  
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PEEK is derived from the polyketone family of aromatic polymers, and its structure is linear 

and semi-crystalline [227]. The chemical structure differs according to the ratio of ether to 

ketone (PEEK versus PEKK) functional groups (-C6H4-OC6H4-O-C6H4-CO-)n [228]. 

The unique structure of this thermoplastic high-performance polymer (HPP) contributes to its 

stability at high temperatures exceeding 300 °C. Thus, it presents an ideal dental material 

with superior biocompatibility and physical qualities (Table 1.6). Furthermore, PEEK has 

been reinforced by incorporating different reinforcing fillers: 

• Variable-loading ceramic particles, such as titanium dioxide (TiO2) or barium 

sulphate (BaSO4). 

• Fibres of varied length and content, which could be intermittent or continuous, glass 

or carbon fibres. 

In dentistry, PEEK is available in three forms that are produced by vacuum pressing granules 

or pellets or by milling CAD/CAM blocks [9, 191]. Both pressed and milled PEEK exhibited 

favourable cytocompatibility [229], chemical [10] and hydrolytic stability [230]. 

Nevertheless, their mechanical and physical properties were greatly influenced by their 

processing method [191], and filler content [231, 232].  

1.4.6.1. Effect of fabrication methods 

Milling reinforced PEEK restorations were more reliable and mechanically improved than 

pressing [191, 233]. The milled PEEK dentures showed greater fit [177], fracture resistance, 

and load-bearing capacity [191] than the pressed types. Also, the hardness (HM) of pressed 

PEEK decreased after exposure to thermal cycling [234], but the milled type was not 

significantly affected [84]. A study revealed that the milled PK clasps had similar or slightly 

better fit accuracy than the classical lost wax technique (Co-Cr), whereas prototyping showed 

more irregularities [235].  

At present, there are at least three CAD/CAM products commercially available for dental 

applications [231, 236], DentoKEEP (NT-Trading, Germany), BioHPP (Bredent GmbH 

Senden, Germany), and Pekkton® ivory (Cendres+Métaux, Switzerland). 3D printing 
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technology has been explored for the fabrication of CFR-PEEK for bone grafting and tissue 

engineering [237, 238]. 

1.4.6.2. Clinical applications of PEEK-based composites: 

Since 1998, PEEK has been successfully applied in orthopaedic treatments and spinal and 

maxillo-facial surgeries as an alternative to metal implants due to its bone-mimicking 

mechanical properties [236]. In dentistry, unfilled PEEK’s lack of osteoconductivity and low 

elastic modulus limit its application in oral implantology and prosthodontics [239], but it is a 

feasible metal-free alternative to denture materials such as PMMA [240].  

Nevertheless, the reinforcement of CAD/CAM PEEK composite extended its application to 

implant fixtures and a variety of implant-supported structures, such as provisional abutments, 

bars, and full-arch frameworks for fixed and removable prostheses [228, 241]. The flexural 

strength (FS) ranged from around 170 MPa for unfilled PEEK to 1010 MPa for PEEK 

reinforced with unidirectional continuous carbon fibres (CFR-PEEK) [236]. Hence, all forms 

of PEEK exceeded the specified minimum FS for denture polymeric composites (65 MPa) 

[242]. In addition, the compressive strengths and the elastic moduli ranged from 122.7 MPa 

and 2.6 GPa (unfilled PEEK) to 712.7 MPa and 106.7 GPa (CFR-PEEK) [232]. 

In cases of bruxism in which the maximum bite force could be as high as 500-600 N [243], 

monolithic, reinforced-PEEK crowns may be appropriate due to their favourable combination 

of high fracture resistance (1200-1380 N) [232] and high wear resistance [244] with less 

abrasion to opposing dentition [245, 246]. Despite the promising results obtained with full-

coverage crowns, which provided good protection for endodontically treated teeth [247], 

PEEK composites are mainly used as infrastructure materials in prosthetic dentistry [248]. 

Over the last decade, the focus of PEEK-based composites research has been on investigating 

various characteristics of reinforced PEEK composites for their suitability for various dental 

applications.  
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Table 1.6. Different properties of CAD/CAM unfilled and ceramic-filled PEEK, as provided from the manufacturer and research. 

Physical Ref. Mechanical Ref. Chemical and biological Ref. 

Low density - 1.3-1.5 g/cm3  

 

[246] Good two-body wear resistance. [244] Non-corrosive and non-allergenic. [9] 

Pearl-white or greyish-brown 

colour. Low translucency. 

[249] HV = 20-25.7. 

 

[17, 204] Low water sorption (6.5 µg/mm3) 

and solubility (< 0.3 µg/mm3), 

compared to PMMA and resin 

composites. 

[84, 230] 

Greater stain resistance compared 

to resin composites and PMMA. 

[85, 

250] 

HM = 189.5-202 N/mm2. 

Indentation modulus (4.7-5.2 

N/mm2). 

[84] Biocompatible, higher proliferation 

activities of human osteoblasts and 

low cytotoxic. 

[229, 

251]  

Low radiopacity compared to 

enamel and dentin.  

[193] Ef = 3-4 GPa. [167] Lower plaque affinity than titanium 

and zirconia.  

[165] 

Comparable roughness to PMMA 

but smoother than zirconia and 

titanium.  

[165] Greater fracture strength (1200-

1383 N) and adequate fracture 

toughness  

[68, 191, 

252] 

  

Thermal stability at high 

temperature. The melting point is 

around 335 °C, which is 

appropriate for sterilisation. 

[70, 

234] 

FS = 140-170 MPa. 

 

[236]   

Low thermal conductivity 0.29 

W/mK. 

[246] Tensile strength is around 80 

MPa. 

[253]   

Accuracy of fit in fixed and 

removable prostheses. 

[235, 

254, 

255] 

Favourable load-dissipating 

feature. 

 

[68, 256, 

257] 
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1.4.6.3. CAD/CAM ceramic-filled PEEK – DentoKeep (PK) 

The inclusion of 20% TiO2 particles (0.3 to 0.5 µm) in this thermoplastic polymer resulted in 

a homogeneous structure with consistent mechanical features [84].   

A study found no significant differences between the hardness and elastic moduli of unfilled 

PEEK (HV 25.4 and 2.3 GPa) and 20% ceramic-filled PEEK (HV 27.7 and 3.4 GPa) [17]. 

Increasing the filler content of TiO2 boosted their hardness (HM = 200 Nmm2), yet it was 

substantially less than enamel (HM = 1210 Nmm2) [84]. Due to the risk of TiO2 

photocatalysis [258], a study found that different light-curing units with different 

wavelengths [231] had a considerable effect on the hardness (HM) of each ceramic-filled 

PEEK (0%, 20%, and 30%) over time. 

1.4.6.3.1. Performance of PK compared to other materials  

Customised PK posts and cores had comparable results compared to GFRC in terms of stress 

distribution [256] and fracture resistance, but with a higher risk of debonding [259]. 

Compared to zirconia and titanium, the fracture strength of PK crowns was adequate for 

clinical applications [14]. Also, two-body wear for PK was lower than for other CAD/CAM 

resin composites and PMMA crowns, but the wear rate for antagonists was comparable [244, 

260]. PK and PMMA have low elastic moduli and may behave similarly in terms of stress 

dissipation, with a lesser risk of cement failure compared to stiffer materials (zirconia and 

Co-Cr) [248]. A study showed subsurface cohesive failure in the cement layer upon static 

loads up to 2500 N [247], but the monolithic PK crowns did not fracture. 

In removable partial prostheses, PK applications include frameworks, clasps, occlusal rests 

[261], and prosthetic obturators [262]. Compared to Co-Cr alloys, PK frameworks were 

27.5% lighter [261]. Despite the precise fit of PK clasps [255], they were less retentive than 

Co-Cr clasps [235]. 

PK, due to its mechanical biocompatibility, has been increasingly applied in full-arch ISF for 

fixed prostheses [172, 181]. However, several studies showed contrasting outcomes in terms 

of stress distribution of axial and non-axial loads on the implant and peri-implant bone in 

comparison to titanium and zirconia supra-structures [218, 263]. Using PK as healing 

abutments over implants led to favourable results in terms of marginal bone loss and soft 

tissue recession [264]. 
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1.4.6.3.2. Ageing behaviour of PK 

After 90 days of storage in 75% ethanol/water, PK showed hardness stability (HV) with only 

a 5.5% loss in hardness, compared to 10.8% and 23.2% declines in distilled water and 

artificial saliva, respectively [265]. The mechanical properties (FS and Ef) of PK were 

unaffected by accelerated ageing in artificial saliva and water for 2-8 months [230, 266], 

thermocycling for 5000 cycles [167], or storage in Ringers solution [236].  

 

The lower mechanical properties of PK necessitate constructing frameworks with greater 

thickness (bulkiness) compared to FRCs to avoid cracks and midline fractures [181].  

The surface topography of PK was found rougher after laboratory polishing techniques 

compared to chairside methods [267]. The 3-body polishing techniques were substantially 

more effective than the 2-body mode for smoothing PK [267]. Therefore, polishing PK 

resulted in a surface that was either rougher or smoother, depending on the polishing protocol 

applied [204].   

Due to the increased opacity of PK, veneering might be required [245]. However, bonding to 

the resin-based veneering material is challenging because of its chemical inertness and low 

surface energy. Thus, PK requires surface pre-treatment [268] or the incorporation of 

mechanical retentive features in its design to reduce the risk of debonding [241]. PK 

innovations are addressing its low osteoconductivity compared to titanium implants [239] via 

hydroxyapatite coating and introducing the functional grading bio-composites to enhance the 

osseointegration process [269]. 

Nevertheless, additional research is necessary to verify their clinical performance (in vivo) 

and investigate the impact of these compositional modifications on their ageing behaviour 

within oral-simulating conditions (in vitro).  
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The oral cavity is a complex environment with temperature, pH, oral flora, and mechanical 

function fluctuations. In addition to these physiological aspects, individual behavioural 

factors such as diet, oral hygiene products, and habits such as bruxism, smoking, and alcohol 

intake influence the dental structures and restorative materials [20]. Continuous or 

intermittent exposure to such variables over time may result in a deterioration process 

referred to as ageing.  

Comparative to clinical trials, in vitro ageing research enables an initial and rapid prediction 

of the performance of newly produced materials with less effort and expense. The 

composition of the materials has the greatest impact on any ageing process [270]. 

Accordingly, such investigations are predominant in dental material research, as supported by 

the findings of the mapping review in Part I. In the review, approximately 20% of all in vitro 

research investigating PICN involved ageing behaviour (2010-2020).  

Artificial (in vitro) ageing is the method of exposing dental materials to accelerated ageing 

processes that mimic some characteristics of the oral environment, to examine their 

behaviour and anticipate their clinical durability in terms of mechanical, physical, chemical, 

and biological forms of degradation [19, 20] (Fig. 1.11). 

1.4.8.1. Influencing ageing factors  

1.4.8.1.1. Chemical degradation 

Chemical degradation of polymeric composites is mainly induced by hydrolysis and solvent 

softening but could also be affected by thermolysis, photolysis, and radiolysis [19, 20]. 

Increased water absorption, leaching fillers, cracks, and surface roughness are consequences 

of water storage [265, 271, 272]. Because water acts as a plasticizer, variations in colour, 

hardness, strength, and abrasion resistance have been recorded in aged polymer composites 

[234, 250]. In addition, water absorption may lead to three-dimensional expansion, which 

may result in dimensional instability of the prosthesis framework [192]. The rate of 

hydrolytic degradation is regulated by the storage duration, environmental factors 

(temperature and pH), and polymer features, such as the ratio of polymer to filler content 

[107]. Failure at the interface of the polymer matrix and filler is presumed to be due to the 
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creation of microcracks in the swollen matrix or the deterioration of the silane coating on the 

filler [273]. 

The most frequent form of ageing is long-term storage in water or artificial saliva [84, 167, 

205], which might be supplemented with thermal cycling [167, 234] or thermo-mechanical 

cycling [274]. However, polymeric materials could undergo chemical degradation without the 

application of any mechanical or abrasive forces [19]. Strength, roughness, and hardness of 

polymeric composites are more affected by liquid storage and thermal cycling than by 

mechanical cycling, according to numerous investigations [32, 275]. In addition, storage 

duration had a greater impact on the microstructural composition and hardness of polymeric 

composites than ceramics [276]. 

Using water ageing alone to anticipate the performance of CAD/CAM composites appears 

insufficient compared to conventional polymeric materials [230, 271]. A study indicated that, 

despite minimal material deterioration, the mechanical properties of CAD/CAM resin 

composites were not significantly modified by six months of water storage and temperature 

cycling [277]. Similarly, PK showed minimal effects after around 8 months of water storage 

[230, 266]. Therefore, aggressive organic solvents such as ethanol and methyl ethyl ketone 

(MEK) are used to examine the deterioration of the restorative materials after accelerated 

ageing [270]. These two solvents are generated from food and oral hygiene products and are 

FDA-approved as food-simulating liquids [278]. Indirectly, the chemical degradation might 

be determined by observing any changes in the surface, hardness, wear resistance, and other 

mechanical parameters, such as flexural strength and fracture toughness, of the material [192, 

270].  

1.4.8.1.2. Biological degradation  

Catalysis by salivary and microbial enzymes and proteins constitutes biodegradation [279]. 

Internally, material softening, and surface changes increases the material’s affinity for oral 

biofilm [280], and stains as a result of chemical disintegration and mechanical interlocking 

[19]. In addition, the leaching out of monomers and traces of material components [281] may 

have negative biological effects, such as an increase in toxicity and carcinogenicity [75, 282], 

and environmental effects [183]. 
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1.4.8.1.3. Mechanical degradation 

Mechanical degradation could lead to catastrophic material failure due to repeated cycles of 

loading and unloading forces which is known as fatigue. Because they provide a more 

clinically relevant estimation of the performance of the restorative material, dynamic 

examinations are favoured [283]. In contrast to metal alloys, the linear plastic characteristics 

of polymer-based materials obtained from static tests provide less accurate predictions of 

their fatigue strength due to their relatively greater elasticity and ductility [284]. 

Nevertheless, integrating other environmental elements with mechanical ageing, such as 

thermal cycling and food-simulating liquids, could accelerate the process in a way that is 

more clinically meaningful. 
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Figure 1.11. In vitro ageing process simulates oral conditions including the influencing factors and relevant material properties to be measured. 

Items in orange represent the included factors and measurements in this research.
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1.4.8.2. Investigating changes in material properties after ageing 

1.4.8.2.1. Changes in surface topography 

Surface properties represent the characteristics of the transitional media between the material 

and the oral environment and include gloss, polish retention and surface roughness. 

Roughness is essential for achieving successful aesthetic, functional, and biocompatible 

restorations. The critical surface roughness threshold for the formation of oral biofilm on 

restorative materials has been measured to be 0.2 µm (Ra) [285, 286]. This was examined by 

a systematic review that included a series of split-mouth trials on the development of biofilm 

on the surface of titanium dental implants [287]. Biofilm accumulation was found to increase 

with roughness greater than 0.2 µm, and rougher surfaces frequently correspond with changes 

in gloss and colour [85]. Also, bacterial adhesion is influenced by the material type, its 

chemical composition and surface coating [165].  

Characterizing surface topography involves measurement, imaging, and quantification. The 

main techniques for measuring surface topography are stylus profilometry, optical scanning 

techniques, and scanning probe microscopy. Non-contact profilometry is dependent on the 

collection of topographical data from point-by-point scans, which provides quantitative 

information on heights relative to position. Roughness may be quantified using two- or three-

dimensional height parameters [288, 289], but the most frequently applied parameter across 

all research is Ra [84, 237, 267], which is the arithmetic mean of a 2D height profile. Rz 

which represents the maximum height produced, from peak to valley, has been included in 

one study [290], which provided a slightly better characterisation. Nevertheless, a lack of 

measurable clinical correlation may account for a general reluctance to present the 3D height 

data, despite its accuracy.  

Similar to aesthetic CAD/CAM materials [90], the distinctions between the three HPP 

composites' chemical and microstructural compositions are reflected in their polishability 

[204, 267]. Polishing following milling using either laboratory or chair-side procedures 

revealed surface differences in TR and PK [267], and their roughness is predicted to vary with 

ageing media [84]. However, the effect of ageing was not thoroughly investigated. 



77 

 

 

1.4.8.2.2. Changes in hardness 

Hardness is not an inherent material characteristic, but rather a computed measurement of the 

deformation resistance to a certain indenter size, shape, force, and time interval. A material's 

hardness represents its rigidity and mechanical strength [64].  

Due to their simplicity and application, Vickers and Knoop microhardness are the most 

widely used measures for polymeric materials [291]. However, the deformation of polymeric 

composites includes elastic and plastic components that necessitate a dynamic method of 

measurement, such as the Martens hardness (HM) [143]. This instrumented indentation device 

analyses elastic and plastic deformations while loading and unloading the specimen's surface 

with either a Vickers or Berkovich indenter tip [242, 292]. Studies have reported that hardness 

might be affected by the chemical composition, microstructure, and surrounding media [64]. 

Consequently, determining the hardness of a material facilitates the interpretation of its wear 

resistance qualities [290], and enables the detection of surface degradations caused by ageing 

[293]. Two studies have used HM for monitoring changes in PK after irradiation with different 

light wavelengths [231], and after ageing in various media over 180 days [84]. However, there 

are lack of studies investigating the ageing behaviour of these novel composites following 

storage in organic solvents.   

1.4.8.2.3. Changes in mechanical properties 

Flexural testing involves evaluation of flexural strength (FS), flexural modulus (Ef), and 

resilience modulus [291]. It has been determined [291] that flexural strength adequately 

represents the tensile, compressive, and shear stresses that develop during bending. FS is not 

an inherent material property; rather, it is influenced by the material's composition, geometry, 

and inherent quality [294]. Consequently, changes in the material's strength and elastic 

properties imply microstructural degradation [19, 41].   

Methods for determining the properties of polymeric CAD/CAM composites have been 

adopted from previously established methods for conventional materials, which are 

periodically updated; these include the International Organization for Standardization (ISO) 

method ISO-4094/2019 [106] for polymer-based materials, and ISO-6872/2018 [295], which 

is the international standard for mechanical tests of dental ceramics.  

Flexural strength reflects the resistance of the material to flexural deformation and can be 

measured by transverse bending or, less frequently, biaxial flexure. There are two types of 
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transverse bending: three-point (3PB) and four-point bending (4PB) tests. The distinction lies 

in the specimen's preparation, its geometry, the loading supports, and the load applicators 

selected [291]. In addition, the flexural modulus (Ef) which represents the ability of a material 

to resist elastic deformation under bending stress [107] could be obtained from the 3PB or 

4PB tests. Ef demonstrates no substantial differences between the two approaches, unlike FS 

[296]. Although these bending tests are straightforward in terms of preparation and setup, it is 

possible to produce erroneous findings due to specimen sensitivity to misalignment and 

surface flaws [291]. Several influential aspects should be considered, including crosshead 

speed, span-to-depth ratio, specimen size, preparation methods, ageing media, exposure 

period, and temperature [296]. The majority of investigations [11, 200, 236] on HPP 

composites applied a static loading force to a beam using 3PB, which appeared suitable due to 

its simplicity and widespread acceptability. However, direct comparisons between studies 

cannot be done unless all parameters are adjusted similarly [297]. 

In contrast, fracture toughness (KIC) is an independent property of a material; the specimen's 

geometry and testing procedure have no impact on the resultant value [298]. KIC measures the 

stress intensity at a sharp pre-crack flaw with known characteristics, from which the crack 

propagates through a material [65]. The relevance of KIC has been observed in clinical cases 

of composite fracture, marginal deterioration, and wear [299]. The greater a material's 

measured fracture toughness, the greater its fracture resistance and clinical durability [31].  

Different techniques have been described for introducing a pre-crack in a specimen, including 

single-edge-notch beam (SENB), compact tension, double torsion, and chevron notch tests 

[299]. Other approaches, such as notch-less triangular prisms (NTP), a modified variant of the 

beam test [300], have been published. When reporting fracture toughness, the plastic 

deformation that occurs during polymeric composite testing must be considered.  

Nevertheless, discrepancies in KIC measurements have been observed across different 

techniques for the same material, which have been attributed to accumulated experimental 

errors from both the material and the testing method [299, 301]. For polymer-based 

composites, the double torsion provided the most likely accurate KIC, although it is technique-

sensitive and only had a success rate of 50% [301]. As a result, the KIC for the relatively new 

HPP composites has been obtained using the most frequently applied techniques, NTP [205] 

and SENB - 3PB [302]. 
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1.5. SUMMARY AND STATEMENT OF THE PROBLEM (PART II) 

Three novel high-performance polymer (HPP) composites have been introduced in prosthetic 

dentistry as viable metal-free alternatives for implant-supported framework materials [181]. 

TR and CC are glass and carbon fibre-reinforced composites, respectively, whereas PK is a 

ceramic-filled PEEK composite. The three composites have diverse chemical and 

microstructural configurations; as a result, surface and mechanical differences are anticipated. 

Research showed that the microstructural composition of CAD/CAM resin composites 

dictated their mechanical properties, rather than the chemical composition [294]. However, 

there are no adequate data rating these HPP composites that correlate their microstructural 

features with surface and mechanical properties. 

Despite their compositional differences, these materials share their clinical application for 

ISF. The design of the prosthetic frameworks involves polished and exposed surfaces to oral 

environments; hence, affected by ageing processes. Therefore, by ageing HPP composites in 

three food-simulating liquids (water, 70% ethanol, and MEK) under controlled in vitro 

circumstances, our comprehension of their clinical efficacy would be enhanced. There is lack 

of research into the changes in roughness, hardness, flexural strength, flexural modulus, and 

fracture toughness as these reinforced materials age in water and solvents. In addition, the 

strength of thin sections at 1 mm to 2 mm requires investigation to verify its application in 

clinically relevant cases. Analysing their strength properties combined with their failure 

mechanisms and deterioration contributes to understanding their clinical performance, and 

encourages progressive material development, improvements, or review their clinical 

applications. 

Therefore, this research is a step toward bridging the gap between laboratory and clinical 

studies, furthering the future objective of obtaining high-quality, properly maintained dental 

prosthesis for improved patient care and sustainability in dental practise. 
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Chapter 2: General Aims and Objectives 
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2.1. GENERAL AIMS AND OBJECTIVES 

 

This thesis investigated the physical and mechanical characteristics and performance of 

reinforced CAD/CAM materials, subdivided based on their clinical applications into aesthetic 

(Part I) and prosthetic (Part II) categories (Fig. 2.1). When applicable, properties were studied 

with variations in thickness and aged in three food-simulating liquids [water, 70% 

ethanol/water, and methyl ethyl ketone (MEK)]. In Part I, polymer-infiltrated ceramic (Vita 

Enamic, VE) was compared to three resin composites [CeraSmart (CS), Grandio Blocs (GB), 

and Lava Ultimate (LU)], one feldspathic ceramic (Vita Mark II, VM), and where appropriate, 

direct resin composites or tooth structure. Whereas materials in Part II included two fibre-

reinforced composites [glass fibre-reinforced composite (TRINIATM, TR), and carbon fiber-

reinforced composite (CarboCAD 3D Dream Frame, CC)], and one ceramic-filled PEEK 

(DentoKeep, PK). 

 

1. To investigate the chemical composition and radiopacity of aesthetic CAD/CAM 

restorative blocks and underlying resin-based materials, such as core build-up, base, 

and luting cements at different thicknesses (Chapter 3). 

2. To investigate the optical characteristics (translucency parameter, light irradiance, and 

apparent transmittance) of four aesthetic CAD/CAM restorative materials as a 

function of substrate thickness (Chapter 4). 

3. To investigate the potential variations in polymerisation of light- and dual-cured types 

of IvocerinTM-containing resin cement photoactivated through four CAD/CAM 

restorative materials as a function of substrate thickness after 1 h, corresponding to the 

limited time of a clinical session (Chapter 4).  
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1. To characterise three CAD/CAM polymer composite blocks designed for the 

construction of implant-supported frameworks (Chapters 5 and 6). 

2. To investigate the effect of ageing in three food-simulating liquids (FSLs) for 1 and 7 

days on the surface (roughness and hardness in Chapter 5) and mechanical properties 

[flexural strength (FS), flexural modulus (Ef) and fracture toughness (KIC) in Chapter 

6], and when appropriate, at two different thicknesses of these prosthodontic polymer 

composites. 

 

2.2. EXPERIMENTAL METHODOLOGIES 

Each of the following Chapters 3, 4, 5, and 6, have distinct methodologies (Fig. 2.1), which 

are described in the materials and methods sections and linked appendices (Table 2.1). 

Therefore, a separate Chapter on methodology is not necessary. 

 

Table 2.1. Citations of experimental methodologies in the thesis. 

Chapter no. Materials and methods section Appendix 

3 3.3 A 

4 4.3 B 

5 5.3 C 

6 6.3 D 
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Figure 2.1.  Outline of the conducted studies. 
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Chapter 3: Is the radiopacity of CAD/CAM 

materials sufficient? 

 

 

 

Babaier RS, Aldeeb MS, Silikas N, Watts DC 

Dental Materials. 2022; 38(6):1072-81. 

 

(Appendix A: Front page of published paper and supplementary information) 
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3.1. ABSTRACT 

Objectives: This study was designed to investigate CAD/CAM restorative blocks and other 

resin-based materials by (i) determining their chemical composition, (ii) comparing their 

radiopacity and (iii) correlating their radiopacity with specimen thickness.  

Methods: Disk specimens, of 1 and 2 mm thickness (n = 3), were prepared from five 

CAD/CAM and six resin-based composites (RBCs). The CAD/CAM resin-composites 

included esthetic types: CeraSmart (CS), Grandio Blocs (GB), Lava Ultimate (LU), plus a 

polymer infiltrated ceramic Vita Enamic (VE), and a feldspathic ceramic Vita Mark II (VM 

II). The six RBCs were for different clinical applications: direct filling, flowable, bulk fill, 

base and two luting cements. The specimens were radiographed alongside an aluminium step 

wedge and a tooth section. Digital images were analysed, and the radiopacity of each 

specimen was determined according to ISO 1311/2014. Statistical analyses of radiopacity, 

expressed as mm Al (n=15), were carried out using the Kruskal-Wallis test followed by 

pairwise comparisons (α = 0.05).  

Results: Radiopacities of CAD/CAM materials were, in ascending order, VE, VM II, CS, 

LU, and GB. At 1 mm thickness, the radiopacities of all CAD/CAM specimens were 

matching or slightly lower than enamel. At 2-mm thickness, the resin composite blocks were 

significantly more radiopaque than the ceramics VE and VM II (p < 0.0001). No statistically 

significant differences in radiopacity were detected between the 1-mm thick infiltrated 

ceramic, enamel, dentin and various resin composites except for filling and bulk fill types. 

The radiopacity of polymer-infiltrated ceramics was low despite the presence of 

radiopacifying elements and high filler content. 

Significance: Identifying thin restorations in standard radiographs is necessary with the 

development and expanded application of ‘digital’ dental materials in restorative treatment. 

This study confirmed the joint influence of composition and thickness on radiopacity. 

CAD/CAM restorative materials showed thickness-dependant radiopacity. But polymer-

infiltrated ceramics were fairly radiolucent. There is a need to revisit radiopacity 

requirements for CAD/CAM restorative materials. 

Keywords: CAD/CAM; resin composite; Polymer-infiltrated ceramic; radiopacity; digital 

radiography.  
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3.2. INTRODUCTION 

Aesthetic CAD/CAM materials are applied in thin sections as indirect restorations following 

the concept of minimally invasive dentistry and advances in adhesive bonding. Radiographic 

images are paramount in routine dental practice to verify the initial integrity of such 

restorations and to diagnose any marginal defects or secondary caries at follow up visits. The 

risks of aspiration, ingestion or traumatic displacements of an uncemented restoration also 

require radiographic visibility of such materials to detect them in a chest radiograph [303]. 

Hence, the radiopacity of restorative materials is a key property [41].  

Radiopacity is the relative “opacity” of a material to transmission of X-ray electromagnetic 

radiation [21, 105]. Radiopaque dental materials are commonly formulated by incorporation, 

into the inorganic filler phase, high atomic number elements: such as zirconium, ytterbium, 

barium, and strontium, which hinder the passage of X-rays. The observed radiopacity 

depends on two main factors: (i) intrinsic: material composition, microstructure, density and 

geometry, and (ii) extrinsic: the radiographic imaging system and exposure parameters.  

The required radiopacity of any dental material depends on its clinical application. 

Restorations indicated for posterior or deep areas require higher radiopacity for radiographic 

monitoring than those in an anterior accessible zone [106]. The radiopacity of resin 

composites is required to be slightly greater than that of the tooth structure being replaced 

[105, 106]. However, the level of radiopacity required for CAD/CAM restorative materials 

has not been specified. A few studies investigated the radiopacity of current blocks indicated 

for inlays, onlays and crowns using standardised methodologies [99-101]. These studies 

found that hybrid ceramics and ceramics have low radiopacity, making their marginal 

detection challenging and dependent upon the underlying bonding cement. However, the 

biomimetic characteristics of polymer-infiltrated ceramics have expanded their clinical 

applications to customised posts, implants and implant-supported-supra structures [7]. Their 

clinical use involves frequent radiographic assessment. This study therefore determines their 

chemical compositions and uses this information to interpret radiopacity differences of both 

CAD/CAM restorative blocks and their underlying materials - such as core build-up, base and 

luting cements at different thicknesses. Also, it investigates the correlation between material 

radiopacity and thickness.  
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The null hypotheses are:  

1. There is no difference in the radiopacity between different CAD/CAM restorative 

materials at a single thickness.  

2. There is no difference in the radiopacity between the CAD/CAM restorative materials 

and substrates (enamel or dentin or other bonded resin-based restorative and luting 

materials) at a single thickness.  

3. There is no correlation between the radiopacity of CAD/CAM restorative materials 

and their thickness. 
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3.3. MATERIALS AND METHODS 

 

Specimens were prepared into slabs of 1- and 2-mm thickness from each material (n = 3). 

Table 3.1 lists the materials used in this study and their manufacturers. CAD/CAM blocks 

were sectioned into slabs using a low-speed diamond saw (IsoMet 1000 Precision saw, 

Buehler) under water cooling (Fig. A1).  

 

Table 3.1. Study materials and manufacturer information. 

Code Brand name Manufacturer Lot number Material Type 

CAD/CAM restorative materials 

CS CeraSmart GC-Corp 1512091 Resin-based 

composite 
GB Grandio Blocs VOCO 1723181 

LU Lava Ultimate 3M ESPE 3314TK 

VE Vita Enamic VITA Zahnfabrik, 

Germany 

55310 Polymer-

infiltrated 

ceramic network 

VM II Vita Mark II VITA Zahnfabrik, 

Germany 

33941 Feldspathic 

ceramic 

 Conventional resin-based materials 

FZ Filtek Z250 

Universal 

Restorative 

3M, ESPE, USA NA87707 Regular resin 

composite 

BE B & E Flow B & E Korea, 

Biogeri, Germany 

FA319006 Flowable resin 

composite 

TN 

 

Tetric N Ceram 

 

Ivoclar Vivadent 

 

V13795 Bulk fill resin 

composite 

BV Vita VM LC VITA Zahnfabrik, 

Germany 

C44038F4 Base or veneer 

VK Variolink II DC Ivoclar Vivadent Z017C4 Dual-cured resin 

cement 

RX RelyX U200 3M, ESPE, USA 5232481 Self-adhesive 

resin cement 
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For the conventional resin-based materials, a metal mould was used to prepare discs of 10 

mm diameter and 1- and 2-mm thickness. The conventional resin-based materials were filled, 

covered by mylar strips, and compressed between two glass slides and then polymerised with 

a light-curing unit (Bluephase Style, Ivoclar-Vivadent) with mean irradiance of 1200 

mW/cm2, verified using a radiometer (MARC™ Light Collector, Blue-light Analytics Inc., 

Halifax, NS, Canada). Specimens were polymerised for 20 s from both sides in three 

overlapping sequences.  

Longitudinal sections, of the same pair of thicknesses, were cut from a recently extracted 

human permanent molar tooth using a diamond disc saw (IsoMet 1000 Precision saw, 

Buhler). Specimen thickness was measured with a micrometer to within ± 0.01 mm. All 

specimens were stored in labelled containers filled with water at 37°C until the radiopacity 

measurement.  Ethical approval for the use of human teeth was obtained from the 

Institutional Review Board -No. E-21-6453- for Health Sciences College Research on Human 

Subjects at King Saud University (KSU). 

 

Material surface topographies and elemental compositions were examined using a scanning 

electron microscope (SEM) coupled with an energy dispersive x-ray detector (EDX).  

Scanning electron microscopy provided images of the surface topography and microstructural 

characterisation of the materials. One specimen from each material was embedded in epoxy 

resin, polished and ultrasonically cleaned for five min. Specimens were placed in a vacuum 

chamber, mounted on aluminium stubs and gold sputter-coated before the SEM examination 

(SEM, JSM-6360LV, JEOL, Tokyo, Japan). SEM images were obtained at 5000× 

magnification using high vacuum mode (HV) with accelerating voltage at 10 Kv and spot 

size 3. An energy dispersive X-ray (EDX) detector (JED-2300 Analysis Station Plus, JEOL, 

Tokyo, Japan) was used for elemental mapping and quantitative chemical analysis. All SEM 

images and EDX analyses were performed by a specialised technician in KSU laboratory. 
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The standard ash method was used to determine the inorganic filler content expressed in mass 

percentage (ISO 1172/1996). Using a calibrated analytical balance, three specimens (2-mm 

thick) per material were weighed (mg) before and after burning in the furnace (Programat EP 

3000, Ivoclar Vivadent) at 630 °C for 30 min. The average wt% was recorded following 

equation (3.1): 

 F𝑖𝑙𝑙𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = (𝑎2 − 𝑎1) × 100 (3.1) 

Where a1 is the mass of the dry specimen and a2 is the mass of the burnt specimen (Fig. A2). 

 

Specimens were subdivided into two groups based on their thicknesses. All material 

specimens of same thickness were placed on a size 4 phosphorus plate (PSP, occlusal plate 

4+, 58 x 75 mm, DÜRR DENTAL, Bietigheim-Bissingen, Germany) along with a 

standardized-10-mm aluminium step-wedge with a sequential 1-mm step height (Kodak, 

USA). The specimens were imaged three times by setting the digital x-ray device (Romex-

program, Planmeca Oy, Helsinki, Finland) at a voltage of 63 Kvp, current of 6 mA, exposure 

time of 0.125 seconds and focal spot distance (target-film distance) of 40 cm (Fig. 3.1). 

Standardisation of the focal length and 90° angulation of the central X-ray was ensured by a 

designed holder (Fig. A3).  

 

Figure 3.1. Representative radiographs showing all specimens along with a tooth section (1- 

and 2-mm thickness) and aluminium step-wedge.  

Upper row, from left to right: CS, GB, VE, VM II, LU.  

Lower row, from left to right: FZ, BE, TN, BV, RX, VK.

2 mm 1 mm 
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Radiopacity was determined following the methods in ISO 13116/2014. Digital images 

obtained were exported to Image J software (National Institute of Health) for greyscale 

analysis. The mean greyscale value was measured from five different locations for each 

specimen and each step of the Al step-wedge from three radiographs. A total of fifteen 

readings were obtained per material thickness (n = 15). 

A graph of the aluminium thickness (mm) vs grayscale values of each aluminium step was 

plotted, and a non-linear trend line was obtained for each radiograph (Fig. 3.2). The 

radiopacity of each specimen, expressed in mm Al, was then determined using the trend line 

equation. 

 

Figure 3.2. Representative trend of mean grayscale values (GS) vs Aluminium thickness 

(mm). It should be noted that the absolute values of GS will vary with each radiographic 

exposure.  

Figures A1-A3 in appendix A include representative images for the experimental set up. 

 

Additional CAD/CAM specimens were prepared with five different thicknesses (0.5, 1, 1.5, 

2, and 2.5 mm) and with three specimens (n = 3) per thickness. Sets of specimens (each 

representing five thicknesses) of each material were radiographed together with the Al step 

wedge (Fig. 3.3). The radiopacity (n = 15) was determined as per the methodology described 

above.  
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Figure 3.3. Representative radiographs showing CAD/CAM specimens in five thicknesses 

along with the aluminium step-wedge.  

 

 

The radiopacity data were evaluated using SPSS statistical software (SPSS Inc., Chicago, IL, 

USA). The data were examined to determine if they were normally distributed. However, the 

variances were not homogeneously distributed after running the Shapiro-Wilk and Levene’s 

tests, respectively. Therefore, data are reported as medians and interquartile ranges (IQR) 

were analysed with Kruskal-Wallis, followed by pairwise comparisons at a significant level 

of 5%. To investigate the relationships between radiopacity and CAD/CAM specimen 

thickness, quadratic and linear regression analyses were performed. 
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3.4. RESULTS 

 

Representative SEM images showed different surface topographies among the materials (Fig. 

3.4).  

 

Figure 3.4.  Representative SEM images of CAD/CAM and resin-based materials at 5000× 

magnification
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The radiopacity data are presented in Fig. 3.5 and Table 3.2.  

Among the CAD/CAM materials, there were no significant differences in the median 

radiopacities of GB, CS and LU at similar thicknesses. However, they were significantly 

higher than that for VE and VM II (p < 0.0001). 

At 2 mm thickness, GB, CS, and LU demonstrated higher radiopacity than their specimens at 

1 mm thickness with statistical significance where the highest was GB (2.18 ± 0.03). 

However, VE and VM II did not show any statistically significant difference between the two 

thicknesses.  

The radiopacities of the CAD/CAM and resin-based materials were compared to that of 

enamel and dentin (Table. 3.2). The median radiopacity for dentin at 1 mm thickness was 

0.83 mm Al/ 1-mm, and a radiopacity difference of more than 0.5 mm Al was considered 

radiographically detectable (ISO 13116/2014). Based on that, the 2-mm thick specimens of 

GB, CS, and LU were radiographically detectable and statistically significant from dentin, 

unlike VM II and VE, which were lower than enamel and dentin. At 1 mm thickness, all the 

CAD/CAM specimens presented median radiopacities closer to enamel or slightly lower.  
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Figure 3.5. Radiopacity in mm Al among 1- and 2- mm thick specimens of CAD/CAM and 

resin-based materials compared to enamel and dentin (n = 15). The red dotted line roughly 

marks the radiopacity of dentin, where a difference of 0.5 mm Al is required for radiographic 

detection of a restorative material.  
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Table 3.2. Radiopacity expressed in mm Al per mm specimens of study materials compared to enamel and dentin (n =15). 

Materials 

Grayscale values Radiopacity mm Al Grayscale values Radiopacity mm Al 

1 mm 2 mm 

Median IQR Median IQR 
p value   

 Median   
IQR Median IQR 

p value  

E D E D 

CAD/CAM Materials 

GB 59.5 0.69 1.04 0.01 NS NS 107.6 0.79 2.18 0.03 NS S 

LU 54.9 1.46 0.96 0.02 NS NS 103.9 0.86 2.05 0.03 NS S 

CS 53.7 1.32 0.94 0.02 NS NS 93.6 0.74 1.73 0.02 NS NS 

VM II 37.2 1.01 0.72 0.01 S NS 50.7 0.86 0.85 0.01 NS NS 

VE 31.3 0.58 0.65 0.01 S NS 44.4 0.89 0.77 0.01 NS NS 

Resin-based materials 

TN 96.8 0.77 1.9 0.02 NS S 149 1.37 4.34 0.1 S S 

FZ 81.2 1.08 1.47 0.03 NS S 124.2 0.67 2.88 0.03 S S 

VK 55.5 1.57 0.97 0.03 NS NS 130.4 0.8 3.19 0.04 S S 

RX 49.9 0.79 0.88 0.01 S NS 89.3 0.94 1.61 0.03 NS NS 

BE 48.8 1.11 0.87 0.02 S NS 83.5 1.09 1.47 0.03 NS NS 

BV 27.9 0.26 0.62 0 S NS 34.4 0.78 0.65 0.01 S NS 

Tooth structure 

E 62.6 2.66 1.09 0.05     86.6 0.83 1.54 0.02     

D 46.3 2.02 0.83 0.03     62.8 1.31 1.04 0.02     

Materials in each category are ranked from highest radiopacity to lowest. S: statistically significant difference, NS: not statistically significant. (Kruskal-Wallis 

test and pairwise comparisons; p < 0.05).
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At 1 mm thickness, there were no significant differences between the median radiopacities of 

VE and VM II and several resin-based materials, including both luting resins RX and VK 

(Fig. 3.5). However, at 2 mm thickness, a statistically significant difference was detected 

compared to FZ, TN, RX, and VK (Table. 3.3). BE and BV showed no significant differences 

to VE and VM II at both thicknesses. 

 

Table 3.3. Pairwise comparisons of median radiopacities between CAD/CAM materials and 

different resin-based materials (2 mm) at p < 0.05 (n = 15). 

Material FZ BE TN BV RX VK 

GB NS S NS S NS NS 

CS NS NS S S NS NS 

LU NS NS NS S NS NS 

VM II S NS S NS S S 

VE S NS S NS S S 

S: statistically significant, NS: not statistically significant.  
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EDS elemental analysis (Fig. A4) revealed variable levels of zirconium (atomic number 40) 

distributed among all specimens (1.5 – 16.7 %). In comparison, barium (atomic number 56) 

and strontium (atomic number 38) were found in some materials ranging between 0.3 to 

10.8% (Table. 3.4).  

Table 3.4. Elemental composition and distribution of selected radiopacifying elements among 

study materials and filler loading measured by ash method. 

Materials Filler content % of Elements with high atomic number 

Wt.% SD Strontium (38)  Zirconium (40) Barium (56) 

GB 83.6 0.02 1.7 5.4 3.4 

LU 75 0.03 - 3.4 4.2 

CS 65.7 0.18 0.4 2.3 - 

VM II 99.9 0.01 - 9 1.3 

VE 86.1 0.18 0.9 7.5 1.2 

FZ 79.2 0.39 - 1.5 - 

TN 73.4 0.39 0.3 5.8 - 

VK 72.9 0.47 - 1.4 5.6 

RX 65.2 0.25 0.8 3.4 - 

BE 47.8 0.32 - 16.7 10.8 

BV 45.5 0.32 - 4.1 - 

 

There was no correlation between the radiopacity (mm Al) and the total mass percentage of 

these three radiopacifying elements. However, radiopacity increased with increasing wt.% 

filler content of the conventional resin-based materials (r2 = 0.68). This was statistically 

significant (p = 0.042).  A positive linear relationship was found between radiopacity and the 

filler mass percentage of the CAD/CAM resin composites (r2 = 0.94), but this was not 

statistically significant (p = 0.155).   
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Positive quadratic relationships between radiopacity and the thickness of GB, CS, and LU 

were obtained (r2 = 0.99). Also, there were positive linear relationships between radiopacity 

and VE and VM II (r2 = 0.95) (Fig. 3.6). 

GB had the highest radiopacity at 2.5 mm thickness (3.4 mm Al), followed by LU and CS. In 

contrast, VE and VM II showed steadily lower radiopacities below 1 mm Al or dentin at all 

material thicknesses up to 2.5 mm (Fig. 3.6).  

 

 

Figure 3.6. Quadratic and linear regression analyses of radiopacity and CAD/CAM 

thickness.
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3.5. DISCUSSION 

In the present study, the radiopacity of two thicknesses of restorative CAD/CAM and 

substrate materials, as defined in 3.2, were investigated using digital radiographs along with 

an Al step wedge. Considerable differences in radiopacity were observed between the 

different CAD/CAM materials. The radiopacity of resin composites was higher than that of 

ceramics and hybrid ceramics within each thickness (p < 0.0001). A positive relationship was 

detected between the thickness of CAD/CAM specimens and their radiopacity. Therefore, the 

first and third null hypotheses were rejected.  

 

Compared to tooth structure, the radiopacity of the CAD/CAM resin composites was higher 

than that of dentin (p < 0.0001) and the difference was radiographically detectable at 2-mm 

thickness, but not at 1-mm thickness. Our results confirmed that polymer-infiltrated ceramic 

and feldspathic ceramic CAD/CAM materials had lower radiopacities than enamel (p < 

0.0001) but were not different from dentin (p < 1). These findings were comparable to 

previous studies [99-101, 193, 304], where researchers suggested identifying the relatively 

radiolucent restorations by contrast with the radiopacity of luting cements. Hence, our study 

compared the radiopacity of different substrate resin-based materials and luting cements with 

that of the aesthetic CAD/CAM restoratives. The results demonstrated insufficient 

differences in radiopacity between VE and many substrate materials, which challenges the 

previous recommendations. Also, the radiopacity of the substrate resin-based materials varied 

considerably when compared to enamel and dentin. Consequently, the second null hypothesis 

was partially rejected.  

 

Despite the clinical significance of radiopacity as an intrinsic material property, the optimum 

level has not been specified in any International Standard for CAD/CAM restorative 

materials. For conventional resin composites, however, controversial radiopacity 

requirements have been included in current ISO standards [105, 106] indicating that the 

radiopacity of resin composites should be equal to, or at least not less than, 0.5 relative to that 

of an highly pure aluminium of similar thickness. The standard was based on the equivalency 
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in radiopacity of 1 mm-thick Al to dentin of similar thickness and a minimum difference of 

0.5 mm Al is required to achieve an observed radiographic distinction.  

The ISO standards described two methods of recording the radiopacity as equivalents of mm 

Al thickness, a direct one through a densitometer - usually used with the conventional 

radiographs - and an indirect digital method using suitable imaging software to record the 

grayscale values (pixels). Conversely, a few studies measured the relative radiopacity using 

the black background of the film instead of a standard reference.  

The different imaging techniques and methodologies for measuring and analysing the 

radiopacity have resulted in variations in the values for a single material among different 

studies. However, it is clearly stated in the ISO standards that the obtained values are not a 

pass or fail but rather a way to compare the radiopacity through ranking a set of materials 

exposed under similar radiographic settings. Therefore, comparing radiopacity data obtained 

from different studies is not accurate and should be avoided. Three main points can be 

identified that challenge these standards. 

1. The lower limit for radiopacity (between dentin and enamel) is too low [41, 305]. To 

be suitable in clinical radiography, the radiopacity of a dental restoration must be 

greater than that of enamel, especially in thin aesthetic restorations. However, there 

needs to be an upper limit to avoid impeding detection of caries [41].  

2. The purity of aluminium step-wedges must be sufficient to ensure its assumed 

equivalence to dentin. Intra-lab reproducibility variations were reported among the Al 

step wedges due to either complex machining or the uncontrolled presence of copper 

and iron traces in the final product [306].  

3. The measured radiopacities of enamel and dentin specimens varied considerably 

among some studies due to a combination of experimental and biological variations 

[307]. Also, tooth sections can vary in type and direction between longitudinal and the 

less common occlusal cross-sections. Although including sections of tooth structure in 

radiographic image assessment may improve the clinical relevance [41], such 

variations can produce other inaccuracies.  

Despite these recognised flaws, many researchers continue to apply the ISO 13116 

methodology due to its simplicity and the consistency of the resultant ranking across studies. 
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The radiopacity of CAD/CAM materials investigated were comparable to several previous 

studies [99, 100, 193, 304, 308]. 

 

Digitilizing the radiographic system has minimised the processing errors associated with 

conventional radiographs and improved exposure reproducibility [101]. The imaging system, 

film type, focal distance, exposure time, and voltage affect both conventional and digital 

radiopacity measurements [113]. Therefore standardisation is required.  

In dentistry, the X-ray voltages range from 60 to 70 Kvp [4], which lead to variations in 

apparent radiopacity [113, 309]. However, maintaining consistent exposure parameters 

produced minimal differences between the digital radiographs [310]. Relatively lower 

radiopacities were associated with 60 Kvp than 70 Kvp, as observed in one study where 1-

mm thick luting cements were not detected in a radiographic image [309]. Therefore, the 

lower radiopacities found in this study for VK and RX compared with some other studies 

could result from lower voltage use (63 Kvp).  

Modern digital imaging systems are equipped with a variety of image acquisition controls 

(IAC) that automatically adjust the over-or under-exposure of the radiographic image before 

displaying it on the monitor [21, 311]. Providing that this limitation is accepted, the effect of 

IAC may be ignored given that the experimental set up simulates a routine dental radiograph 

using the same machine with standardised exposure parameters applied by one operator.  

Furthermore, all material specimens were radiographed along with both the Al standard for 

quantitative assessment and a longitudinal section of a natural tooth for subjective 

assessment. 

 

Different materials exhibit varying radiopacities based on their chemical compositions and 

microstructures. The radiopacity is mainly achieved by incorporating heavy elements (atomic 

number > 20) into the inorganic filler phase without jeopardising the optical and physical 

material properties. The filler technology involves the chemical nature, particle size, content, 

and distribution within the resin matrix. Our EDS results revealed variable levels of 

zirconium distributed among all tested specimens, while barium and strontium were found in 
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some materials as radiopacifying elements. One study demonstrated a relationship between 

the radiopacity of resin composites and the filler particle size and shape [312]. Although the 

resin matrix had a limited contribution, a study suggested that HEMA and MDP positively 

contributed to the radiopacity of two resin cements of similar filler content [313]. Thus, more 

studies are required to identify the contribution of filler technology and different 

combinations of the polymer resin matrix.  

The addition of radiopacifiers is a property-controlled process due to potential adverse effects 

on translucency and colour stability of aesthetic materials. Barium is one of the most 

common radiopacifiers but the amount included is restricted due to its effects on translucency 

[107]. A non-aesthetic, bulk-fill resin composite such as TN requires higher radiopacity (2 

mm Al/ 1mm) to be distinguished at deep margins. However, excessive radiopacity impeeds 

the detection of open margins and secondary caries because of shadows forming around the 

edges of two contrasting objects known as Mach bands [314]. 

No clear relationship between filler mass percentage and radiopacity was established between 

all of the investigated materials, as also found in previous studies [113, 308]. However for the 

three CAD/CAM resin-composites (CS, LU, GB), the filler mass percentage did correlate 

with radiopacity (r2 = 0.94), although this correlation was not statistically significant (p > 

0.05). Their filler content were 65.7, 74.9 and 83.6 wt%, respectively.  

The radiopacities of VE and VM II were low despite the presence of some radiopacifying 

elements. These ceramics contain dense glass matrices and crystalline additives such as 

lithium disilicate, silicon and alumina. Similar results were found for IPS.eMax CAD, a 

lithium disilicate glass-ceramic [100].  

Conventional luting cements such as zinc phosphate, have higher radiopacity than resin-based 

ones [313]. Radiopacity studies are often made with 1 or 2 mm thick specimens [304, 313, 

315]. In the current study, the radiopacities of  VK and RX - supplied in auto-mix syringes - 

were investigated at both thicknesses. At 1 mm thickness, low levels of radiopacity were 

found for VK and RX.  But at 2 mm thickness, VK showed higher radiopacity than RX. 

However, sufficient apparent radiopacity is required for thinner film thicknesses. The 

clinically acceptable cement thickness for CAD/CAM restorations ranges between 50-200 

µm [316]. Many dentine adhesives lack suffient radiopacity. The adhesive appears as a dark 
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layer between the restoration and the tooth [41, 317]. Sufficient radiopacity is required when 

selecting resin-based luting cements for aesthetic restorations placed in deep cavities.  

 

In minimally invasive dentistry, ultra-thin CAD/CAM restorations are used increasingly, 

where their radiopacity in thin sections is critical. The thickness of a veneer in the aesthetic 

zone ranges from 0.3 to 0.7 mm. However, the CAD/CAM specimens demonstrated matching 

or slightly lower radiopacity than enamel at 1 mm thickness. At 2 mm thickness, all materials 

were detected radiographically except BV, VE, VM II.  

Progressive increase in CAD/CAM specimen thickness resulted in higher radiopacities for 

resin composites (r2 = 0.99) but to a less degree for hybrid ceramics (r2 = 0.95). Specimen 

thickness was a variable factor in its contribution to radiographic appearance. For instance, 

the radiopacity of VE and VM II specimens showed no statistically significant differences for 

thickness increases from 0.5 mm to 2.5 mm (Fig. 3.6). Comparing radiopacities of VE 

specimens at 0.5 and 2.5 mm, the difference was minimal and radiographically undetectable 

(< 0.5 mm Al). This translates to a clinical challenge where posterior restorations as onlays or 

post and cores would not be easily distinguishable (Fig. A5). 

3.6. CONCLUSIONS 

With the development and expanded application of ‘digital’ dental materials in restorative 

dentistry, radiopacity data is necessary information. This study confirmed the joint influence 

of composition and thickness. CAD/CAM restorative materials showed thickness-dependant 

radiopacity and hybrid ceramics were fairly radiolucent. At 1-mm thin sections, all the 

CAD/CAM materials demonstrated radiopacity similar to or below the enamel, challenging 

their detection on a standard digital radiograph. Different substrate materials showed varying 

degrees of radiopacity compared to the tooth structure and CAD/CAM restorations. 
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4.1. ABSTRACT 

Objectives: This study investigated potential variations in polymerisation of light- and dual-

cured (LC and DC) resin cements photoactivated through four CAD/CAM restorative 

materials as a function of substrate thickness.  

Methods: Four CAD/CAM materials [two resin composites CeraSmart (CS) and Grandio 

Blocs (GB); a polymer infiltrated ceramic Vita Enamic (VE) and a feldspathic ceramic Vita 

Mark II (VM)], with five thicknesses (0.5, 1, 1.5, 2, and 2.5 mm) were prepared and their 

optical characteristics measured. 1 mm discs of LC and DC resin cement (Variolink® 

Esthetic, Ivoclar Vivadent) were photoactivated through each specimen thickness. After 1 h 

post-cure, polymerisation efficiency was determined by degree of conversion (DC%) and 

Martens hardness (HM). Interactions between materials, thicknesses and properties were 

analysed by linear regressions, two-way ANOVA and one-way ANOVA followed by post 

hoc multiple comparisons (α = 0.05).  

Results: All substrates of 0.5- and 1.0-mm thickness transmitted sufficiently high peak 

irradiances at around 455 nm: (It = 588 - 819 mW/cm2) with translucency parameter TP = 

21.14 – 10.7; ranked: CS > GB = VM > VE. However, increasing the substrate thickness (1.5 

to 2.5 mm) reduced energy delivery to the luting cements (4 – 2.8 J/cm2). Consequently, as 

their thicknesses increased beyond 1.5 mm, HM of the cement discs differed significantly 

between the substrates. But there were only slight reduction of DC% in LC cements and DC 

cement discs were not affected. 

Significance: Photoactivating light-cured IvocerinTM containing cement through feldspathic 

ceramics and polymer-infiltrated ceramics achieved greater early hardness results than dual-

cured type, irrespective of substrate thickness (0.5 – 2.5 mm). However, only 0.5 and 1 mm-

thick resin composites showed similar outcome (LC > DC). Therefore, for cases requiring 

early hardness development, appropriate cement selection for each substrate material is 

recommended. 

Keywords 

CAD/CAM; resin cements; optical properties; translucency; irradiance; radiant exposure; 

FTIR; degree of conversion; Martens hardness. 
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4.2. INTRODUCTION 

Monolithic digitally designed and fabricated materials are now available that mimic the 

translucency of natural tooth structure [96]. In addition to their improved biocompatibility 

[318] and reparability [39], resin-based CAD/CAM blocks revealed distinctively superior 

optical and mechanical qualities at minimal thickness of 0.3 - 0.5 mm [122, 153]. However, 

the long-term clinical success of any aesthetic indirect restoration is mainly reliant on 

adhesive bonding to tooth structure and durability of the natural colour blend [133]. 

Obtaining sufficient polymerisation of the adhesive resin cement is the first stage in assuring 

these qualities for restoration longevity [126, 133].  

Light-cured resin cements (LC) are advocated as the primary choice for aesthetic restorations 

thinner than 1.5 mm [319, 320]. This recommendation is primarily based on their enhanced 

shade matching and long-lasting colour stability beneath highly translucent restorations, as 

compared to the yellowing effects associated with dual- and self-cured varieties [124, 128, 

133]. However, thicker aesthetic restorations (2- 3 mm) require the use of dual-cured (DC) 

resin cements [134, 321]. Although DC luting cements often had greater mechanical 

properties and degree of conversion (DC%) compared to the LC [130, 145], this was not 

always true for cases with limited light transmission [131, 132, 145, 322-324]. Unlike self-

cured luting cements, LC and DC require sufficient light energy, of appropriate wavelength 

range, for effective monomer conversion [319], described as minimum energy requirement 

(MER) [117]. 

Several internal and external factors influence the polymerisation of these adhesive resin 

cements. External variables such as the light curing unit (LCU) [134, 135], the restorative 

substrate [87, 138], the ageing time and condition after curing were investigated [140]. As 

regards the LCU, polymerisation of resin cements could be affected by its wavelength 

distribution [136], the radiant exposure received [137], the duration of exposure [138], and 

the tip diameter and its distance from the restoration [136, 139]. Different instruments such as 

reflective spectrophotometers and MARCTM systems have been used to characterise the light 

transmitted through different substrates [41, 88, 117]. Variations in interrelated optical 

properties - translucency, opacity, absorbance, reflectance and light scattering - define the 

appearance of restorative materials [21, 88]. Furthermore, these optical features regulate the 

light irradiance that penetrates to the underlying luting cement, required to initiate monomer 
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conversion [87, 96]. These light attenuating features depend upon the substrate material’s 

microstructural composition, shade and thickness [97, 98, 323, 325].  

The quality of the polymerised cement is also influenced by its intrinsic characteristics, such 

as: filler particles, polymer matrix, initiator composition and concentration [128, 129, 326, 

327]. A new amine-free photoinitiator with improved lighter shades and discolouration 

resistance, IvocerinTM (Ivoclar Vivadent), has been introduced for their light- and dual-cured 

aesthetic resin cements. Some recent investigations found these IvocerinTM containing 

cements to be favourable in terms of degree of conversion, flexural strength and bond 

strength to dentin [126, 127], but comparable to conventional cements with regard to water 

sorption and colour stability [128].  

The polymerisation efficiency of resin composites has been determined using direct and 

indirect methods in dynamic or static measurements [41]. Fourier transform infrared (FTIR) 

spectrometer with an attenuated total reflection (ATR) accessory is the most employed 

analytical method to quantify DC% for dental resin composites [41, 328, 329]. However, 

adequate polymerisation could be estimated indirectly by monitoring the development of 

optical or mechanical properties associated with the polymerisation process [41]. Changes in 

refractive index or microhardness (Vickers and Knoop) have been used to indicate the 

progress of polymerisation [98, 151, 325]. Recently, Martens hardness (HM) has been 

measured via a series of force-controlled indentations to analyse the ageing behaviour of six 

dual-cured luting cements after photoactivation through a 1-mm thick zirconia substrate over 

7 d [140]. Results indicated that complete polymerisation was achieved after 2 d post curing. 

The effect of ceramic substrates including composition, shade and thickness on the 

polymerisation of different luting cements has been determined using degree of conversion 

and classical microhardness measures [96, 126, 127, 325]. However, conflicting 

polymerisation results were noted for dual cured luting cements underneath CAD/CAM 

resin-based substrates compared to ceramic substrates [87, 98, 329].  

Fairly rapid attainment of adequate mechanical properties of luting cements is essential for 

either completion of the patient treatment or for further clinical procedures such as occlusal 

adjustments, polishing and impression taking. There is a need to investigate the effect of 

overlying aesthetic CAD/CAM restorative materials on the polymerisation of amine-free 

resin cements corresponding to the limited time of a clinical session. Therefore, this study 
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investigated the polymerisation efficiency of two versions (LC and DC) of IvocerinTM – 

containing resin cement. These were photoactivated with a blue light curing unit through four 

CAD/CAM aesthetic materials as a function of thickness and optical characteristics. The null 

hypotheses were:  

1. The optical properties of the CAD/CAM materials did not vary with thickness.  

2. The DC% and HM of the LC luting cement did not vary with either CAD/CAM 

materials or their thickness. 

3. The DC% and HM of the DC luting cement did not vary with either CAD/CAM 

materials or their thickness. 
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4.3. MATERIALS AND METHODS 

 

Four commercially available aesthetic CAD/CAM materials were investigated (Table. 4.1): 

two resin composites (CS and GB), a hybrid ceramic (VE), and a feldspathic ceramic (VM). 

A total of 120 specimens were prepared into plate form of five clinically relevant thicknesses 

of 0.5, 1.0, 1.5, 2.0, and 2.5 mm (n = 6). The study flowchart is illustrated in Fig. 4.1. The 

optical properties were measured for each specimen thickness using a spectrophotometer and 

visible light transmission spectrometry (MARCTM-LC). A total of 144 disc-shaped specimens 

(n = 3 per subgroup) from LC and DC adhesive resin cements (Variolink® Esthetic, Ivoclar 

Vivadent) were photoactivated through each CAD/CAM specimen thickness and one without 

any substrate (control). The polymerisation efficiency of the luting resins after 1 h post-

curing was determined using two measurements: i) degree of conversion (DC%) using 

Fourier Transform Infrared Spectroscopy (FTIR), and ii) Martens hardness (HM) of the top 

surface. 

Figures B1- B5 in appendix B includes representative images for several experimental steps.  

 

Figure 4.1. Flowchart for production of each CAD/CAM substrate and the light-cured (LC) 

and dual-cured (DC) luting cement discs. 
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Table 4.1. Materials included in the study and their available information. 

Material 

Type 

Code Brand name  

and shade 

Composition 

(wt. %) 

Manufacturer  Lot no. 

Resin 

composite 

CS CeraSmart 

A2 HT 

71% silica (20 nm) and 

Ba glass (300 nm) 

nanoparticles 

29% Bis-MEPP, 

UDMA, DMA 

GC dental 

products, 

Europe 

1512091 

GB Grandio blocs 

A2 HT 

86% nanohybrid fillers 

14% UDMA, DMA 

VOCO 

GmbH, 

Germany 

2122435 

Polymer-

infiltrated 

ceramic 

network 

VE Vita Enamic 

2M2-HT 

86% feldspar ceramic 

porous structure 

14% UDMA, 

TEGDMA 

VITA 

Zahnfabrik, 

Germany 

55310 

Feldspathic 

ceramic 

VM  Vitablocs Mark II 

2M2C 

Fine-particle feldspar 

ceramic 

VITA 

Zahnfabrik, 

Germany 

91170 

Adhesive 

resin cements 

(amine-free) 

LC Variolink® Esthetic 

LC 

Light 

Light-cured resin 

cement, UDMA, 

ytterbium trifluoride, 

Ivocerin (initiator), 

stabilisers 

Ivoclar 

Vivadent 

AG, 

Liechtentein 

Z01061 

DC Variolink® Esthetic 

DC 

Light 

Dual-cured resin 

cement, UDMA, 

ytterbium trifluoride, 

Ivocerin (initiator), 

stabilisers 

Ivoclar 

Vivadent 

AG, 

Liechtentein 

Z017C4 

 

 

Specimens (n = 6) from each CAD/CAM block were sectioned into plates of five thicknesses 

(0.5, 1, 1.5, 2 and 2.5 mm) using a water-cooled diamond sectioning saw (IsoMet 1000 

Precision saw, Buhler®). Specimen thickness was measured with a digital micrometer (± 0.1 

mm). The specimens were polished under running water successively using P600, P800, 

P1000 grit silicon carbide papers at 350 rpm (MetaServTM 250 single grinder-polisher, 

Buhler®, USA). All 120 specimens were ultrasonically cleaned in distilled water for five min, 

then were stored dry at room temperature in labelled containers (Fig. B1). 

To standardise dimensions of luting cement specimens, a mold with disc-shaped opening (10 

mm diameter and 1 mm thickness) was placed over a glass slab (Fig. B2). Each opening was 
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filled with the luting cement and sandwiched between 0.6 mm Mylar strips on top and base. 

A standard output LED-LCU (Elipar™ S10, 3M ESPE, Germany) was used of wavelength 

range 430 - 480 nm with the optic tip directly contacting the plate for 20 s. At the start of the 

experiment, the radiant emittance (1200 mW/cm2) was verified using a calibrated radiometer 

(MARC-LCTM: Blue-light Analytics Inc, Halifax, Canada). Luting cement discs with defects 

or air bubbles were discarded. 

For each substrate group, six specimens from both luting cement types were photoactivated 

by transillumination through the CAD/CAM substrates (Fig. 4.2). Control specimens from 

each cement type were light cured through a glass slide (1 mm thick), without any 

CAD/CAM plates. No surface treatment nor bonding agent was applied to the CAD/CAM 

plates. For each cement type, a total of 288 cement specimens were prepared and subdivided 

into two groups. One group was scanned by FTIR spectroscopy in real time mode up to 60 

min. The second group was labelled and stored in dark glass containers containing distilled 

water at 37 °C for 1 h before instrumented Martens indentation. 

 

 

Figure 4.2. Schematic of the luting cement discs cured through CAD/CAM substrates.  

 

 

CAD/CAM plate 

Luting cement 

Light curing tip 

Customised 

mold 

Glass slab 

2 Mylar strips 
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4.3.3.1. Translucency parameter (TP) 

Each CAD/CAM specimen (n = 6 per material thickness) was placed on the 6 mm-diameter 

aperture of the reflective spectrophotometer (LabScan XE, HunterLab, USA) (Fig. B3). For 

each specimen, four CIE L*a*b* colour coordinates relative to the standard illuminant D65 

were recorded against a black background (L* = 0.017, a* = 0.015, and b* = 0.001) and four 

coordinates against a white background (L* = 98.82, a* = 0.065, and b* = 0.123). The same 

black and white standard tiles were used to calibrate the instrument at the start of each 

session.  TPLab was determined by calculating the colour difference in the L*, a*, b* 

measurements for each specimen against white (W) and black (B) backgrounds using 

equation (4.1): 

 𝑇𝑃Lab =  √(𝐿𝑊 − 𝐿𝐵)2 + (𝑎𝑊 − 𝑎𝐵)2 + (𝑏𝑊 − 𝑏𝐵)2 (4.1) 

 

A material is completely transparent if TP is 0 and opaque if TP is 100. 

 

 

The peak transmitted light irradiance at around 455 nm (Fig. B4) was recorded for each 

CAD/CAM specimen thickness (n = 6). Two readings were taken for each specimen using 

the MARC-LCTM device (Blue-light Analytics Inc, Halifax, Canada) (Fig. B5). The radiant 

emittance of the LED light curing unit was 1200 mW/cm2 with a wavelength range of 430-

480 nm and a 9 mm-diameter output (Elipar™ S10, 3M, Seefeld, Germany). CAD/CAM 

specimens were centred on the 3.9-mm diameter-sensor of the radiometer. The mean light 

irradiance was measured in real time by fixing the LCU tip on the CAD/CAM plate and using 

silicone putty to shield the specimens from ambient light.  

The apparent transmission (T′ %), opacity (Op), and apparent absorbance (A′) were calculated 

using equations (4.2), (4.3), and (4.4), respectively [330]:  
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𝑇′% =  
It

I0
 × 100 (4.2) 

   

 
O𝑝 =  

I0

It
 (4.3) 

   

 
𝐴′ = log10 [

1

𝑇
] (4.4) 

It represents the irradiance of the transmitted light beam and I0 is the irradiance of the 

incident light beam. Where T = 100 indicates complete light passage through the material and 

T = 0 indicates complete light absorption by the material.  

 

4.3.5.1. Degree of conversion (DC%) 

Degree of conversion (%) was measured in real-time over 1 h by Fourier transform infrared 

spectroscopy (FTIR, ALPHA II, Bruker, USA) with an attenuated total reflectance (ATR) 

accessory (Fig. B6). The percentage of C=C group conversion (DC%) was measured using 

the following parameters 4000-400 cm-1 wavelength, 4 cm-1 resolution, and taking one 

spectrum per 4 s. 

A custom 3D-printed mold was stabilised over the ATR crystal with a circular hole of 

diameter 10 mm and 1 mm depth (N = 144; 3 luting discs × 2 curing types × 4 CAD/CAM 

materials × 6 thicknesses). The spectra of the uncured luting cement specimens were 

measured over the first 8 s (2 scans). Then, the luting cement discs (n = 3) with a Mylar strip 

in between, were irradiated through the corresponding CAD/CAM plate by the LCU for 20 s. 

FTIR spectra were recorded for 1 h via OPUS software (BRUKER OPTIK GmbH, 

Germany). The DC% calculation used the two-frequency technique for the absorbance peak 

height ratio where the analytical frequency aliphatic C=C peak at 1618 cm-1 was normalized 

against the (reference frequency) aromatic C=C at 1590 cm-1 according to equation (4.5) 

[137]: 

 
DC (%) = [1 − (

(
𝐴𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐𝑘 

𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐 
) 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑝𝑜𝑠𝑡−𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛

(
𝐴𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐𝑘 

𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐 
) 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑒−𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛

)]  ×  100  (4.5) 
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4.3.5.2. Martens hardness (HM) 

Each luting disc was removed from distilled water (37 °C) after 1 h and dried lightly with an 

absorbing paper for 5 min (N = 144). A Martens hardness instrument (Z2.5, ZwickRoell Ltd., 

Ulm, Germany) was used with a Vickers hardness measurement tip (Fig. B6). A fixed 

distance (12 mm) was maintained between the top surface of the disc and the hardness 

measuring head at the start of all measurement sessions. A force up to 10 N was applied at a 

loading speed of 5 N/s, maintained for 30 s and then removed at a rate of 5 N/s. The initial 

approach rate was 200 mm/min, while the approach speed of the indenter tip until initial 

contact was 40 mm/min. The sensor tip distance to each specimen after proximity was 40 µm.  

Four force-controlled and equally spaced indentations were made on the top surface, in the 

centre of each disc (n = 3). Martens hardness (HM) was obtained via software (TestXpert®, 

Zwick GmbH & Co, Ulm, Germany) based on equation (4.6) in ISO-14577-4/2016 [242]: 

 
𝐻𝑀 =  

𝐹

𝐴𝑠 (ℎ)
=  

𝐹

26.43 ∗ ℎ2
 (4.6) 

HM was expressed in N/mm2, F is the load in N, As(h) is the surface area of the indenter at a 

distance h from the tip in mm2.  

Figures B1- B6 in appendix B includes representative images for several experimental steps.  

 

Data were analysed using statistical software (SPSS 22.0; IBM SPSS Statistics Inc., Chicago, 

IL, USA). Shapiro-Wilk and Levene′s tests were used to confirm the normality and 

homogeneity of variance, respectively. Two-way ANOVA was used to determine any 

interaction between the CAD/CAM materials and their thickness for the optical properties. 

One-way ANOVA, followed by multiple comparison Games-Howell post hoc tests (α= 0.05), 

were conducted to determine any differences in the optical properties between thickness 

groups within a single material and between the materials within a single thickness. 

Similarly, the luting resin cements were analysed following the above statistical tests. 

Dunnett′s post hoc tests were used for comparing each luting disc to its control (α= 0.05). 

Paired t-tests were performed to investigate any differences between the two types of luting 

cements (α= 0.05). 
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Linear regression models were obtained to analyse the relationships between TP and 

irradiance (It) versus thickness of the CAD/CAM materials. Pearson correlation was used to 

analyse relationships between DC% and HM and It for both luting cements. G′power software 

(V. 3.1.3; Heinrich Hein University, Germany), post hoc power analysis indicated that the 

luting cement sample size of 144 and CAD/CAM specimens of 120 provided sufficient 

statistical power to reject the null hypotheses in this study.  
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4.4. RESULTS 

 

4.4.1.1. Translucency parameter (TP) 

Results are presented in Table B1 and the correlations between the TP and specimen 

thickness are illustrated in Figure 4.3. 

Strong inverse linear correlations were confirmed between TP of each material and their 

thicknesses (r2 = 0.91 - 0.98, p = 0.001). TP were significantly different between the four 

CAD/CAM materials (p = 0.0001).   

At 0.5 mm substrate thickness, the average TP increased in the following sequence VM < VE 

< GB < CS (ranging from 14.2 to 21.1). While at 2.0 and 2.5 mm, TP reduced in all materials 

(CS = GB = VM), with VE being the least translucent (p = 0.001) and significantly different 

from the other materials. 

 

Figure 4.3. Linear regressions of translucency parameter versus thickness of CAD/CAM 

substrates (Pearson correlation, r2 = 0.91 – 0.98, p = 0.001). 
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4.4.1.2. Optical characteristics at 455 nm 

Results are presented in Table B2 and correlations between the CAD/CAM substrates and 

different optical parameters are illustrated in Figure 4.4.  

The peak spectral absorption for the luting cements was around 455 nm, (Fig. B4). Therefore, 

all changes in optical properties were tabulated at 455 nm (Table B2). The mean irradiance 

(mW/cm2) at 455 nm decreased linearly with CAD/CAM thickness. For each of the four 

materials, r2 was in the range 0.94 – 0.96, (p = 0.0001). The apparent transmittance (T′ %) 

positively correlated with the translucency parameter (TP): r2 = 0.967, p = 0.0001.   

 

Figure 4.4. Linear regressions of mean irradiance at 455 nm versus substrate thicknesses (r2 

= 0.94 – 0.96, p = 0.001). The horizontal dashed line indicates the minimum irradiance (500 

mW/cm2) recommended for polymerising these luting cements. 

The incident irradiance (I0) was 1200 mW/cm2. However, after passing through the 

CAD/CAM substrates, It ranged from 182 to 819 mW/cm2 – depending on each material and 

its thickness - corresponding to an apparent transmittance (T′ %) of 15 – 68 %. 

The transmitted irradiance (It) was significantly different between all materials, except for 

GB and VM at 0.5- and 1-mm thicknesses.  
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At 0.5 thickness, the measured It and T′ % increased in the following sequence, VE < VM = 

GB < CS.  

At 0.5 and 1 mm, all materials had It above 500 mW/cm2 which represent the minimum 

irradiance recommended for sufficient polymerisation of IvocerinTM-containing luting 

cements for 20 s [325]. However, this minimum irradiance was not met in substrates thicker 

than 1 mm. At higher thicknesses (1.5 – 2.5 mm), the irradiance (It) passing through all 

CAD/CAM materials reduced by between 66% and 85%.  

At 2- and 2.5-mm thickness, VM substrates had the highest It compared to other materials.  
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4.4.2.1. Degree of conversion (DC%) 

The mean and standard deviation of DC% for luting cements (LC and DC) after 1 h post-

curing through each CAD/CAM material are presented in Table B3 and graphically 

illustrated in Figure 4.5. 

 

Figure 4.5. Mean DC% for light-cured (LC) and dual-cured (DC) luting cements after 1 h 

post-photoactivation through each CAD/CAM substrate (CS, GB, VE, and VM). Horizontal 

lines above the error bars indicate no statistically significant differences (Paired t-test, p > 

0.05).   

After 1 h, the DC% measured for the control groups was not significantly higher in LC than 

DC (73.3% and 71.7%, respectively, p = 0.104). The DC% for all interposed LC discs ranged 

from 61.3% to 76.8%, but slightly lower DC% were found when VE and VM thicknesses 

increased over 1.5 mm (p = 0.001). However, DC discs appeared not consistently affected by 

the substrate thicknesses, presenting a slightly higher range of DC% (67.2% - 78.4%) than 
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LC. VE and VM of 1.5 -2.5 mm thickness were linked with significantly higher DC% for DC 

resin cement compared to LC cement (p = 0.001).  

The DC% of LC discs negatively correlated with VM thickness (r2 = 0.96, p = 0.001), but not 

with other materials.  

4.4.2.2. Martens hardness (HM) 

HM for luting cements after 1 h post-curing through each CAD/CAM material are presented 

in Table B4 and graphically illustrated in Figure 4.6. 

 

Figure 4.6. Martens hardness (HM) for light-cured (LC) and dual-cured (DC) luting cements 

measured at top surface after 1 h post-photoactivation through each CAD/CAM substrate 

(CS, GB, VE, and VM). Horizontal lines above the error bars indicate no statistically 

significant differences (Paired t-test, p > 0.05).   

The hardness of the luting discs was significantly affected by the CAD/CAM materials and 

their thickness (p = 0.001). In the control cements, LC were significantly harder than the DC 

discs (97.3 and 60.6 N/mm2 respectively, p = 0.001). Similarly, overall HM data of the 



122 

 

 

interposed discs showed that LC were significantly harder than DC (65.5 – 169.3 N/mm2 and 

29.4 – 122.7 N/mm2 respectively, p = 0.001), with few exceptions. The HM data for the 

interposed luting discs roughly followed a bell-shaped pattern where hardness was higher 

underneath mid thickness ranges (1 – 2 mm) but reduced at extremities (0.5 and 2.5 mm). 

Curing through 0.5 and 1 mm-thick resin composites (CS and GB), resulted in harder LC 

discs than DC (84.6 - 135 N/mm2 and 67.5 - 110.5 N/mm2, respectively). At 2.5 mm 

thickness, although the hardness decreased in both types of luting cements, the dual cured 

cement was significantly softer than the light cured (p = 0.001).  

With VE substrates, LC discs were considerably harder than their DC equivalents, regardless 

of thickness (86.4 - 169.3 N/mm2 and 29.4 – 65.4 N/mm2, respectively). Similarly, in VM 

substrates of 0.5 to 1.5 mm thickness, LC discs were significantly harder than DC. However, 

increasing the VM thickness to 2 - 2.5-mm, resulted in gradual reduction of HM with no 

significant differences between LC and DC (p = 0.41 and 0.28, respectively). 

For LC discs, there was a minor positive correlation between HM and T′ % of material 

substrates (r2 = 0.3, p = 0.002) but no significant correlation between HM and DC% (except 

for VM). The LC cements cured through feldspathic ceramic (VM) exhibited strong positive 

correlations between HM versus substrate thickness, irradiance and DC% (r2 = 0.982, 0.987, 

and 0.961, respectively). Also, the irradiance was linearly correlated with the HM (LC) in GB 

substrates, and to a lesser degree in CS (r2 = 0.987, 0.975 and 0.472, respectively, p = 0.001). 

No such correlations between HM, DC%, and substrate thickness were found for the DC discs. 
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4.5. DISCUSSION  

 

This study confirmed the existence of significant optical differences between the four 

aesthetic CAD/CAM substrates fabricated in five clinically relevant thicknesses ranging from 

ultra-thin veneers to onlays or crowns (0.5 - 2.5 mm). Light attenuation parameters: A′ and 

Op, and reduced translucency, expressed by either TP or T′ % - varied with thickness of these 

CAD/CAM substrates and were inter-related in consequence of their mathematical 

definitions. 

 

The overall irradiance of the blue LED used (1200 mW/cm2 and 24 J/cm2) was reduced by 

nearly 32% to 85% when interposed by increasingly thick CAD/CAM substrates. However, 

the polymerisation of the interposed IvocerinTM-containing cements, measured after 1 h post-

cure, varied considerably in terms of HM more than DC%. An approximately bell-shaped 

pattern was observed for the hardness of the luting cements as a function of thickness in all 

resin-based materials except underlying feldspathic ceramic (VM) where hardness linearly 

correlated with thickness and light irradiance. Overall, LC discs were harder than or 

equivalent to DC discs underneath VE and VM, but this relationship (between LC and DC) 

was inconsistent underneath CS and GB. Therefore, the first two null hypotheses were 

rejected, and NH 3 was only partially rejected.  

 

Unlike clinical reality, the optical measurements were obtained with flat polished specimens 

without any surface treatment such as etching and air abrasion which usually increases the 

roughness and light scattering [331]. Also, no bonding agent was applied to the specimens - 

for standardisation purposes.  

Results confirmed the effect of thickness and composition of the substrates on their 

translucency, in line with previous studies [88, 91, 96]. At a specific thickness and 

wavelength (455 nm), the relative ranking of the four materials differed significantly in each 

optical parameter measured (TP, It, and T′ %), with few exceptions. However, the variation in 

TP between the four materials minimised at increased thicknesses (2 - 2.5 mm) with only VE 
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being significantly the least translucent. These relatively less favourable optical results for 

PICN concur with several comparable studies [87, 88, 91, 96, 98].  

Translucency, in addition to its role in matching the natural aesthetics, regulates the light 

irradiance and energy available to polymerise the underlying luting cements [116, 151]. 

Within a given restoration thickness, translucency could be expressed using either 

translucency parameter, wavelength-specific transmittance or contrast ratio [116]. TP and 

T′% were linearly correlated (r2 = 0.967, p = 0.0001) where the standard TPLab was calculated 

based on the CIELab colorimetry difference of each substrate against black and white standard 

backgrounds [332]. A better fit of data could be obtained using the CIE 2000 formula for 

translucency in case of comparing difference thresholds in TP00 [333]. However, the 

wavelength-specific transmittance seems more informative whenever matching absorption 

peaks of the photoinitiator in the underlying luting cement [116, 127]. For example, 

camphorquinone (CQ), a frequently used photoinitiator, has an absorption range of 400 -500 

nm (absorption peak around 470 nm) [138]. Whereas, activation of IvocerinTM can be 

achieved by a spectrum ranging from 400 to 430 nm (absorption peak around 412 nm) [117] 

and in this study it peaked around 455 nm (Fig. B4).  

In general, using a LCU with greater light irradiance, beam homogeneity and required 

spectral emission should increase the light reaching the luting cements [334]. However, the 

DC% of Variolink Esthetic did not significantly increase when using different light sources 

(LED versus QTH) [151] or a polywave versus single-peak LCU [335]. Recent studies found 

that IvocerinTM was sensitive to even an extended wavelength range from 360 up to 460 nm 

[125, 127, 335]. Unlike CQ, IvocerinTM can breakdown directly into free radicals with 

relatively fewer photons and without additional co-initiators such as tertiary amines [117]. 

This has the advantage of using almost any LED-LCU for photoactivation [125] and 

requiring comparatively shorter exposure times [152, 335]. Therefore, a standard ‘blue’ LED 

curing unit (430 – 480 nm) emitting 1200 mW/cm2 with a power of about 700 mW should be 

adequate for polymerising IvocerinTM- containing resin cements. 

In the present study, the incident irradiance was 1200 mW/cm2 but the transmitted irradiance 

ranged from 181.9 to 819 mW/cm2, depending on substrate thickness. A similar study 

recorded a drop in irradiance from 700 mW/cm2 to 100 mW/cm2 with an interposed 2-mm 

resin composite substrate [323]. Concurring with previous studies, linear inverse correlations 

were confirmed for substrate translucency [87, 98, 325, 329] and light irradiance [88, 91, 97] 
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versus thickness. The minimum irradiance range to achieve efficient resin polymerisation is 

400 - 500 mW/cm2 for 20 - 40 s with a 1 mm thickness substrate, depending on photoinitiator 

type and content [138, 325]. Our CAD/CAM substrates of 0.5- and 1-mm thickness 

transmitted sufficiently high irradiance above 500 mW/cm2 in the increasing order of VM = 

GB > CS > VE. However, further increasing substrate thicknesses to 1.5 – 2.5 mm, 

significantly reduced irradiance (182 to 406 mW/cm2) denoting an irradiance loss of 66 – 

85%. This corresponds to a previous study where irradiance decreased by 60 to 95% through 

various aesthetic restoratives [88].  

 

Polymerisation of resin cements typically progresses over 24 – 48 h before complete 

maturation [140, 145, 336]. Unfortunately, poor marginal adaptation of the restoration 

exposing the luting cement to the oral environment could compromise its integrity over time 

[140]. This study, however, measured cement polymerisation after 1 h - simulating a clinical 

session where an early adequate polymerisation is critical to withstand any additional 

mechanically-stressful clinical procedures. The long-term consequences associated with poor 

cement polymerisation may begin with increased water absorption [337, 338], leading to 

discoloration [339], release of residual monomers, causing sensitivity or toxicity [318], 

mechanical degradation [340], compromised bond strength and eventually restoration loss 

[137, 341]. 

DC% indicates the overall conversion of the C=C group but does not completely reflect the 

integrity of the crosslinked polymer [41]. In general, DC% for the resin-based materials range 

from 55 to 77% [132, 141]. However, there is no consensus on the minimum clinically 

acceptable DC% for luting cements. Our results showed that DC% for the interposed LC and 

DC discs (61 – 78 %) were within the ranges measured immediately after light curing - in 

line with previous studies [126, 132, 140, 341].  

Thickness variation of VE substrates had no effect on the DC% of the underlying DC 

cements (72.1 to 74.4%). A similar observation was recorded in a comparable study for DC 

cements cured underneath 1 to 2 mm-thick VE and resin composite substrates [87]. Our 

results revealed relative stability in DC% of the IvocerinTM-containing cements cured through 

increasing thicknesses, as seen with other luting cements [138, 147, 334].  
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However, Martens hardness data showed significant differences between the luting cements 

in terms of curing mode and substrate optical features and thicknesses. HM of any luting resin 

cement is influenced by its composition [342], the setting parameters applied during the 

force-controlled indentation [292] and timing of the measurement  [140]. Therefore, HM data 

for each cement were compared to its control within the study variables. Nevertheless, the 

ranking and trends of the studied materials were comparable to previous studies [140, 293]. 

In the control cement discs, LC were significantly harder than DC discs. The same pattern 

was observed in the interposed luting discs, except for discs underneath the resin composites 

(CS and GB). However, other studies reported the opposite trend - with harder DC than LC 

cements when photoactivated through different ceramic substrates [98, 151]. The timing of 

the hardness measurement could explain this difference where hardness can develop towards 

polymerisation maturation after 24 h up to 7 d versus 1 h in this study. A study revealed that 

after 24 h, no significant differences were found between Knoop hardness of luting cements 

cured underneath 2 and 4 mm-thick ceramic substrates [145]. However, this does not 

necessarily mean that the polymerisation will be enhanced by the chemical activation of the 

DC cement alone [138, 147, 334]. A study revealed no significant improvement in the 

hardness of DC cements after 24 h of photoactivation through 3 mm thick ceramics [334]. 

With limited light transmission due to increased ceramic thickness, the cement hardness 

reduced by nearly 60 to 70% regardless of the cement curing mechanism [147]. These low 

hardness results were found, in other studies [131, 334], comparable to DC resin cements 

applied without any photoactivation. However, our DC% data on the DC IvocerinTM-

containing cements was boosted by almost any minimal amount of light energy received 

(2.08 - 7.92 J/cm2). Further monitoring of the hardness development of these cements, 

receiving variable light energy, is required.  

Overall, HM data followed a bell-shaped pattern where the greater hardnesses were recorded 

roughly around mid-range thickness (1 – 2 mm) and the lowest at 0.5- and 2.5-mm thickness. 

With 2.5 mm thick substrates, HM for DC discs reduced to a minimum of 6.8 % (VM) to a 

maximum of 51% (VE), compared to their control. Luting discs underlying each thickness of 

VE substrates exhibited divergences between the two curing mechanisms, compared to other 

materials (DC cement was distinctively softer than LC, p = 0.001). This is consistent with the 

reduced translucency of VE, as previously discussed. However, CS and GB resin composites 
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bonded with DC cement showed inconsistent HM results, similar to previous observations 

[87, 98, 329]. 

Feldspathic ceramic (VM) was the only substrate material showing strong linear correlations 

between DC% and HM versus their translucency to LC cements. Similarly, two recent studies 

found a strong correlation between HM and DC% in LC cements measured after 24 h, either 

interposed with 1 mm-thick ceramic or not [140, 293]. However, the difference in hardness 

between LC and DC cements was not significant with VM substrates at 2 and 2.5 mm 

thickness. Therefore, the results suggest that LC and DC could be used indifferently for 

bonding ceramics (2 - 2.5 mm thickness), though more studies are required to verify this. 

Unlike restorative resin composites, aesthetic resin cements are designed to be cured through 

substrates of different translucent materials of a certain thickness. Results showed that 

passing excessive light irradiance to the luting cement discs cured directly (control; 1200 

mW/cm2) or through 0.5 mm-substrate (748 mW/cm2), negatively affected their hardness 

development. This phenomenon, also noted in previous studies [87, 136, 334], might be 

related to the type and concentration of the photoinitiators extant in the resin cement where 

overexposure might disturb their activation mechanism causing a higher free radical 

termination rate [343], which could compromise their polymerisation and subsequent 

hardness development.  

In contrast, other than the light irradiance, the necessity of increasing the exposure time to 

ensure receiving sufficient radiant exposure to activate the photoinitiator has been discussed 

for substrates having greater light-attenuating qualities [91, 134] such as increased thickness, 

darker shades [96] and opacity [87, 144]. Following recommendations from previous 

research [87, 343], the exposure time for photoactivating the DC luting cement specimens 

was made double the manufacturer’s guide to ensure adequate early C=C bond conversion. 

However, considering their HM results, extending the exposure time did not compensate for 

inadequate light transmission to DC discs cured through all VE substrates. This finding 

matches other studies in which neither implementing longer curing time nor higher irradiance 

light improved the polymerisation results of luting cements cured through substrates with 

increased light-attenuating features [145, 322, 323].  

Light transmission (It) through increased thicknesses of CAD/CAM monolithic aesthetic 

materials varied considerably, thereby influencing the polymerisation (HM) of each 
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underlying luting cement. However, as observed elsewhere [87, 126], DC% data were less 

sensitive in reflecting the influence of substrate-dependent variables such as thickness and 

translucency. Combining HM results from all material-thickness substrates (Fig. B7) suggest 

that LC is a better choice than DC, in terms of early hardness development (1 h). This choice 

becomes more appealing if greater discolouration resistance is required [124, 133]. 

Nevertheless, more research is required to verify the hardness development of LC and DC 

after complete polymerisation. 

4.6. CONCLUSIONS 

Interposing increasing thicknesses of CAD/CAM aesthetic restorations, from 1.5 to 2.5 mm, 

significantly reduced the blue-light transmission for polymerising underlying light-and dual-

cured, IvocerinTM-containing resin cements. However, the cement hardness after 1 h post-

photoactivation differed considerably across the four substrate materials. Light-cured cement 

underlying feldspathic ceramics and polymer-infiltrated ceramics achieved greater early 

hardness than the dual-cured type regardless of substrate thickness. Equivalent outcomes (LC 

> DC) were only observed in resin composites of 0.5 to 1.0 mm thickness. In contrast, the 

degree of conversion of resin cements was relatively stable under the study conditions with 

the dual-cured type exhibiting slightly greater degrees of conversion.   



129 

 

 

 

 

 

 

 

 

Chapter 5: Effects of three food-simulating 

liquids on the roughness and hardness of 

CAD/CAM polymer composites  

 

 

 

Babaier RS , Watts DC, Silikas N 

Dental Materials. 2022; 38(5):874-85. 

 

(Appendix C: Front page of published paper and supplementary information) 

 

 

  



130 

 

 

 ABSTRACT 

Objectives: Implant-supported frameworks constructed from high-performance polymer 

CAD/CAM composites are exposed to liquids from the oral environment and routine care 

maintenance. Therefore, this study investigated the effect of food-simulating liquids (FSLs) 

on surface properties of three CAD/CAM polymer composite blocks. 

Methods: The composites investigated were (i) a carbon fibre-reinforced composite 

(CarboCAD 3D dream frame; CC), (ii) a glass fibre-reinforced composite (TRINIA; TR), and 

(iii) a reinforced PEEK (DentoKeep; PK). The filler contents were determined by thermo-

gravimetry. The surface properties were roughness, Vickers hardness (HV), properties 

measured by Martens force/depth indentation, namely: hardness (HM), modulus (EIT) and 

creep (CIT). Property measurements were made at baseline on polished specimens and then, 

where possible, after 1- and 7-days storage at 37 ℃ in three different media: water, 70% 

ethanol/water and MEK (methyl ethyl ketone). Specimens were selected for light and 

scanning electron microscopy. Statistical analysis was performed by two-way repeated 

measures ANOVA, one-way ANOVA, and multiple comparison tests (α = 0.05). 

Results: The baseline roughness and hardness (HV, HM) and modulus (EIT) correlated 

approximately with filler content (wt.%), with the fibre-reinforced composites being rougher, 

harder and stiffer than PK. At baseline, roughness (Sa) ranged from 0.202 to 0.268 µm; HV 

from 23.1 to 36.9; HM from 224.5 to 330.6 N/mm2; EIT: from 6 to 9.8 GPa. After ageing in 

70% ethanol and MEK, more pronounced roughness and hardness changes were observed than 

in water. MEK caused greater deterioration for the FRC than 70% ethanol, while PK specimens 

showed slight changes in 70% ethanol.  

Significance: Storage media adversely affected the surface and mechanical properties of each 

CAD/CAM composite. However, during ageing, the reinforced PEEK showed greater relative 

stability in these properties. Nevertheless, the deterioration may indicate the need for full 

protection by a veneer material on each surface of an implant-supported framework. 

KEYWORDS 

CAD/CAM composites; food-simulating liquid; ageing; surface roughness; Vickers hardness; 

Martens hardness.  
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5.2. INTRODUCTION 

Advanced material developments combined with the CAD/CAM technology have produced a 

variety of framework materials with improved physical and mechanical properties. New 

polymeric materials indicated for implant-supported frameworks and various prosthetic 

treatments, frequently described as high-performance polymer (HPP) composites, are 

advocated as comparable alternatives to metal and ceramic materials [9, 14]. These reinforced 

polymer-based composites have been modified progressively to expand their clinical 

applications through improving their mechanical properties. Microstructural enhancement 

was achieved by either incorporating different forms of glass or carbon fibres [11, 179, 205] 

or by combining ceramic fillers with different matrix compositions [227, 236]. Limited 

studies showed favourable properties of different forms of PEEK and fibre-reinforced 

composites (FRC) in terms of stress-bearing, low stiffness, and biocompatibility [68, 165, 

179, 204, 225, 232, 263]. For optimum clinical results, the framework composites were 

veneered with aesthetic materials where appearance was a concern. However, exposure to the 

oral environment through their fitting surface seems to be unavoidable during clinical service 

and routine care maintenance.  

Research in restorative dentistry increasingly applies simulated oral conditions to evaluate 

physical and mechanical properties of new materials. The ongoing aims are to ensure the 

high-quality and safety of products delivered to patients and to validate potential 

improvements.  

Material ageing processes are complex- involving interacting chemical, mechanical, 

biological and behavioural factors. Accelerated ageing, including cyclic mechanical stress, is 

one approach to predicting the long-term stability of restorative materials in challenging 

situations [344]. Intra-oral dental materials are exposed to various liquids, whether naturally 

produced or induced through dietary and hygienic products. While some studies have 

assessed the effect of physiological saliva and water on polymer-based composites (filled-

PEEK) [17, 84], this is not always fully representative of the clinical situation. Ethanol and 

methyl ethyl ketone (MEK) are two organic solvents, with different solubility parameters, 

found in food and beverages and approved by the US Food and Drug Administration (FDA) 

[278]. Softening of polymer-based restorative materials, due to chemical or mechanical 

degradation, is more likely when there is similarity in solubility parameters between materials 

and solvents [345]. The effects of such food-simulating liquids (FSLs) on a range of 



132 

 

 

conventional polymer-based composites have been established in previous work [272, 346]. 

However, there are no extant studies on reinforced CAD/CAM polymeric composites.  

Polymer degradation may be investigated indirectly through monitoring changes in hardness 

after storing specimens in solvents. Hardness is a quantitative measure of the resistance of a 

solid material to a compressive force applied by an indenter to its surface [41, 347]. 

Traditionally, the area of the permanent deformation is measured using a light microscope 

after load removal. While this is valid for materials with plastic deformation, it is less 

accurate for materials exhibiting elastic-plastic behaviour [347]. Martens hardness was 

introduced to overcome these limitations. The device is equipped with sensors for recording 

elastic and plastic components of the deformation throughout a force or depth-controlled 

instrumented indentation while loading via a classical Vickers diamond tip. Several 

quantitative parameters are automatically recorded from the resultant force-displacement 

plots, at each location, such as the indentation modulus, creep, area and depth. Although a 

few studies have determined Martens hardness for some polymer-based composites and 

ceramics [66, 84, 143, 276], the surface stability of CAD/CAM polymer composites 

reinforced with fibres or ceramic-fillers requires investigation. Hence this study concerns the 

effects of food-simulating liquids (FSLs) on the surface properties of three CAD/CAM 

polymer composite blocks designed for construction of implant-supported frameworks. 

Surface properties to be determined are roughness, Vickers hardness (HV) and properties 

measured by Martens force/depth indentation, namely: hardness (HM), modulus (EIT) and 

creep (CIT). The null hypotheses were as follows: 

1. No differences in the surface properties between specimens at baseline.  

2. No differences in the surface properties between specimens after storage for 24 h at 

37 °C in three storage media (water, 70% ethanol/water, MEK).  

3. No effect of storage duration (1- and 7-days) on the HM, EIT and CIT measurements. 
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5.3. MATERIALS AND METHODS 

 

Three commercially available high-performance polymeric CAD/CAM composites (Table. 

5.1): a carbon fibre-reinforced composite (CC), a glass fibre-reinforced composite (TR), and 

a reinforced PEEK (PK) were prepared for baseline measurements. Then the specimens were 

divided into three storage media at 37 °C: water (W), 70% ethanol/water (70% E/W), and 

methyl ethyl ketone (MEK). 

Roughness, Vickers hardness, Martens hardness and associated properties were measured in 

dry conditions 24 h after preparation (± 23 °C) (baseline), then after 24 h storage at 37 °C in 

the assigned FSLs. Further measurements of Martens hardness were recorded after 7 days. 

Table 5.1. CAD/CAM materials and manufacturer information. 

Code CAD/CAM Material Composition Manufacturer 

CC CarboCAD 3D 

Dream frame 

 

Carbon-fibre-

reinforced composite 

Carbon fibre  

Epoxy resin of plant 

origin (Bioresin) 

DEI®italia 

 

TR TRINIA 

 

Glass fibre-reinforced 

composite 

55-60% Glass fibre 

40-45% epoxy resin 

Bicon Europe, 

Ltd. 

PK DENTOKEEP  

 

Ceramic-filled 

polyetherether ketone 

20% wt TiO2 

80% wt PEEK 

NT-Trading, 

Germany 

 

 

Blocks of each material were sectioned into 2-mm thick slabs (9 x 15 mm) using a water-

cooled sectioning saw machine (IsoMet 1000 Precision saw, Bueheler). Specimens (n = 30 

per material) were embedded in epoxy resin, then polished successively under water with 

P360, P600, P800, P1000 and P1200 silicon-carbide papers at 200 rpm. Following guidelines 

for Martens hardness measurements: ISO-14577/2016 [242], specimens were polished to 

ensure a minimum roughness (Ra < 0.2 µm). The parallelism of each upper surface was 

checked visually and by a digital micrometer to within ± 0.1 mm. All specimens of CC, TR, 

and PK were ultrasonically cleaned for five min (Fig. C1). Specimens of TR and PK were 
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used as supplied. CC specimens were fired at 80 °C for 2 h following the manufacturer 

recommendations. 

 

The filler content (mass percentage) was measured using a standard ash method (ISO 

1172/1996) [348]. Using a calibrated analytic balance, the mass (mg) of three specimens per 

material (2 mm x 9 mm x 15 mm) was recorded before and after heating in a furnace 

(Programat EP 3000, Ivoclar Vivadent) at 630 °C for 30 min. The average filler content wt.% 

was recorded following the equation (5.3):  

 F𝑖𝑙𝑙𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = (𝑎2 − 𝑎1) 𝑥100 (5.3) 

 

Where a1 is the mass of the dry specimen and a2 is the mass of the ashed specimen. Refer to 

Fig. A2 for representative images of the experimental set up. 

 

The surface profiles of three selected specimens per study group were measured before and 

after 24 h ageing to determine roughness. A non-contact, white light profilometer was used 

with a chromatic length aberration (CLA) of 400 µm (Talysurf CLI 1000, Taylor Hobson 

Precision, Leicester, England). 

This white light profilometer was used to quantify the surface texture of the specimens using 

a bi-directional measurement and a sampling rate of 500 Hz. The specimens were centred on 

the platform and parameters set to scan an area of 1 mm2 with a resolution of 1001 points and 

at a speed of 500 µm /s. Five successive scans were taken at locations arranged as a grid array 

spaced apart by 1 mm spacing in X and Y directions (n = 15).  

Roughness was analysed using TalyMap software (Ametek Taylor Hobson Precision, 

Leicester, England) after applying a Gaussian filter with a cut-off set at 0.25 mm. Three-

dimensional height parameters defined by ISO-25178/2017 [288] were computed, and two 

outcomes were selected: Sa, mean surface roughness (µm) and Sz: the height (µm) between 

the highest peak and the deepest valley. Also, a two-dimensional profile was extracted for 

obtaining Ra, the arithmetical mean of roughness for additional reference and relative 
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comparison with other studies. It was noted that the definition of these parameters differs 

between different ISO standards utilised in the analysis software of the profilometer (Fig. 

C2).  

 

To observe any visual changes, a specimen of CC, TR, and PK, from each solvent-storage 

group was exposed for a longer immersion period of 7 days. These were examined at 10x 

magnification for any surface changes using a light microscope (Revolve, Echo, A BICO Co., 

San Diego, CA, USA).  

Another specimen from each group, also immersed for 7 d, was selected for SEM imaging. 

Prior to gold-sputtering the specimens were allowed to dry for 24 h at room temperature. 

Images were obtained in backscattered electron mode at 50× and 600× (SEM, JSM-6610 LV, 

JEOL Co., Tokyo, Japan). All SEM images were taken by a specialised technician in KSU 

laboratory. 

 

Three specimens from each 24 h ageing group were selected for Vickers measurement (HV) 

using a load of 500 gf at 23 ± 1°C for 15 s (Fig. C3). Five consecutive points were measured 

in each specimen (n = 15) using a micro-hardness instrument (FM-700, Kawasaki, Japan). 

 

A Zwick Martens Hardness Instrument (Z2.5, ZwickRoell Ltd., Leominster, UK) with a 

Vickers hardness measurement tip was used (Fig. C3). A fixed distance (18 mm) was 

maintained between the top surface of the specimen and the hardness measuring head at the 

start of all test sessions. A force was applied with a loading speed of 5 N/s, up to 50 N, and 

maintained for 30 s and removed at a rate of 5 N/s. The initial approaching rate was 100 

mm/min, while the approaching speed of the indenter tip until the initial contact was 40 

mm/min. The sensor tip distance to each specimen after proximity was 40 µm.  

Six-force controlled indentations, equally spaced, were made at baseline on each specimen (n 

= 4). The test load and the indentation depth were automatically recorded throughout the test 

procedure of loading and unloading the Vickers indentation tip (136°) and represented as 
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load-displacement curves (Fig. 5.1). The indentations were made on different predefined lines 

marked on each specimen surface to avoid repeated, and thus invalid measurements, at the 

same surface location. Martens hardness (HM) along with other parameters - indentation 

modulus (EIT) and indentation creep (CIT) were automatically obtained from the software 

(TestXpert®, Zwick GmbH & Co, Ulm, Germany). HM and EIT calculations were based on 

the following equations (5.1) and (5.2) as in ISO-14577-4/2016 [242]: 

 
𝐻𝑀 =  

𝐹

𝐴𝑠 (ℎ)
=  

𝐹

26.43 ∗ ℎ2
 (5.1) 

 

 
𝐸𝐼𝑇 = (1 −  𝑣𝑠

2) ∗ (
1

𝐸𝑟
− 

(1 − 𝑣𝑖
2)

𝐸𝑖
) (5.2) 

HM was expressed in N/mm2, F is the load in N, As(h) is the surface area of the indenter at a 

distance h from the tip in mm2, EIT in KN/mm2, vs is the Poisson ratio of the specimen (0.35) 

[349], and vi is the Poisson ratio of the indenter (0.3). Er is the reduced modulus of the 

indentation contact and Ei is the modulus of the indenter [292]. 

After storing the specimens in the FSLs, four indentations were made in each specimen after 

1- and 7-days (n = 12 per specimen in each ageing group).  

 

Figure 5.1. Schematic representation of load-displacement curve for polymer-based 

composite. 
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The data (means and standard deviations) were analysed using statistical software (SPSS Inc., 

Chicago, IL, USA). Testing for normality and homogeneity of variance was made using the 

Shapiro-Wilk and Levene’s tests, respectively. Any differences among the materials in terms 

of the baseline property measurements were investigated by one-way-ANOVA followed by 

multiple comparison tests (p ≤ 0.05). Two-way ANOVA, one-way repeated ANOVA, and 

Tukey post hoc tests (p ≤ 0.05) were performed to investigate the interaction within and 

between the materials and storage media. The sample size was calculated based on a pilot 

study (Table C1) using G′power software (V.3.1.3; Heinrich Hein University, Germany). 

This showed that repeated ANOVA has a power of 91.3% to detect differences in HM with 

sample size: n = 4 (α = 0.05).  
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5.4. RESULTS 

 

Table 5.2 presents the mean filler content (wt.%) measured by our ash method compared with 

manufacturer information, where available. The three materials were significantly different in 

their filler content in the following sequence TR > CC > PK specimens (p = 0.00). The FRC 

(CC and TR) specimens had notably higher filler content than the filled PEEK. 

Table 5.2. Filler content (wt.%) measured by the ash method (n = 3). 

Materials Measured filler 

content wt% 

Mean (SD) 

Manufacturer filler 

content wt% 

CC 42.5a (0.39) No information 

TR 55.8b (1.4) 55-60 

PK 21.3c (1.56) 20 

Different superscript letters indicate significant differences between the materials (p ≤ 0.05). 

 

 

Results are presented in Table 5.3 and as surface profiles in Figure 5.2. Roughness was 

affected by the storage media and material (p < 0.001).  

At baseline, there were no statistically significant differences in Sz measurements for CC and 

TR (p = 0.48), but Sz roughness for PK was less (p <0.001). The trends in roughness 

increased in the order PK, TR, CC (p < 0.001) for Sa.  For Ra, there were no significant 

differences in roughness between CC and TR (p = 0.1). 

After ageing in water, generally there were minimal differences compared to the baseline 

data. Sa decreased for CC (p < 0.03). But there was no difference in Sa for TR (p = 0.15), nor 

for Sz and Ra. However, Sa increased slightly for PK (p < 0.03). For Ra, there was no 

difference for CC, but a slight decrease for PK.  

One-day storage in organic solvents caused considerable increases in roughness 

measurements for CC and TR (p < 0.001).  
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With MEK, the fibre-reinforced specimens, particularly TR, increased significantly in 

roughness: for CC, Sa was seven times and for TR nearly 50 times rougher than their baseline 

measurements (p < 0.001). However, notably for PK, MEK exposure did not change the 

surface roughness from baseline.  

However, 70% E/W did increase the roughness parameters for CC, TR, and PK. For PK in 

E/W, the Sz parameter increased by a factor of 4 relative to the baseline. 

 

 Water 70% E/W MEK 

CC 

 
 

 

TR 

 
  

PK 

 
  

Figure 5.2. Representative 1 mm2 3D surface profiles of CAD/CAM specimens (CC, TR, and 

PK) after storage for 24 h at 37 °C in: water, 70% E/W, and MEK. 
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Table 5.3. Roughness parameters (Sa, Sz, and Ra) expressed in µm for CAD/CAM specimens stored in FSLs for 24 h at 37 °C. 

Materials Sa (µm) Sz (µm) Ra (µm) 

CC TR PK CC TR PK CC TR PK 

Baseline 0.268a,1 

(0.04) 

0.241a,2 

(0.02) 

0.202a,3 

(0.03) 

7.11a,1 

(1.5) 

6.57a,1 

(2.92) 

3.67a,2 

(1.72) 

0.183a,1 

(0.02) 

0.192a,1 

(0.02) 

0.172a,2 

(0.03) 

Water 0.243b,1 

(0.02) 

0.254a,,1 

(0.02) 

0.225b,2 

(0.02) 

4.60b,1 

(0.54) 

6.50a,2 

(1.82) 

4.51a,1 

(0.38) 

0.2a,1 

(0.03) 

0.177a,1 

(0.03) 

0.131b,2 

(0.03) 

70% E/W 0.732c,1 

(0.1) 

0.987b,2 

(0.08) 

0.244c,3 

(0.03) 

10.60c,1 

(2.72) 

17.82b,1 

(6.1) 

16.10b,1 

(4.41) 

0.614b,1 

(0.12) 

0.832b,2 

(0.07) 

0.169a,3 

(0.03) 

MEK 1.831d,1 

(0.31) 

12.507c,2 

(1.7) 

0.232a,3 

(0.06) 

29.47d,1 

(6.31) 

72.13c,2 

(7.78) 

4.4a,3 

(1.06) 

1.254c,1 

(0.4) 

9.408c,2 

(1.24) 

0.157a,3 

(0.05) 

For each row, the same superscript numbers indicate no significant difference between the materials (p > 0.05). For each column, the same superscript letters indicate no 

statistically significant difference between ageing groups (p > 0.05). NB each roughness parameter is treated statistically independent.
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Optical microscopic images (10×) in Fig. 5.3 illustrate surface changes in the CAD/CAM 

specimens after 7-day storage in FSLs. Considerable signs of deterioration could be seen in 

CC and TR stored in E and M groups, while PK appeared fairly stable across the study groups 

with slight changes seen in the E group. Differences in fibre arrangements were clearly 

demonstrated. The glass fibres aligned parallel to each other in TR. In CC specimens, some 

reflective surface areas were apparent.  

 

Figure 5.3. Representative microscopic images of CAD/CAM specimens (CC, TR, and PK) 

after 7-day-storage in: water (W), 70% E/W (E), and MEK (M). 

Figure 5.4 presents representative backscattered mode SEM images. Areas of partial fibre 

detachment from the epoxy resin matrix were observed in CC and TR specimens. These 

detachments appear more distinctly in MEK groups. 
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 Figure 5.4. Representative SEM images (50× and 600×) of CAD/CAM specimens (CC, TR, 

and PK) after 7-day-storage in: water (W), 70% E/W (E), and MEK (M). 

 

The HV data for the CAD/CAM composites are presented in Table 5.4 and (as differences 

relative to the baseline measurements) in Figure 5.5. At baseline, there were statistically 

significant differences in HV between the materials (p < 0.001), ranging from 23.05 to 36.93. 

After 24 h storage in FSLs, the hardness of CC specimens decreased by nearly 43% in MEK 

(p < 0.001). For TR specimens, a reduction of nearly 28% in HV was observed in MEK and 

70% E/W (p < 0.001). The HV of PK increased after storage in 70% E/W (p < 0.012) and 

MEK (p < 0.006). The HV measurements were significantly reduced in CC specimens stored 

in water (12%, p < 0.011) more than TR (5%, p = 0.132) and PK (1%, p = 0.659). 
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Table 5.4. Vickers hardness (HV) of CAD/CAM composites after storage in FSLs for 24 h at 

37 °C. 

Materials Baseline Water 70%E/W MEK 

CC 36.91,a 

(4.5) 

32.61,b 

(4.4) 

31.31,b 

(3.6) 

21.21,c 

(4.8) 

TR 33.12,a 

(3.2) 

31.51,a 

(3.6) 

23.62,b 

(2.9) 

23.81,2,b 

(3.4) 

PK 23.053,a 

(1.7) 

23.342,a 

(1.5) 

25.52,b 

(2.7) 

262,b 

(3.2) 

For each row, the same superscript lowercase letters indicate no statistically significant difference 

between ageing groups (p > 0.05). For each column, the same superscript numbers indicate no 

significant difference between the materials (p > 0.05). 

 

  

Figure 5.5. Changes (%) in Vickers hardness of CAD/CAM specimens (CC, TR, and PK) 

before and after 24 h- storage in FSLs at 37 °C. The horizontal lines indicate no statistically 

significant difference. 
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Baseline force-indentation data are plotted in Figure 5.6 and derived parameters presented in 

Table C2. 

Martens hardness decreased in the sequence CC, TR, and PK (p < 0.001). The maximum 

indentation depth (hmax) was recorded in PK (91.8 µm) with higher elastic recovery than CC 

and TR. The EIT and CIT for PK specimens were lower than TR and CC (p < 0.001). The 

surface area of the indentation under load was 0.2 mm2 for all materials. 

 

Figure 5.6. Representative force-indentation depth curves showing the loading and unloading 

curves for the CAD/CAM composites at baseline (prior to FSL storage). Indentation creep is 

represented by the plateau of the plots. 

Table 5.5 and Figure 5.7 present the changes in HM, EIT, and CIT after storage of the 

CAD/CAM composites in FSLs over time. HM and EIT were affected by material and storage 

media with statistically significant differences (p < 0.001), except for CC specimens stored in 

water (HM, p = 0.54; EIT, p = 0.55).   
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Table 5.5. Martens hardness (HM), indentation modulus (EIT) and indentation creep (CIT) of 

CAD/CAM composites after storage in FSLs for 1 and 7 days at 37 °C (n = 12). 

Material Media Water 70%E/W MEK 

Baseline 

HM 

1 d 7 d 1 d 7 d 1 d 7 d 

CC 330.6a,1,A 

(21.2) 

314.7a,1,A 

(37.2) 

328.1a,1,A 

(31) 

243.5b,2,A 

(27.5) 

205.7c,3,A 

(21.7) 

190.1b,2,A   

(42.2) 

159.3c,2,A 

(40.4) 

TR 295.3a,1,B 

(12.5) 

235.8b,2,B 

(17.4) 

275.7c,3,A 

(35) 

285.5b,1,B 

(21.6) 

192.8c,2,A 

(25.2) 

134b,2,B  

(65.5) 

65.5c,3,B 

(11) 

PK 224.5a,1,C 

(5.1) 

216.4b,2,B 

(2.9) 

236.3c,3,B 

(2.8) 

174.7b,2,C 

(7.9) 

212.1c,3,A  

(8.2) 

217.5b,1,A  

(26.3) 

182.7c,2,A  

(13.7) 

Material Media Water 70%E/W MEK 

Baseline 

EIT 

1 d 7 d 1 d 7 d 1 d 7 d 

CC 9.3a,1,A 

(0.7) 

9a,1,A  

(1.4) 

8.3a,2,A 

(0.5) 

6.2b,2,A 

(0.9) 

4.2c,3,A   

(0.4) 

5.7b,2,A  

(3.7) 

7 c,2,A 

(1.8) 

TR 9.8a,1,B 

(0.8) 

6b,2,B  

(1.3) 

8.6c,1,A 

(1.5) 

9.7b,1,B 

(0.9) 

5.4c,2,B,C 

(1.5) 

6.4b,2,A  

(1.6) 

4.9c,3,B  

(0.6) 

PK 6a,1,C   

(0.2) 

5.9b,2,B 

(0.04) 

6.1c,1,B 

(0.09) 

4.1b,2,C 

(0.3) 

4.9c,3,A,C  

(0.2) 

5.3b,1,A  

(1.4) 

5.1c,2,B  

(0.6) 

Material Media Water 70%E/W MEK 

Baseline 

CIT 

1 d 7 d 1 d 7 d 1 d 7 d 

CC 5.3a,1,A  

(1) 

6.1a,1,A  

(1) 

4.9a,1,A 

(1.8) 

6b,1,A  

(0.6) 

4.9c,2,A   

(0.8) 

4.9a,1,A   

(0.9) 

5.5 a,2,A  

(0.6) 

TR 5.8a,1,B 

(0.8) 

6.7b,1,A 

(1.4) 

6.5c,2,B 

(0.7) 

5.3a,1,B 

(0.8) 

5.2a,1,A 

(1.1) 

5.9a,1,B  

(1.4) 

5.9a,1,A  

(0.6) 

PK 3.9a,1,C 

(0.4) 

4.3b,1,B 

(0.3) 

3.8c,1,A 

(0.7) 

4b,1,C 

(0.2) 

3.7c,2,B  

(0.3) 

3.7a,1,C  

(0.5) 

3.8a,1,B  

(0.3) 

For each row, different superscript lowercase letters indicate significant differences between storage 

media within one material (p ≤ 0.05). For each row, different superscript numbers indicate significant 

differences between ageing time (baseline, 1d, and 7d) within each storage medium (p ≤ 0.05). For each 

column, different superscript uppercase letters indicate significant differences between materials (p ≤ 

0.05). 

 

After 24 h storage in water, Martens hardness slightly decreased for TR and PK (p < 0.001), 

but not for CC. After 7 days, a recovery or slight increase in HM was observed in all the 

specimens.   
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After 24 h storage in ethanol, differences were apparent between CC and TR. Less reduction 

was seen in TR compared to CC (3.3%, 26.4%, respectively, p < 0.001). However, after 7 

days, both materials had nearly 36% reduction (p < 0.003).  

After 24 h storage in MEK, Martens hardness for TR and CC drastically reduced (54.6% and 

42.5%, respectively, p < 0.001) more than PK (3.1%, p = 0.93). The reduction continued 

significantly after 7 days to more than 77% of the initial HM for TR and 51% for CC (p < 

0.001). After 24 h storage in 70% E/W, PK specimens exhibited greater reduction (22.2%, p 

< 0.001) in Martens hardness (p < 0.001) than in MEK and water. After 7 days, the HM for 

PK decreased in MEK (18.6%, p < 0.004) but nearly recovered in 70% E/W (5.5%, p < 

0.001). 

The indentation modulus for all materials, significantly reduced after 24 h storage in all 

storage media (p < 0.001). Creep (CIT), varied only to a minor extent between materials and 

storage media. 

At baseline, a positive linear relationship was obtained between HM and HV (r2 = 0.995, p = 

0.00). After 24 h ageing, there were no significant correlations except in water (r2 = 0.535, p 

= 0.01).  

Similarly, positive linear relationships were obtained between HM and Sa measurements at 

baseline and after 24 h storage in 70% E/W (r2 = 0.995, 0.998, respectively, p = 0.00). 

However, the relationship was negative after 24 h storage in MEK (r2 = 0.957, p = 0.00). 
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CC 

 

TR 

 

PK 

 

Figure 5.7. Martens hardness of CAD/CAM specimens (CC, TR, and PK) after storage in 

FSLs for 1 and 7 days at 37 °C. Note the relative stability of PK specimens.



148 

 

 

5.5. DISCUSSION 

Results from the present study showed that three reinforced CAD/CAM polymer composites, 

indicated for prosthetic frameworks, were significantly different in their surface properties 

(roughness, Vickers hardness, Martens hardness, indentation modulus, and indentation 

creep). These properties for each material were significantly affected by the storage media. 

At baseline, the roughness, HV and HM for the fibre-reinforced composites (FRC) were 

significantly higher than that for reinforced PEEK (p < 0.001). However, after storage in food 

simulating liquids for 1 and 7 days, considerable changes in the surface properties were 

recorded in CC and TR. But changes were less for PK. Therefore, all null hypotheses were 

rejected. 

Restorative dental materials are exposed throughout their clinical service to variably 

aggressive environmental conditions: including biological, chemical, physical and 

mechanical fluctuations. Current CAD/CAM framework polymer composites require 

veneering with aesthetic materials due to their suboptimal optical properties. However, the 

fitting surface of the framework is usually polished and not necessarily veneered which 

exposes the material surface to the oral environment. Therefore, the durability of these 

materials required investigation by monitoring their fitting surfaces, after artificial ageing in 

different storage media, for signs of degradation using roughness and hardness 

measurements. 

 

Improved mechanical properties of polymer-based composites are generally attributable to 

modified compositions and microstructural features such as polymer matrix, filler loading, 

fibre type, form, length, orientation and the quality of the filler- or fibre-matrix interface [19, 

231]. FRC property differences in the present study are partly due to different wt.% filler 

contents: (CC ~ 43%; TR ~ 56%) compared to that in PK (~ 21%). Positive correlations have 

been established previously between hardness or flexural strength versus filler content (0%, 

20%, and 30%) of PEEK blocks [231, 232]. Similar to our results, artificial ageing media 

affected the CAD/CAM materials differently, with filler loading being a major factor [293].  

The quality of reinforced CAD/CAM composite blocks has become more consistent with 

production methods using controlled temperatures and/or high pressures (HT-HP) [43, 191]. 
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In contrast, production difficulties with conventional FRCs, due to fibre clustering, can 

remain a significant drawback [177, 350]. Two forms of CAD/CAM FRCs were included in 

this study. CC was made of multi-directional, randomly oriented carbon filaments embedded 

in epoxy resin [171, 225], whereas TR consisted  of woven fibreglass sheets aligned in 

multiple layers within epoxy resin [9].  

Both fibre orientation (anisotropy) and arrangement play critical roles in mechanical 

properties [11, 205]. Therefore, the TR surface containing glass fibres layered longitudinally 

parallel was selected for surface measurements. This selection was based on the results of a 

recent study, where higher flexural strength and fracture toughness were associated with this 

longitudinal surface [205]. In comparison, carbon fibres were randomly arranged in CC 

specimens, hence the surface selected was less likely to affect the results.  

PEEK is a high-temperature thermoplastic polymer with a semi-crystalline linear structure 

that has been used in the medical field for various orthopaedic reconstructions, due to its 

lower modulus of elasticity closer to that of bone [9, 227]. In this study, ceramic-filled PEEK 

(20% TiO2) was investigated. The addition of 0.3-0.5 µm ceramic particles provides a 

homogenous structure that is reflected in its consistent mechanical properties [9]. Reinforced 

PEEK was introduced into dental practice on account of its biocompatibility, favourable 

mechanical properties and stability to thermal and chemical changes [68, 84, 165, 169, 232, 

259, 263].  

 

Roughness measured through non-contact profilometry and expressed in 3D-amplitude 

parameters is gaining popularity in dental research against the original 2D parameter (Ra). In 

this study, both measurements provided detailed and comparable information on the surface 

changes after FSL immersion.  

Baseline roughnesses (Ra) for the polished specimens were just below the clinically 

acceptable maximum of 0.2 µm. Roughness above 0.2 µm has been associated with increased 

plaque and oral biofilm formation [285, 286]. However, the chemical composition of some 

materials tends to increase biofilm affinity, more than others, despite their low roughness. For 

example, more bacteria adhered on PMMA, zirconia and titanium than on PEEK specimens 

[165]. Such results favour PK as an implant abutment material from a biological 



150 

 

 

perspective.  Also, roughness and fibre protrusion could be a source of mechanical irritation 

to the surrounding soft tissues. However, a certain level of roughness is required for enhanced 

bonding of veneers. 

There were minimal but statistically significant differences in Sa between these materials: 

from a low of 0.172 µm for PK to a high of 0.308 µm for CC. However, a more pronounced 

distinction occurred in Sz for CC (7.1 µm) and TR (6.6 µm); significantly higher than for PK 

(3.7 µm). Similarly, TR was two times rougher than PK irrespective of their polishing state 

[204]. Different polishing protocols of PK have produced a wide range of Ra: from 0.032 to 

1.337 µm [267]. Also, rougher surfaces (1.18 µm) for polished PK versus milled PK (0.6 µm) 

were reported [204]. The effectiveness of polishing techniques for CAD/CAM polymer 

composites appears controversial. 

After ageing, both Sa and Sz roughness increased, being significantly higher in 70% E/W and 

MEK groups and among the FRCs. TR specimens were affected the most after 24 h storage 

in MEK where Sa and Sz reached 12.5 µm and 72.13 µm, respectively. This could be due to a 

combination of partial fibre-detachments and degradation of epoxy resin (Figures 5.3 and 

5.4). However, Ra for PK specimens remained below 0.2 µm in all FSLs except for 70%E/W, 

where Sz increased four times over baseline Sz (p < 0.05). This shows the value of 

considering different amplitude parameters.  

 

Microhardness is an essentially non-destructive parameter for  materials characterization [19, 

20]. However, hardness is not an intrinsic material property.  

Two forms of static hardness measurement were applied in this study. Vickers hardness was 

determined from the residual indentation after load removal, whereas Martens hardness was 

determined via a loading/unloading process. Material hardness, measured by instrumented 

indentation, is referred to as Universal hardness (UH), or ‘Hardness under test force’ in ISO 

14577/2016 [242] or - more recently - Martens hardness (HM) [347]. This established 

methodology permits mechanical characterization of a material without the need for optical 

measurement of the indentation [292]. Therefore, the subjective limitation associated with the 

conventional methodologies has been eliminated and more importantly the viscoelastic 

recovery of polymer-based composites is allowed for [351]. However, several parameters 



151 

 

 

influence Martens hardness and must be standardised. These are the loading force, the 

holding time and the ambient temperature [292]. 

Comparing numerical HM results between different studies may be difficult [292]. The study 

parameters employed here, also used in a previous study [143], were found suitable for 

polymer-based materials. Changes in the indentation depth were recorded while force 

gradually increased to 50 N, then the force was maintained for 30 s to measure creep. In 

contrast, lower loading forces (9.8 N) and shorter holding times (10-20 s) were 

usually implemented for ceramics (20 s) [352] and zirconia (10s) [66]. However, HV is not so 

affected by the loading force if ≥ 200 Kgf. But it is affected by specimen surface condition 

[143]. Therefore, after longer exposure to FSLs (> 24 h), the increased roughness caused by 

the irregular deterioration of the fibre-matrix drastically affected the visual determination of 

the indentation marks in HV. In contrast, instrumented indentations were not affected, 

highlighting the advantages of HM monitoring during an ageing process. 

Despite the microstructural differences between the composite specimens, Martens hardness 

plots were consistent for each material once the measurement parameters were standardised 

(Fig. C4). Likewise, the efficacy of HM has been demonstrated when investigating the 

hardness of denture teeth (acrylic, resin composite and porcelain) [143]. The PK specimen 

plots were even more consistent than those for the FRCs (Fig. C4). 

At baseline, HM for the FRCs were significantly higher than for PK. HM for PK was 

comparable to previous studies and to PMMA-based materials [231, 276], but there were no 

previous HM measurements for the two FRC available for comparison. Mean EIT for the TR 

specimens was slightly higher than that for CC (9.8, 9.3 GPa, respectively) and both were 

higher than that for PK (6 GPa) (p < 0.001). A recent study found that the HM for dentin (n = 

10, HM /9.8N/10s = 468.2 ± 30.77 N/mm2, EIT = 14.14 ± 4.59 kN/mm2) was ten times higher 

than that for PK [231]. However, a reasonably low EIT could be advantageous for implant-

supported prostheses where a stress-absorbing mechanism is required to prevent premature 

implant loss. 

Baseline HV significantly correlated with baseline HM (r2 = 0.995); reinforced PEEK was 

softer than the FRCs. HV for PK (23.05 ± 1.74) was also lower than conventional 

resin composites but comparable to that of PMMA-based materials [17, 84, 227]. However, 

differences between HM and HV were observed after storage in FSLs. 
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Besides distilled water, 70% E/W and MEK are standard storage media used in accelerated 

ageing studies. These organic solvents simulate the effect of nutrition and dental care 

products on the physical and mechanical properties of dental polymers [270, 346, 353]. 

Chemical degradation of these CAD/CAM composites, manifested by reduction in hardness 

and indentation modulus, is due to diffusion of solvent molecules between filler particles or 

fibres and the matrix. This resulted in fiber detachment from the polymer matrix. Diffusion of 

solvent molecules within the matrix structure also made it softer and less wear-resistant [19, 

20]. After 24 h storage in FSLs, HM was significantly different between CC and TR. 

However, after 7 days in MEK, TR specimens were much softer than CC (p < 0.001). MEK 

caused greater deterioration for both FRC than PK, while 70% E/W had a slightly greater 

effect on PK.  

The homogenous structure of the 20% ceramic-filled PEEK was reflected in its stability and 

consistency in hardness and roughness results. Similarly, hardness and roughness were not 

affected after subjecting PK specimens to thermocycling although its crystallinity may 

decrease [274]. FRCs showed greater scatter in hardness, the rougher the material became 

with ageing. Therefore, our results support the provision of full coverage for current 

framework HPP composites to minimise surface degradation. This may prevent plaque 

accumulation and mechanical irritation to oral tissues. 

5.6. CONCLUSION 

Exposure to different storage media variably affected the surface and mechanical properties 

of each CAD/CAM polymeric composite. At baseline, fibre-reinforced composites were 

significantly rougher and harder than ceramic-filled PEEK. However, during ageing, 

reinforced PEEK showed greater stability in these properties. Nevertheless, the surface 

deterioration suggests the advisability of full protection by a veneer material on each aspect 

of the prosthetic framework. 
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6.1. ABSTRACT 

Objectives: This study investigated the effect of ageing in three food-simulating liquids 

(FSLs) on mechanical properties of three prosthodontic CAD/CAM polymer composites 

intended for construction of implant-supported frameworks.  

Methods: Materials investigated were: (i) a carbon fibre-reinforced composite (CarboCAD 

3D dream frame; CC), (ii) a glass fibre-reinforced composite (TRINIA; TR), and (iii) a 

reinforced PEEK (DentoKeep; PK). Filler contents and microstructural arrangements were 

determined by thermo-gravimetry and tomography (µ-CT), respectively. Flexural properties 

(FS and Ef) were measured by 3-point bending (3PB) of 1 mm and 2 mm thick beam 

specimens. Fracture toughness (KIC) was measured by single-edge-notched-bending (SENB). 

All measurements were made at baseline (dry) and after 1-day and 7-day storage at 37 ℃ in 

either water, 70% ethanol/water (70% E/W) or methyl ethyl ketone (MEK). Failed specimens 

were examined microscopically. Statistical analyses included four-way ANOVA, two-way 

ANOVA, and multiple Tukey comparison tests (α = 0.05). Multiple independent t-tests were 

performed regarding thickness effects on FS and Ef (α = 0.05). 

Results: At baseline, the mechanical properties increased in the sequence: PK < TR< CC (p 

< 0.001). FS ranged from 192.9 to 501.5 MPa; Ef from 4.2 to 18.1 GPa; and KIC from 4.9 to 

12.4 MPa.m0.5. Fibre-reinforced composites (CC and TR) were significantly stronger than 

PK. However, all properties of CC and TR reduced after 1 d storage in 70% E/W and MEK 

with FS ranging from 58.6 to 408 MPa; Ef from 1 to 15.4 GPa; KIC from 6.87 to 10.17 

MPa.m0.5. Greater reductions occurred after 7 d storage. MEK was more detrimental than 

70% E/W and water on fibre-reinforced composites.  

Significance: Mechanical properties of each CAD/CAM composite were strongly dependent 

upon media and ageing. Although the mechanical properties of PK were initially inferior, it 

was relatively stable in all FSLs. All three materials exhibited sufficient mechanical 

properties at 1 mm thickness, but thicker specimens were more tolerant to ageing.  

Keywords: CAD/CAM composite; food-simulating liquid; ageing; flexural strength; fracture 

toughness; three-point bending; fractographic analysis. 
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6.2. INTRODUCTION 

Metal ceramics, previously called porcelain fused to metal, have been the material of choice 

for fabricating implant-supported prostheses (ISP) [354]. However, a paradigm shift to a non-

metallic era has resulted in various innovative restorative and prosthetic framework materials 

such as polycrystalline zirconia [37]. However, because of their great rigidity and mechanical 

incompatibility with natural oral structures, issues such as vertical bone loss and veneer 

chipping have arisen [37]. Therefore, demand has increased for biomimetic materials to 

improve the sustainability of prosthetic treatment. Moreover, advances in CAD/CAM 

technology, with its controlled production methods, has re-directed research towards 

reinforced polymer-based composites as viable alternatives to conventional prosthetic 

materials. 

Compositional developments have involved combining different matrices with fillers such as 

ceramic particles or incorporating different fibres such as glass or carbon. These CAD/CAM 

blocks, often described as high-performance polymer (HPP) composites, have been indicated 

for post and core [256, 259] and fixed and removable prostheses [177, 355]. Their superior 

mechanical properties have extended their clinical applications to implant-supported 

frameworks (ISF) [9, 182, 200, 235, 356]. Previously, a five-year longitudinal multicentre 

study assessed the clinical performance of conventionally produced carbon-graphite fibre-

reinforced PMMA as ISF [209]. Although these fibre-reinforced composites (FRC) were 

biocompatible, with good precision and at a reasonable cost compared to metal ISF, their 

mechanical qualities were inadequate, as the survival rate was only 70% [209]. In contrast, a 

recent five-year retrospective clinical study [181] reported comparable cumulative survival 

rates for ISFs fabricated from reinforced PEEK and titanium (93.1% and 93.5%, 

respectively). The most frequent complication was fracture of the veneer material. However, 

reinforced PEEK and carbon fibre reinforced composites were associated with significantly 

lower vertical bone loss as ISF (0.7 and 0.8 mm, respectively) than the titanium group (0.96-

1.0 mm) [225].  

A few in vitro studies have investigated HPP composites in terms of their load dissipating 

feature [218, 220, 232, 233], biocompatibility [165, 179, 198] and mechanical properties in 

relation to fibre orientation [11, 205] or filler content [357]. However, there is a need to 

monitor mechanical properties of new polymer composites under simulated challenges of the 
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oral environment. The ageing process is complex and involves many interacting variables 

including chemical, physical, mechanical and thermal variables.  

Dental biomaterials are exposed to various liquids induced naturally or absorbed from dietary 

and oral care products. Ethanol and methyl ethyl ketone (MEK) are two organic solvents, 

frequently used as food-simulating liquids that have been approved by the US Food and Drug 

Administration (FDA) [278]. Measuring flexural strength of specimens subjected to 

accelerated ageing using organic solvents at relatively high concentrations has been 

established for conventional and reinforced CAD/CAM polymeric composites [19, 192, 206, 

271]. However, the mechanical behaviour of such polymer composites aged in organic 

solvents needs more extended investigation. Furthermore, mechanical properties measured in 

thin sections may assist interpretation of clinical behaviour for cases with limited occlusal 

space.  

The present investigation concerns effects of three food-simulating liquids (FSLs) on 

mechanical properties of three CAD/CAM polymer composite blocks, at two different 

thicknesses, designed for constructing ISFs. Mechanical properties studied were flexural 

strength (FS), flexural modulus (Ef) and fracture toughness (KIC) (single-edge-notched-beam) 

measured by three-point bending. The null hypotheses were as follows:  

1. No differences in mechanical properties between three materials, for each thickness, 

at baseline (dry, without ageing). 

2. No differences in FS, Ef, KIC of each material after specimen storage in three media: 

water, 70% ethanol/water (70% E/W) and MEK. 

3. No differences in FS, Ef, KIC of each material after specimen storage in the three 

media for 7 d compared to 1 d. 

4. No differences in FS and Ef between 1 mm and 2 mm thick specimens. 
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6.3. MATERIALS AND METHODS 

 

A total of 657 specimens were prepared from three CAD/CAM polymer composite blocks 

(Table. 6.1): carbon-fibre reinforced composite (CC), glass fibre-reinforced composite (TR) 

and ceramic-filled polyether ether ketone (PK). Specimens were sectioned into plates or 

beams, as required for each property investigated, using a diamond disc saw (IsoMet 1000 

Precision saw, Buhler). The specimens were manually polished with SiC grinding papers: 

grits P600 and P800 to round off any sharp edges. Specimen dimensions were measured with 

a digital micrometre (± 0.02 mm) and all specimens were ultrasonically cleaned for five min. 

CC specimens were fired at 80°C for 2 h, following the manufacturer recommendations, 

while TR and PK specimens did not require any firing. 

The flexural strength (FS), flexural modulus (Ef), and fracture toughness (KIC) were measured 

dry, 24 h after preparation (± 23 °C) (baseline). Then properties were re-measured after 1 d 

and 7 d storage in three media at 37 °C: water (W), 70% ethanol/water (E/W), and methyl 

ethyl ketone (MEK). Fig. 6.1 presents the distribution of specimens for flexural and fracture 

toughness tests with three media and two durations both in dry and aging conditions. FS and 

Ef were measured for both 1 mm and 2 mm thick beams. 

 

Figures D1- D4 in appendix D include representative images for several experimental steps.  

 

Figure 6.1. Flowchart and ageing groups for the three CAD/CAM materials (N = 210 per 

material, n = 10 per subgroup).  
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Table 6.1. CAD/CAM polymer materials and manufacturer information. 

Code CAD/CAM Material Composition Properties Manufacturer 

CC CarboCAD 3D 

Dream frame 

 

Carbon-fibre-

reinforced 

composite 

Carbon fibre  

Epoxy resin of 

plant origin 

(Bioresin) 

No information on 

composition is 

available 

FS 421 MPa 

Ef 20.4 GPa 

DEI®italia, 

Italy 

 

TR TRINIA 

 

Glass fibre-

reinforced 

composite 

55-60% Glass fibre 

40-45% epoxy 

resin 

FS 393 MPa 

Ef 18.8 GPa 

KIC 9.7 

MPa.mm0.5 

Bicon Europe, 

Ltd, Ireland 

PK DentoKEEP  

 

Ceramic-filled 

polyetherether 

ketone 

20% wt TiO2 

80% wt PEEK 

FS 165 MPa 

Ef 3.8 GPa 

NT-Trading, 

Germany 

 

 

The filler content (mass percentage) was measured using the standard ash method (ISO 

1172/1996 [348]. Using a calibrated analytic balance (accurate to 0.0001 g), the mass (mg) of 

three specimens per material (2 mm × 9 mm × 15 mm) was recorded before and after heating 

in a furnace at 630 °C for 30 min (Programat EP 3000, Ivoclar Vivadent). Specimen 

dimensions were measured digitally (to 0.01 mm). Average filler contents (wt.%) were 

calculated via equation (6.1). 

 Filler content (%) = (a2−a1)×100 (6.1)  

 

where a1 is the mass of the dry specimen and a2 is the mass of the ashed specimen. Refer to 

Fig. A2 for representative images of the experimental set up.  

The density of six specimens from each material was calculated via equation (6.2). 

 𝜌 =  
𝑚

𝑉
 (6.2)  

 

where, m is mass (g) and V is volume (cm3).
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To examine the structural configuration, one specimen from each material was scanned (dry) 

(1172 micro-CT; Bruker Skyscan, Belgium). To setup the scanner, 25 kV voltage, 110 A 

anode current, 1180 ms exposure duration, 4.84 µm image pixel size and 0.4 rotation step for 

360° angle were used. To improve signal-to-noise ratio, frame averaging of 4 was applied 

and to eliminate ring artifacts, random movement of 8 was included. Reconstruction of the 

projected images was performed using ©N-Recon, (version 1.6.9.4; Bruker Skyscan, 

Belgium) to produce cross-sectional images. Reconstructed images were saved as 16-bit TIFF 

files and loaded to ©Dataviewer software (version 1.5.6.2; Bruker Skyscan, Belgium) to 

examine the 3D datasets. These µCT images were taken by a specialised technician in KSU 

laboratory. 

 

Specimens (n = 140) from each material were prepared as beams and divided into two groups 

based on their thickness: 1 mm/2 mm thickness × 18 mm length × 4 mm width. For each 

thickness, specimens were subdivided into seven groups (n = 10) (Fig. D1). FS was measured 

dry, via a universal testing machine (Instron 5965, USA, calibrated 5 kN load cell), and then 

after storage in three FSLs at 37 °C for 1 d and 7 d. Each beam specimen was measured via 

three-point bending across a 12 mm span at a crosshead speed of 1 mm/min until fracture, 

following ISO 6872/2018 [295]. The flexural strength FS (MPa) was calculated via equation 

(6.3), which is derived on the basis of assumed linear-elastic behaviour: 

𝐹𝑆 =  
3𝐹𝐿

2𝑤ℎ2
 

(6.3) 

where F was the maximum load (N) at the highest point of each load-deflection curve; L is 

the span length between supports (mm); w is the specimen width (mm), and h is the height 

(mm). 

The flexural modulus Ef (GPa) was calculated from the slope of the load-deflection curve in 

the linear region, via equation (6.4), also based on linear-elastic assumptions: 

𝐸𝑓 =  
𝐿3𝐹

4𝑤ℎ3𝑑
 

(6.4) 

Where d is the deflection (mm).
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Seventy beam specimens per material (18 mm × 4 mm × 3 mm) were sectioned and divided 

into 7 subgroups (n = 10). A single-edge-notched-beam (SENB) methodology was followed 

for miniature 3PB tests [358]. KIC was measured dry and then after storage in three FSLs at 

37 °C for 1 d and 7 d. Fracture toughness is an intrinsic material property thus not influenced 

by specimen geometry nor the testing methodology but is affected by internal flaw features 

[291]. 

A sharp notch was cut in the centre of each beam using a diamond disc and a slow-speed 

handpiece fixed to a positioning device (Fig. D2). Each specimen was secured in a metal 

holder, with the 3 mm wide surface upwards, on a sliding surface to create a standardised 1.8 

± 0.2 mm notch depth. A razor blade embedded in diamond paste was placed at the base of 

the notch to create an initial crack (Fig. D3). Then, the beams were removed and cleaned with 

distilled water in an ultrasonic bath for 10 min. Fracture toughness (KIC) was measured at 23 

± 1°C by three-point bending with a universal testing machine (Instron 5965, MA, USA), 

according to ISO 10477/2020 [289] and ASTM D5045-14 [359]. A calibrated 5 kN load cell, 

aligned at the centre of a 12 mm span, recorded loads at a crosshead speed of 1 mm/min, until 

fracture occurred (Fig. D4). Measurements of the crack length were recorded by a light 

microscope at ×50 magnification. 

Fracture toughness KIC (MPa.m0.5) was calculated via equation (6.5), which assumes linear-

elastic material behaviour: 

 
KIC [

𝐹𝐿

𝐵𝑊1.5
] 𝑌 

(6.5) 

F is the maximum load to fracture (N); L is the span length between the supports (m); B is the 

specimen width (m), W is the height (m), and Y is a geometrical function calculated by 

equation (6.6) where a is the crack length (m) and w is the height (m): 

 
Y = [2.9(

𝑎

𝑤
)1/2 − 4.6 (

𝑎

𝑤
)

3

2
+ 21.8 (

𝑎

𝑤
)

5

2
− 37.6 (

𝑎

𝑤
)

7

2
+ 38.7 (

𝑎

𝑤
)

9

2
] 

(6.6) 
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Three specimens of CC, TR, and PK, from each ageing group, were examined after 3PB at 

×50 and ×100 magnification using a light microscope (Hirox Digital Microscope KH-7700, 

USA). An additional representative specimen from each 7-d storage group was selected for 

SEM imaging after the 3PB and SENB. Debris from the specimens were cleaned using an 

ultrasonic bath for 5 min. The specimens were dehydrated in a series of ascending mixtures 

of ethanol (70%, 80% and 100%, respectively) before applying a thin gold coating by a 

sputtering technique. The fracture site of each specimen was imaged in backscattered electron 

mode at 10 kV (SEM, JSM-6610 LV, JOEL Company, Tokyo, Japan). All SEM images were 

taken by a specialised technician in KSU laboratory. 

 

Data were analysed using statistical software (SPSS 22.0; IBM SPSS Statistics Inc., Chicago, 

IL, USA). Normality and homogeneity of variance of the data were confirmed using the 

Shapiro-Wilk and Levene's tests, respectively. At baseline, differences in mechanical 

properties (FS, Ef, KIC) between the materials were investigated using one-way ANOVA.  

6.3.7.1. Flexural strength and modulus 

Four-way ANOVA was performed to investigate interactions between: materials, storage 

media, thickness, with FS and Ef. For each thickness group, three-way ANOVA and one-way 

ANOVA were used followed by Tukey post hoc tests (α= 0.05), to detect any differences 

between the materials within each ageing medium in terms of storage duration (α= 0.05). 

Multiple independent t-tests were performed to investigate the effect of thickness on FS and 

Ef (α= 0.05).  

6.3.7.2. Fracture toughness 

Three-way ANOVA was performed to investigate interactions between materials and storage 

media with fracture toughness. One-way ANOVA was followed by Tukey post hoc tests (α= 

0.05), to detect any differences between the materials within each ageing medium in term of 

storage duration (α= 0.05). 
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6.4. RESULTS  

 

Table 6.2 presents the mean (SD) density (n = 6) and filler content (wt.%) (n = 3) compared 

to the manufacturers’ data. TR specimens had higher density and filler content followed by 

CC and PK (p = 0.0001).  

Table 6.2. Filler content and density of CAD/CAM polymer composites. 

Materials Measured data Manufacturers' data 

Density  

(g/cm3) 

Filler content  

(wt.%) 

Density  

(g/cm3) 

Filler content  

(wt.%) 

CC 1.34 (0.01)a 42.48 (0.39)a 1.25-1.33 No information 

TR 1.63 (0.04)b 55.83 (1.4)b 1.68 55-60 

PK 1.45 (0.07)c 21.34 (1.56)c 1.3-1.5 20 

Different superscript letters indicate significant differences between materials (p = 0.0001).   
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The µCT images representing coronal, sagittal and transverse aspects of one dry specimen 

from each material showing the differences in fibre orientation between the FRC blocks. In 

CC, carbon fibres were arranged in a random 3D network whereas in TR, the glass fibres 

were layered in two planes (Fig. 6.2). A homogeneous microstructure was observed in PK. 

 

Figure 6.2. Representative µCT images of CAD/CAM specimens (CC, TR, and PK) in (a) 

coronal (b) sagittal, and (c) transverse planes. 
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Figure 6.3 presents the baseline FS and Ef for the CAD/CAM specimens in terms of 

thickness. FS and Ef ranged from 192.9 to 501.5 MPa and from 4.2 to 18.2 GPa, respectively, 

in the following ascending sequence: PK < TR < CC (p < 0.001). The impact of specimen 

thickness on FS varied for each material with no significant differences for TR and CC 

specimens (p = 0.07 and p = 0.154, respectively). However, the 2 mm thick PK specimens 

had higher FS than at 1 mm thick (p < 0.001). The calculated elastic moduli for 1-mm 

specimens of all materials were higher than for the corresponding 2-mm specimens (p < 

0.001).  

 

(a) (b) 

Figure 6.3. Flexural strength (a) and flexural modulus (b) of CAD/CAM specimens (CC, TR 

and PK) at baseline for 1 mm and 2 mm thickness. Asterisks indicate statistically significant 

differences (p < 0.05).   

 

Table 6.3 and Table 6.4 present the effect of ageing media and duration on FS and Ef for the 

CAD/CAM materials. The FS and Ef data are plotted in Fig. 6.4 and Fig D5, respectively.  

Numerical results suggest slightly different mechanical (FS and Ef) for 2 mm and 1 mm thick 

specimens, after ageing in water and 70% E/W. 1-mm thick CC specimens exhibited 

somewhat higher (apparent) elastic moduli than 2 mm specimens after 1 d storage in 70% 

and MEK. This phenomenon is considered below in the Discussion. However, after 7 d in 

MEK, both thicknesses ‘levelled’ with nearly 72% strength loss. Aged PK specimens, on the 

 

* 

* 

* 

* 
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other hand, demonstrated relative stability, with minor but significant variations between 1- 

and 2-mm thicknesses. For simplicity, results of the 2-mm thickness specimens only are 

presented in the following text. 

After ageing, both FS and Ef decreased significantly for CC and TR specimens in 70% E/W 

and MEK (p = 0.0001). In water, CC and TR had minimal reductions in FS after 7 d (~1%, p 

= 0.16), whereas PK specimens showed more reduction after 1 day (22%) followed by a 

slight recovery after 7 d with statistical significance (p = 0.001).  

MEK caused progressive deterioration in the CC and TR specimens irrespective of their 

thickness (p < 0.05). After 24 h storage in MEK, FS reduced by 33 % and 64 % for CC and 

TR specimens, respectively. There were no significant differences in FS between PK 

specimens stored in water and MEK, irrespective of storage duration. Also, PK specimens 

stored in MEK had slightly higher moduli than specimens stored in 70% E/W (p = 0.012).
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Table 6.3. Flexural strengths (MPa) of two thicknesses of CAD/CAM specimens after storage at 37°C in water, 70% ethanol/water, and MEK for 1-

day and 7-day (n = 10 per subgroup), calculated according to equation 6.3 - on the assumption of elastic material behaviour. 

Thickness 

(mm) 
Material 

FS (MPa) 

Baseline 

FS (MPa)-Storage media and time 

1d 7d 

Water 70% E/W MEK Water 70% E/W MEK 

 

1 

CC 501.5 (25.8)A,1 494.1 (53.4)a,A,1 408 (39)b,A,2 203.8 (12.6)c,A,2 447.1 (43.4)a,A,2 268 (19.6)b,A,3 137.5 (15.3)c,A,3 

TR 371.5 (23.2)B,1 339 (25.8)a,B,2 321.2 (18.9)b,B,2 58.6 (13.7)e,B,2 365.9 (38.3)a,B,3 263.3 (26.4)b,A,3 12.6 (0.6)c,B,3 

PK 192.9 (10)C,1 152.7 (5.4)b,C,2 156.6 (8.7)b,C,2 166.9 (8.7)c,C,2 179.5 (10)a,C,3 157.6 (8.6)b,B,2 176.7 (16.8)a,C,2 
  

              

 

2 

CC 482.5 (30.9)A,1 480.4 (27.9)a,A,1 474.1 (42.6)a,D,2 325.4 (36.6)b,D,2 458.6 (26.4)a,A,1 415 (23.3)b,C,2 136.6 (6.2)c,A,3 

TR 381.6 (20.5)B,1 378.8 (19)a,D,1 333.4 (27.1)b,B,2 139.3 (16)c,E,2 348.7 (66.1)a,B,1 305.9 (28.6)a,D,2 32.8 (3.6)b,D,3 

PK 234.9 (8.5)D,1 182.4 (9.8)a,b,E,2 177.7 (9.1)a,E,2 191.7 (11.4)b,F,2 199.2 (14.1)a,D,3 176.1 (19.3)b,E,2 204.5 (15.2)a,E,2 

In each column, different superscript uppercase letters indicate significant differences between materials (p ≤ 0.05). For each row, different superscript lowercase 

letters indicate significant differences between ageing media within a storage time (1d and 7d, independently) (p ≤ 0.05). For each row, different numbers indicate 

significant differences between exposure time (baseline, 1d, and 7d) within one single storage medium (p ≤ 0.05). 
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Table 6.4. Flexural modulus (GPa) of two thicknesses of CAD/CAM materials after storage at 37°C in water, 70% ethanol/water, and MEK for 1-

day and 7-day (n = 10 per subgroup), calculated according to equation 6.4 - on the assumption of elastic material behaviour. 

Thickness 

(mm) 
Material 

Ef (GPa) 

Baseline 

Ef (GPa)-Storage media and time 

1d 7d 

Water 70% E/W MEK Water 70% E/W MEK 

 

1 

CC 18.2 (1.2)A,1 19.8 (2)a,A,1 15.4 (1.9)b,A,2 3.4 (1.3)c,A,2 18.5 (1.6)a,A,1 9.3 (1.)b,A,3 2.3 (0.3)c,A,2 

TR 13.2 (1)B,1 12.5 (0.8)a,B,2 11.5 (0.6)b,B,2 1 (0.2)c,B,2 14.2 (1.6)a,B,2 9.3 (1.2)b,A,3 0.0c,B,3 

PK 5.1 (0.7)C,1 3.7 (0.5)a,C,2 3.8 (0.3)a,C,2 3.9 (0.3)a,A,2 4.8 (0.3)a,C,1 3.7 (0.4)b,B,2 3.7 (0.9)b,C,2 
  

              

 

2 

CC 13.6 (0.7)D,1 13.5 (0.6)a,D,1 12.4 (0.7)b,D,2 6.4 (0.8)c,C,2 13.2 (0.6)a,D,1 9.9 (1.1)b,A,3 0.9 (0.3)c,D,3 

TR 10.7 (1.2)E,1 9.9 (0.2)a,E,1 9.2 (0.4)b,E,2 2.1 (0.3)c,D,2 10.3 (1.7)a,E,1 7.7 (0.6)b,C,3 0.5 (0.2)c,D,3 

PK 4.2 (0.6)F,1 3.6 (0.4)a,C,2 3.6 (0.2)a,C,2 3.8 (0.1)a,A,1 4.4 (0.2)a,F,1 3.1 (0.5)b,E,2 4.2 (0.4)a,C,1 

In each column, different superscript uppercase letters indicate significant differences between materials (p ≤ 0.05). For each row, different superscript 

lowercase letters indicate significant differences between ageing media within a storage time (1d and 7d, independently) (p ≤ 0.05). For each row, different 

numbers indicate significant differences between exposure me (baseline, 1d, and 7d) within a storage medium (p ≤ 0.05).
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 1 mm 2 mm 

CC 

  

TR 

  

PK 

  

Figure 6.4. Flexural strength (MPa) of 1 mm and 2 mm thick CAD/CAM composites (CC, TR, 

and PK) stored in FSLs at 37 °C for 1 day and 7 days. Note the relative stability of PK 

specimens.  
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Table 6.5 presents the SENB fracture toughness (KIC) data at baseline and after storage in FSLs 

and the results are graphically illustrated in Fig. 6.5. For reasons explained in the Discussion, 

these KIC data might, conservatively, be regarded as apparent fracture toughness. Baseline KIC 

measurements widely ranged from 5 to 12 MPa.m0.5 in the following ascending sequence: PK < 

TR < CC (p < 0.001). 

After 1-day storage in water and 70% E/W, CC specimens had a slight reduction in KIC (p = 

0.001), then specimens maintained a comparable resistance after 7 days. While TR specimens 

showed no significant changes in the two media nor durations (p = 0.07). 

MEK caused progressive deterioration in CC and TR causing nearly 87% reduction in their 

resistance to fracture propagation after 7-day storage (p < 0.001). In contrast, MEK increased the 

mean KIC measurements for PK by 20%.  

Although 7-day ageing in water and 70% E/W caused around 40% increase in the mean KIC 

measurements for PK, the material was relatively stable across all three media and exposure 

durations.  
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Table 6.5. SENB Fracture toughness (MPa.m0.5) of CAD/CAM specimens after storage at 37°C in water, 70% ethanol/water, and MEK for 1-day and 

7-day (n = 10 per subgroup), calculated according to equation 6.5 - on the assumption of elastic material behaviour. 

 

 

Material 

 

KIC 

Baseline 

Storage media and time 

1d 7d 

Water 70% E/W MEK Water 70% E/W MEK 

CC 12.4 (1.68)A,1 10.61 (0.65)a,A,2 10.17 (0.42)a,A,2 8.42 (0.24)b,A,2 10.34 (0.68)a,A,2 9.77 (0.59)a,A,2 1.57 (0.25)b,A,3 

TR 9.78 (0.92)B,1 9.87 (0.84)a,A,1 9.05 (0.544)a,B,1 6.87 (0.70)b,B,2 9.39 (0.82)a,B,1 8.89 (0.86)a,B,2 1.19 (0.09)b,A,3 

PK 4.98 (0.54)C,1 5.96 (0.68)a,B,2 6.48 (0.62)a,C,2 6.52 (0.55)a,B,2 7 (0.77)a,C,3 7.01 (0.64)a,C,2 6 (0.58)b,C,2 

For each column, different superscript uppercase letters indicate significant differences between materials (p ≤ 0.05). For each row, different superscript lowercase 

letters indicate significant differences between ageing media within a storage time (1d and 7d, independently) (p ≤ 0.05). For each row, different numbers indicate 

significant differences between exposure time (baseline, 1d, and 7d) within a storage medium (p ≤ 0.05). 
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TR 

 

PK 

 

Figure 6.5. Fracture toughness (MPa.m0.5) of CAD/CAM composites (CC, TR, and PK) stored in 

FSLs at 37°C for 1 day and 7 days. 

 

Representative images of the CAD/CAM specimens after three-point bending are presented in 

Figures 6.6 to 6.8. All PK specimens bent without signs of fracture in all ageing groups. In 

comparison, CC and TR specimens showed a mix of complete and incomplete fracture modes in 

water and 70% E/W storage media. In MEK, more bending was seen with interlaminar failure 

and fibre waviness (Fig. 6.6). Also, MEK caused yellowish staining in TR and PK specimens 



172 

 

 

while 70% E/W caused surface changes and pitting on PK. Fig. 6.7 and Fig. 6.8 show protruding 

fibres at the fracture area of CC and TR specimens following FS and SENB measurements. 

 

Figure 6.6. Representative images of CAD/CAM specimens (2 mm thickness) subjected to three-

point bending after 7-day storage in water, 70% E/W, and MEK. Incomplete fracture (a), 

delamination migration (b), fibre waviness (c), fibre-bridging (d) and pitting (e). CC and TR in 

MEK show side aspects of impact damage. For 1 mm-thick specimens, refer to Fig. D6. 
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Figure 6.7. Representative SEM images of fractured surfaces of CAD/CAM specimens after 7-

day-storage in: water, 70% E/W, and MEK. Note: PK specimens bent and did not fracture upon 

3-point loading



174 

 

 

 

Figure 6.8. Representative SEM images of fractured surfaces of single-edge-notched beam 

specimens after 7-day storage in water, 70% E/W, and MEK. Translaminar fracture (a), intra-

laminar fracture (b), void (c), cracks (d), and hackle pattern (e). 
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6.5. DISCUSSION 

 

The three reinforced CAD/CAM polymer composites designed for prosthetic frameworks, were 

significantly different in their mechanical properties, namely, flexural strength (FS), flexural 

modulus (Ef) and fracture toughness (KIC). Storage media and exposure time had a substantial 

impact on the properties of each material, with few exceptions (p < 0.001).  

In the case of flexural properties, these were determined for both 1-mm and 2-mm thick 

specimens, applying equations 3 and 4, respectively, to calculate FS and Ef. Changing material 

thickness produced greater apparent differences in their elastic moduli than in their strength. 

These standard equations are derived on the assumption of perfect linear elastic behaviour. 

Ideally this should ‘normalize out’ the resultant quantities, so that they are size-invariant. The 

fact that moderate differences were apparent between some 1-mm and 2-mm specimen groups 

(of the same material) suggests that those materials were not 100% linear elastic. Where 

polymeric matrices are involved, this is not an unusual phenomenon, as is apparent – for 

example – in compressive creep measurements. Furthermore, the fracture toughness – calculated 

via equation 5 – is also derived under the assumptions of linear elastic fracture mechanics 

(LEFM). Nevertheless, LEFM can accommodate a certain amount of plastic deformation at the 

advancing crack tip.  

At baseline, FS, Ef and KIC for the fibre-reinforced composites (CC and TR) were significantly 

higher than for ceramic-filled PEEK (p < 0.05). However, after storage in three FSLs, 

considerably greater changes were recorded in CC and TR compared to PK, especially following 

MEK and 70% E/W ageing. Exposure duration showed variation in impact on mechanical 

properties of the three materials. However, PK was relatively stable under different ageing 

conditions. Results suggested apparent favourably high mechanical properties for CC and TR at 

1-mm thickness but were apparently less tolerant to solvent storage than their 2-mm 

counterparts. Therefore, null hypotheses 1 and 2 were rejected but were only partially rejected 

for NH 3 and 4 on the effects of thickness and storage duration.  

 

Multiple variables within the composition and microstructure play a role in the resultant 

mechanical properties such as filler type, content, fibre characteristics and arrangement within 
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the polymer matrix, bonding quality at the filler-matrix interface and the composite fabrication 

technique [19, 107]. 

In this study, two materials were fibre-reinforced: i) CC, composed of multidirectional carbon 

fibres randomly arranged within bio-epoxy resin [171, 225], and ii) TR, composed of woven 

fibreglass sheets aligned in multiple layers within epoxy resin [205]. The third material, PK was 

a thermoplastic polyether ether ketone (PEEK) polymer filled with ceramic filler particles 

(titanium oxide 20 wt.%) [232]. The differences in matrix, filler and filler arrangements explain 

the variability in their mechanical behaviour. 

The (wt.%) filler contents might contribute to the differences apparent in their FS, Ef, and KIC. 

CC and TR (43 wt.% and 56 wt.%, respectively) initially showed superior properties to PK (21 

wt.%). Generally, higher filler content (wt.%) in different types of PK are associated with harder, 

stronger and stiffer materials [231, 232]. In contrast, in conventional materials with filler content 

exceeding 55 vol%, KIC may reduce due to either higher fibre content or poor bonding between 

fibres and the matrix [360, 361]. Nevertheless, this reduction might not be true for materials 

created via high-temperature and high-pressure (HT-HP) fabrication technology. CAD/CAM 

methodology was a breakthrough for FRCs, minimising flaws and voids with higher degrees of 

conversion [177, 191, 362]. Machined blocks led to fewer complications with handling higher 

fibre content as encountered in conventional FRCs [198].   

FRC are distinctive for their anisotropic mechanical properties, depending on the direction of 

load application. The efficiency of fibre reinforcement, or Krenchel factor (Kf), depends on the 

average fibre direction where Kf = 1 for unidirectional fibres and Kf = 0.5 for bidirectional fibres 

[203, 363-365]. Anisotropic behaviour was apparent in TR due to its woven glass-fibres (Fig. 

6.2), theoretically with Kf = 0.5 [363]. The measured properties of TR differ according to the 

surface selected for investigation [11, 205]. However, in CC, the braided fibres were randomly 

oriented in 3-D. Random 3D fibres have Kf = 0.2 , leading to a nearly isotropic material; hence, 

any surface should behave similarly irrespective of the loading direction [364]. A similar 

polymer matrix, even CC with lower fibre content, might display better mechanical properties 

than TR, possibly due to differences in C-fibre arrangements compared to glass fibres. However, 

other differences must be considered, such as the internal strength of the carbon fibres, different 

interfacial bonding or the 3D fibre distribution. 
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The minimum FS required for polymer-based materials indicated for core restorative materials is 

80 MPa [106] and for polymeric prosthetic materials is 65 MPa [242]. However, higher strength 

often facilitates application to biomechanically complex structures such as implant-supported 

prostheses [291]. The main benefit of polymer-based composites in implant dentistry is their 

biomechanical compatibility [366], with the natural structures being replaced (cortical bone: 

13.7-16.4 GPa [163, 367] and dentin: 9-18.6 GPa [368, 369]). This biomechanical compatibility 

results from a combination of sufficient high strength and biomimetic modulus matching. 

Baseline data suggested that TR and CC had adequately high strength (ranging from 372 to 502 

MPa, respectively), but lower strengths were found for PK (193 - 235 MPa). Also, elastic moduli 

for TR and CC ranged from 11 to 18 GPa (lower than manufacturers' data). Specimen thickness 

affected the flexural modulus data for all three materials, but this is evidently an artifact, as 

discussed above.  

In two similar studies on TR, FS and Ef varied with loading directions from 97 to 406 MPa and 

from 7 to 17 GPa [11, 205]. Therefore, the longitudinal surface was selected for conducting 

flexural measurements on the TR specimens, where the load was applied at 90o to the fibre-

alignment, resulting in higher FS by a factor of 2.5 than the parallel surface [11, 205]. Moreover, 

although this was not our objective, additional TR specimens were loaded parallel to the fibre 

direction (Table D1). Similarly, FS and Ef (n = 10) were significantly lower than the longitudinal 

data (96-113 MPa and 7-9 GPa), roughly corresponding to FS and Ef for the epoxy resin itself.  

The strength of CC specimens, however, is unlikely to be affected by the loading direction 

because of the random fibres. One study reported a range of 408 to 500 MPa in 3PB [171].  

Random fibres resulted in sufficiently high FS (482.5 MPa) in sections as thin as 1-mm.  

FS data for PK were within the range of other studies, but Ef varied slightly [17, 236]. However, 

the results were compatible with a recent study on 20% filled PEEK (202 MPa and 4.15 GPa), 

which were not affected by 1-d storage in water nor thermocycling for 5000 cycles [167]. 

Subjecting polymer-based composites to accelerated ageing is likely to degrade mechanical 

properties [362]. The mechanical behaviour after ageing continued to reflect the microstructural 

differences between the materials and revealed pronounced differences between the effects of the 

three FSLs.   
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Irrespective of thickness, CC and TR specimens stored in 70% E/W for one day slightly reduced 

all mechanical properties but they were relatively comparable after water storage. CC and TR 

maintained stable behaviour up to 7 days in water and 70% E/W. However, 1-day storage in 

MEK caused them more significant degradation than 70% E/W.  

Mechanical properties of TR were significantly lower than for CC, with its fibre microstructure 

being more susceptible to solvent absorption. PK was relatively more stable during ageing in all 

FSLs with a slight yet statistically significant decrease in FS and Ef. PK was slightly more 

affected by 70% E/W than by MEK.  

The flexural properties of the three materials measured dry at baseline and at a minimum 

thickness of 1 mm, might support their application for prostheses in a clinically limited space. 

However, the results from storage in food-simulating liquids suggest an entirely different 

conclusion. 

 

Fracture toughness calculated from SENB data via equation 5 assumes linear elastic behaviour. 

This may not hold exactly and thus the numerical KIC data might, conservatively, be regarded as 

apparent values. Although there is comparability to some prior data obtained via other methods, 

those methods may also be subject to the same limitation. 

Baseline KIC measurements were higher for TR and CC (9.8 and 12.4 MPa.m0.5, respectively) 

than for PK (5 MPa.m0.5) (p < 0.001). Higher fracture toughness indicates greater material 

resistance to cracks initiated from internal or external flaws [107]. Also, the experiments showed 

that PK could dissipate loading forces through elastic-plastic deformation observed as bending 

before material failure [68].  

Filler particles and fibres behave as toughening mechanisms in polymer-based composites by 

absorbing the stress and deflecting it from the matrix [68]. However, a crack might propagate 

through the matrix or at the interface, causing complete or partial fibre detachments or 

delamination, as seen in Fig. 6.6.  

Similar to the present results, the fracture toughness measured by the notchless triangular prism 

method (NTP) for TR was 9 MPa.m0.5 in the longitudinal aspect [205].  CC specimens exhibited 

improved resistance to crack propagation compared to TR due to its multidirectional fibre 

arrangement and favourable filler loading (~43 wt.%). Carbon fibres were more effective in 
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absorbing energy. However, PK had reduced KIC than the FRC but had equivalent or slightly 

better fracture toughness than zirconia ceramics (~4 MPa.m0.5), which have a totally different 

structure. 

Solvent aging degraded the polymer matrix, fibre-matrix interface or their combination [271]. 

KIC for CC and TR, showed similar trends to FS with MEK causing significantly more reduction 

than water and 70% E/W. After 7 d of ageing in MEK, KIC for CC and TR continued to decrease 

by nearly 87% from their baseline. However, ageing in water and 70% E/W for 1 and 7 d were 

comparable, reflecting relative stability.   

In comparison, the 7-d aged PK in MEK were higher by 20.5% from its baseline. The slightly 

increased fracture toughness in PK is probably attributable to a toughening effect due to the 

plasticisation of the polymer matrix [370]. After 1-d ageing of PK in all FSLs, KIC was not 

significantly different between the three media. Behaviour of PK was consistent with previous 

studies which applied different accelerated ageing protocols such as artificial saliva [17], Ringers 

solution [236] and thermocycling [167].  

 

Fractography provides information on the quality of a material and its production through 

examining different failure modes [371]. Factors including ageing media, temperature, loading 

rate, and material architecture influence the fracture pattern of polymer composites [370]. The 

fracture analysis is challenged by the elastic-plastic behaviour of the polymeric materials and the 

secondary types of failure in FRC, such as delamination and ply splitting [372]. The bonding 

quality between the fibre and matrix is critical for a crack to initiate or propagate at this interface 

[370, 373]. Moreover, the degree of crystallisation of thermoplastic composites such as PK, 

influenced their mode of failure [236].  

CC and TR flexural specimens showed mixed patterns of complete and incomplete fracture after 

storage in water and 70% E/W groups, irrespective of storage duration. But MEK specimens 

showed a combination of delamination and fibre waviness, also called impact damage (Fig. 6.6). 

The delamination often migrates and grows in multidirectional fibre reinforced composites [370, 

374], as seen in specimens stored in 70% E/W and MEK. Also, fibre-bridging was seen at the 

fractured site preventing complete separation of the fractured beams. The fracture line was not 

distinct in all CC and TR, and this might be described as viscous fracture as previously 

suggested for TR [205]. At the fracture site (Fig. 6.7 and Fig. 6.8), TR showed signs of inter- and 
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intra-laminar fractures caused by the interfacial partial debonding of the glass fibres. Whereas 

CC had a translaminar form of failure which involved fibre fracture and micro-buckling. 

After solvent storage, all PK flexural beams bent upon failure. PK aged for 7 d exhibited a 

greater tendency for matrix ductility compared to 1 d. In contrast, the notched/ SENB PK beams 

fractured catastrophically at comparatively lower loads. SEM images of fractured PK, revealed 

small but multiple surface cracks, voids and hackle radial patterns, like previous studies [10, 

375]. Understanding different failure modes for these HPP composites may shed light on their 

performance throughout clinical service and guide further material development. 

 

Although beam-shaped specimens do not simulate the geometry of implant-supported prostheses, 

their use is necessary for quantitative flexural measurements [291]. Smaller specimens were 

prepared to accommodate block dimensions [358]. This study demonstrates the significant 

dependence of flexural properties with one form of ageing, chemical storage in three FSLs.  

The behaviour of TR blocks was dependent on loading direction relative to fibre orientation. 

Therefore, during prosthesis design, favourable occlusal support must be ensured. However, the 

multidirectional isotropic fibre arrangement in CC seemed more favourable mechanically. PK 

had lower, but more stable, mechanical characteristics than the FRC. Hence, reinforced PEEK 

for ISF appears beneficial because of its biological and mechanical compatibility, supported by 

clinical success in the head and spine orthopaedic surgeries [227]. Clinical studies are required to 

determine long-term performance of implant-supported frameworks fabricated from CAD/CAM 

HPP composites.  

6.6. CONCLUSIONS 

Under dry conditions, fibre-reinforced composites (CC and TR) showed significantly higher 

mechanical properties (flexural strength FS, elastic modulus Ef, and (apparent) fracture 

toughness KIC) than PK - the ceramic filled PEEK. However, subjecting the specimens to 

accelerated ageing in food-simulating solvents resulted in considerable degradation of 

mechanical properties of the FRCs but to a lesser extent for PK. 

Dry fibre-reinforced composites were sufficiently strong in 1-mm section. However, their 

increased strength deterioration in FSLs requires full protection with a veneer material.
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Chapter 7: General Discussion, Conclusions 

and Future Work Recommendations  
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7.1. GENERAL DISCUSSION 

This research characterised reinforced CAD/CAM materials, subdividing them based on their 

clinical applications into aesthetic and prosthetic categories. In the first part, the aesthetic 

blocks were investigated in terms of radiopacity, translucency, blue-light transmittance, and 

their potential consequences on polymerizing two underlying luting cements. The CAD/CAM 

materials were: three resin composites [CeraSmart (CS), Grandio blocs (GB), and Lava 

Ultimate (LU)], one feldspathic ceramic (Vita Mark II, VM), and the material of interest, 

polymer-infiltrated ceramic (Vita Enamic, VE). Where appropriate, these materials were 

prepared in five clinically relevant thicknesses (0.5 – 2.5 mm) and compared to direct resin-

based composites and natural tooth structure. For the second part, three high-performance 

polymer (HPP) composites were investigated for changes in their surface and mechanical 

qualities after storage in three food-simulating liquids for 1 and 7 d. These polymeric 

composites, designed for implant-supported frameworks (ISFs), were: two fibre-reinforced 

composites [glass fibre-reinforced composite (TRINIATM, TR) and carbon fibre reinforced 

composite (CarboCAD 3D dream frame, CC)] and one ceramic-filled PEEK (DentoKeep, 

PK). When appropriate, the materials were investigated at two thicknesses (1 and 2 mm).   

 

Chapter 3 confirms the correlation between the thickness of the materials and their 

radiopacity, expressed in mm Al (p < 0.0001). At 1 mm thickness, all five CAD/CAM 

materials were hardly distinguishable from enamel and dentin. However, increasing their 

thicknesses progressively increased the apparent radiopacities in the following order: CS < 

LU < GB (r2 = 0.99). VE and VM, on the other hand, appeared relatively radiolucent (≤ 1 

mm Al) at all thicknesses ranging from 0.5 to 2.5 mm. This means that VE could not be 

accurately distinguished from enamel, dentin, and several other resin-based substrate 

materials on a standard digital radiograph, which confirms the initial findings from the 

mapping review (Ch. 1) [99-101] and other recent work [193, 304, 308]. 

However, the results of this research draw attention to the importance of considering the 

radiopacity of the luting cements used for bonding thin and ultra-thin CAD/CAM restorations 

associated with clinically inaccessible margins. Interestingly, the two luting cements 

investigated (RelyX U200, RX, and Variolink II DC, VK) were commonly used cements for 

posterior restorations where relatively high radiopacities were required, unlike cements 
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indicated for veneers [114]. Both the cements (RX and VK) at 2 mm thickness showed 

greater radiopacities than VE and VM with adequate contrast (> 0.5 mm Al). However, at 1 

mm thickness, RX and VK were not adequately distinguished from VE and VM, challenging 

previous recommendations [99-101]. In contrast, a recent study found that several dual-cured 

and self-cured resin cements (1 mm thickness) are of acceptable high radiopacity compared 

to dentin and other CAD/CAM materials [304]. Nevertheless, the luting cement radiopacities, 

in all studies, might be overestimated due to their increased specimen thickness (1 - 2 mm) 

compared to the clinically acceptable range of 50 - 200 µm for bonding CAD/CAM 

restorations [13, 196]. Furthermore, ageing may have an adverse effect on the radiopacity of 

various luting cements, as demonstrated in one study after 1 year of water storage [376].  

Although the EDS elemental analysis and the mass percentage of inorganic fillers for VE 

were comparable to other CAD/CAM materials in terms of radiopacifier content (St = 0.9, Zr 

= 7.5, Ba = 1.2) and greater filler load (86.1 wt.%), the apparent radiopacity of VE appeared 

lower than all CAD/CAM resin composites and most resin-based substrates investigated. 

Despite the previously confirmed favourable biomimetic mechanical qualities [45, 53, 377], 

the intrinsic radiolucency of PICN might limit any extended applications, such as 

endocrowns, customised posts, and implants. Therefore, handling these relatively radiolucent 

materials could be challenging in applications requiring frequent radiographic assessment. 

Also in Chapter 3, different challenges were identified in the application and interpretation of 

ISO standards for radiopacity (13116/2014 and 4049/2019 [105, 106]). Despite the 

consistency in the resultant ranking found across all studies that applied the same 

methodology, there is a need to define the upper and lower limits for clinically relevant 

radiopacity thresholds obtained by standard digital radiographs. Also, the radiopacity 

information of the dental materials and luting cements should be declared on the product, 

which besides other properties, aids in selecting appropriate material combinations.  

The research in chapter 4 acknowledged significant optical differences between four aesthetic 

CAD/CAM materials (CS, GB, VE, and VM) prepared at five thicknesses (0.5 to 2.5 mm). 

The study determines interactions between light attenuating features such as reduced 

translucency, expressed by either the translucency parameter (TP) or apparent transmittance 

(T′ %) and increased thickness of the substrates. The overall irradiance of the blue LED used 

(1200 mW/cm2 and 24 J/cm2) was reduced by nearly 32% to 85%, depending on the 

CAD/CAM substrate material and its thickness. 
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Results confirm that VE is significantly associated with relatively less favourable optical 

features than other materials, being the least translucent. Although this would be suitable for 

the cases not requiring high translucency, such as minimally stained dentin, the potential 

consequences of attenuating the transmittance of blue light to polymerise the underlying 

aesthetic luting cements were of interest. Therefore, the polymerisation efficiency of two 

aesthetic resin cements was investigated within a clinical time setting of 1 h post-irradiation, 

using direct (DC%) and indirect (HM) methods. 

Although DC% does not seem to be affected by substrate factors, as previously observed [87, 

126], the light-cured cements that are irradiated through thicker layers of VE and VM greater 

than 1.5 mm have a slightly lower DC%. However, the DC% was not consistently reduced 

for the cements underneath the resin composites (CS and GB). Interestingly, any minimal 

amount of light energy received (2.08 - 7.92 J/cm2) through the CAD/CAM substrates was 

effective to initiate the polymerisation of dual-cured, IvocerinTM-containing resin cements, as 

revealed in the 1-h DC% data. However, there are no information if these new dual-cured 

resin cements will be adequately polymerised without receiving any light energy.  

In contrast, the HM of the interposed cements varied considerably between the substrates, 

reflecting the sensitivity of HM. All dual-cured luting cements irradiated through any 

thickness (0.5 - 2.5 mm) of VE were significantly softer than all other cement specimens, 

which includes their light-cured counterparts and dual-cured cements underneath all other 

materials. Although more investigations are required, the combined HM results (1 h) favour 

using the light-cured luting cement over the dual-cured one for bonding up to 2.5 mm-thick 

VE restorations. Estimating the polymerisation, through early hardness measurements (HM), 

would provide a better understanding to its bonding quality at a clinically relevant timing. 

However, the changes in hardness development after complete polymerisation (24 - 48 h) of 

LC and DC cements require further investigation upon receiving variable light energy. 

The storage of cement discs in water at 37 °C simulates the humidity and temperature of the 

oral cavity, which improves the post-polymerisation of the adhesive resin cement [378] and 

contributes to its bonding strength. However, long-term ageing may cause higher water 

absorption and deleterious effects [338], which are not accounted for in this study.  

VM was the only material showing distinct linear correlations between its light-attenuating 

features and the polymerisation of light-cured luting cement (DC% and HM). Other studies 
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showed similar consistency in correlations for ceramics compared to resin composites [98, 

140, 293]. The hardness results indicate that LC and DC could be used interchangeably for 

bonding VM restorations of 2 to 2.5 mm thickness. 

This research confirms the sensitivity of IvocerinTM to an extended wavelength range 

reaching 455 nm, similar to other studies (360 - 460 nm) [127, 335]. Hence, this study found 

that a standard blue LED curing unit (430 – 480 nm, 1200 mW/cm2, and 700 mW) is 

adequate for polymerising IvocerinTM-containing resin cements.  

To summarise, the attenuation of irradiation by the restorative material could have aesthetic 

and functional consequences. Aesthetically, matching the natural tooth translucency would be 

the goal for any restorative material. Functionally, the blue-curing light reaching the luting 

cement through the material substrate should be sufficient for its polymerisation, hence 

increase the durability of the restoration. In contrast, regulated attenuation of the X-ray 

irradiation results in its adequate radiographic appearance. 

Chapters 3 and 4 shed light on the physical relationships between different thicknesses of 

CAD/CAM materials and adjunctive materials including the luting cements. Chapter 3 

highlighted the importance of having sufficient intrinsic radiopacity for both the substrate and 

the cement with clinically detectable contrast for their identification on a standard digital 

radiograph. Chapter 4 presented the effects of the combined interaction of CAD/CAM 

materials and their thicknesses on polymerising two underlying luting cements. The results 

promoted using light-cured IvocerinTM-containing resin cement at clinical cases requiring 

relatively rapid and adequate cement hardness to withstand mechanical stresses exerted on 

the recently bonded restoration.  
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In the second part of this thesis (Chapters 5 and 6), the three CAD/CAM HPP composites 

exhibited considerable variations in their composition and configuration (ceramic filler 

particles, random multidirectional carbon fibres and woven glass fibres). Consequently, the 

disparities in their surface and mechanical properties at the baseline followed accordingly, as 

summarised in Table 7.1. This is in correlation with other studies [231, 232] where the 

behaviour of the materials was greatly affected by their filler content (wt.%) [293] and fibre 

arrangement [11, 205].  

Overall, each composite reacted differently to each storage media and their deterioration in 

surface and mechanical properties (flexural strength, modulus, and fracture toughness) 

progressed with ageing for 7 d. Adequate mechanical properties were confirmed for all three 

HPP composites at 1 mm thick sections, however, thicker sections (2 mm) appeared more 

tolerant to ageing conditions. 

The two FRCs (TR and CC) were extensively affected by MEK followed by 70% E/W. PK 

on the other hand, despite being slightly affected by 70% E/W, showed overall surface and 

mechanical stability over the storage duration in all three media. 

All the materials aged in water presented stable results with minimal changes in their surface 

and mechanical properties (Chapters 5 and 6). This was in correlation with previous research, 

which used water or artificial saliva to mimic the oral medium [84, 167, 205]. However, 

aggressive organic solvents could investigate signs of material degradation via monitoring 

changes in surface and mechanical qualities [192, 270]. Furthermore, other types of aging 

(Fig 1.11), such as fatigue, may be important in understanding the clinical performance of 

these new composites.  
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Table 7.1. Summary of surface and mechanical properties for CAD/CAM polymeric composites measured at baseline (dry condition). 

Materials 
Filler content 

and density 
Roughness Hardness 

Indentation 

modulus 

Indentation 

creep 

Flexural 

strength and 

modulus 

Fracture 

toughness 

 wt.% g/cm3 
Sa 

(µm) 

Sz 

(µm) 

Ra 

(µm) 
HV 

HM 

(N/mm2) 

EIT 

(kN/mm2) 
CIT 

FS 

(MPa) 

Ef 

(GPa) 

KIC 

(MPa.m0.5) 

CC 
42.48a 

(0.39) 

1.34a 

(0.01) 

0.268a 

(0.04) 

7.11a 

(1.5) 

0.183a 

(0.02) 

36.9a 

(4.5) 

330.6a 

(21.2) 

9.3a 

(0.7) 

5.3a 

(1) 

482.5a 

(30.9) 

13.6a 

(0.7) 

12.4a 

(1.68) 

 

TR 
55.83b 

(1.4) 

1.63b 

(0.04) 

0.241b 

(0.02) 

6.57a 

(2.92) 

0.192a 

(0.02) 

33.1b 

(3.2) 

295.3b 

(12.5) 

9.8b 

(0.8) 

5.8b 

(0.8) 

381.6b 

(20.5) 

10.7b 

(1.2) 

9.78b 

(0.92) 

 

 

PK 
21.34c 

(1.56) 

1.45c 

(0.07) 

0.202c 

(0.03) 

3.67b 

(1.72) 

0.172b 

(0.03) 

23.05c 

(1.7) 

224.5c 

(5.1) 

6c 

(0.2) 

3.9c 

(0.4) 

234.9c 

(8.5) 

4.2c 

(0.6) 

4.98c 

(0.54) 

 

 
Different superscript lowercase letters indicate significant differences between materials (p ≤ 0.05). FS, Ef, and KIC were calculated on the assumption of elastic 

material behaviour (Chapter 6). 
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7.1.2.1. Glass fibre-reinforced composite - TRINIA (TR)  

TR is an aesthetic polymeric composite reinforced with multiple layers of woven fibreglass, 

and its application has expanded to include customised posts [379], monolithic posterior 

crowns, and fixed and removable prosthetic frameworks [159]. However, some of these 

applications might be reviewed due to the need for complete veneering to prevent material 

deterioration, as indicated by our findings. In contrast to CC and PK, the mechanical 

properties of TR are affected by the orientation of its fibres, posing a challenge during 

prosthesis design to ensure a favourable functional support [11, 205].  

TR had intermediate surface and mechanical features between CC and PK, with great 

proximity to CC. TR was significantly rougher, harder and stronger than PK (p < 0.001). 

However, after only 1d of ageing in organic solvents, the surface deteriorated significantly 

(rougher and softer) in MEK > 70%E/W than in water. Similarly, 1 d of storage in MEK led 

to a drastic loss in strength, but 7 d-storage in water and 70% E/W showed a stable 

mechanical behaviour. Therefore, water storage alone is inadequate for determining their 

ageing behaviour. 

TR appeared more susceptible to solvent absorption and deterioration than CC and PK, 

possibly because of its fibre content (55.8 wt. %) and arrangement or solubility properties. 

Microscopic images of aged TR specimens (Chapter 6) showed a combination of 

delamination, partial fibre detachment, and epoxy resin wear resulting in prominent surface 

irregularities. The consequences of these changes on the biological properties should be 

investigated. 

7.1.2.2. Carbon fibre-reinforced composite - CarboCAD 3D Dream Frame (CC) 

CC is composed of carbon fibres randomly arranged in 3D within an epoxy resin derived 

from plants. This research confirms that CC possesses potentially advantageous physical and 

mechanical qualities for its application as a framework material for fixed or removable 

prostheses. At the baseline, CC was rougher, harder, stiffer and stronger than TR and PK 

(Table 7.1). However, ageing in organic solvents (MEK > 70%E/W) resulted in a substantial 

rise in surface roughness and a drop in hardness that was greater than that observed in water 

(p < 0.001). The flexural strength and fracture toughness of CC were drastically diminished 
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after only 1 d in MEK but maintained a stable mechanical behaviour for up to 7 d in water 

and 70% E/W.  

The dark colour of this material may hinder its clinical acceptance, but this drawback could 

be overlooked if this prosthesis, with its excellent strength-to-weight ratio, is fully veneered 

in accordance with the recommendation of this research. Moreover, the results confirm its 

adequate apparent flexural strength at 1 mm section thickness, which is excellent for clinical 

cases with limited space. 

Unlike TR, the 3D random fibre distribution of CC (Fig. 6.2) results in virtually isotropic 

behaviour, which imparts design and functional advantages. However, further research is 

required to investigate the effect of storage conditions and the shelf life of the blocks due to 

their content of bio-epoxy resin.  

7.1.2.3. Ceramic-filled PEEK - DentoKeep (PK) 

PK is a titanium oxide-reinforced composite (20 wt.%) that is structurally and chemically 

distinct from CC and TR. PK showed significantly lower roughness, hardness, and 

mechanical properties than the two FRCs at baseline (p < 0.001). However, aged PK 

appeared stable across all storage media, with just a minor loss in roughness and hardness in 

70% E/W. This relative stability of aged PK reflects the consistency of its homogenous 

structure, which concurs with previous research [84, 274]. Although the initial mechanical 

properties of PK were inferior to those of FRCs, it was reasonably stable in all FSLs, and at 

both thicknesses studied (1 and 2 mm). 

The long-term success rate of reinforced PEEK materials in the medical field [227] have 

inspired its application in dental prosthetic applications from as simple as post and core [259] 

to multi-unit prosthetic frameworks [177, 191, 241]. Results supports increasing the PK 

framework thickness to compensate for its inferior mechanical properties compared to CC 

and TR. However, the bulkiness of PK frameworks was similar to the PMMA ones [181].   

The material highlights included its chemical inertness [167], semi-aesthetic colour, 

favourable load bearing capacity [232], and compatibility in terms of biological [165] and 

mechanical [68, 254, 380] aspects. However, due to the complexity of the oral environment, 

which is partially represented in this thesis, more investigations are required for its 

monolithic application. Furthermore, research advances to improve the bonding of this inert 
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material to veneering materials [241, 268, 381] and to accelerate the osseointegration through 

coating PEEK implants with biodegradable material [239].  

 

Microscopically examining the failed beams after 3-point bending could provide a better 

understanding of the clinical performance of these materials through studying the influence of 

their filler content, type, and microstructural arrangement on failure mode. However, the 

elastic-plastic nature of these polymeric composites complicated their fracture analysis such 

as bending in PK flexural beams and secondary types of fibre-related failure observed in aged 

TR and CC (Chapter 6).  

Combining the hardness data of Part I and Part II shows that Martens hardness is a viable tool 

for accurately identifying substantial variations between the polymer-based composites under 

investigation. Although HM and HV for the HPP composites were strongly correlated at dry 

conditions (r2 = 0.995), HM presented more accurate and consistent results than HV following 

ageing (Chapter 5). Similarly, HM detected subtle (polymerisation) differences between the 

luting cement specimens (Chapter 4), while HV results were random; hence, they were 

excluded. Therefore, HM might be advocated for polymeric materials due to its consideration 

of the elastic and plastic components of their deformation, unlike the classical methods.  

A few points were noticed while measuring and interpreting surface roughness. Most studies 

investigating the roughness of dental materials, including these relatively new HPP 

composites [204, 217], used the classical 2D amplitude parameters rather than the advanced 

3D measures. Moreover, only arithmetic averages (Ra) were used to monitor surface changes, 

which tends to overlook meticulous changes detected by other altitude measures (Rv, Rz, Sz, 

Sp and Sv). This was observed in Chapter 5 where Ra revealed no distinction between PK 

aged in solvents whereas Sz revealed a pronounced discrepancy between 70% W/E (16.10 

µm) and MEK (4.4 µm). Noting that Sa and Ra were not linearly correlated, Sa detected 

minimal yet statistically significant changes in the preceding example (Table 5.3). Clinically, 

the increased roughness of the supposedly polished and exposed frameworks of HPP 

composites may result in a higher affinity for oral biofilm, staining, or harmful physical 

irritation to adjacent oral tissues from protruding fibres. However, there is no measurable 

association between the increased roughness, expressed in Sa or another 3D height parameter, 

and biological consequences, like the clinically acceptable maximum for Ra of 0.2 µm [285]. 
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This lack of up-to-date clinically relevant correlation may be a major reason behind the 

reluctance to apply improved roughness metrics in recent research.  

In conclusion, Chapters 5 and 6 presented three new CAD/CAM polymeric composites as 

viable alternatives to metal and zirconia prosthetic frameworks [9, 181, 225]. Their excellent 

strength combined with the lightness (1.34 -1.63 g/cm3) could be of great clinical importance 

(patient satisfaction) compared to heavier and bulkier conventional alternatives [171, 263]. 

However, their surface and mechanical properties were strongly medium- and age-dependent. 

Therefore, these favourable characteristics are entitled to full coverage by a veneering 

material.  
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7.2. CONCLUSION 

 

7.2.1.1. General 

This research confirmed that the composition and thickness of CAD/CAM restorative 

materials jointly affect their radiopacity, translucency, and light irradiance. 

The research highlighted the importance of reporting and updating the radiopacity data of 

CAD/CAM restorative materials, as well as the difficulties encountered when applying ISO 

standards to investigate and interpret their radiopacity. 

1. All 1-mm-thick aesthetic CAD/CAM materials (CS, GB, LU, VE, and VM) exhibited 

radiopacities (expressed in mm Al) equivalent to or slightly lower than enamel, 

rendering their detection on a standard digital radiograph difficult. However, 

increasing the thickness of the resin composites contributed to a progressive increase 

in their apparent radiopacities (CS < LU < GB), which were significantly greater than 

those of the ceramics (VE < VM), reflecting the influence of the material 

composition.  

2. The effects of reduced blue-light transmission as a result of substrate differences on 

the polymerization of the underlying light- and dual-cured IvocerinTM-containing 

resin cements were variable as measured by degree of conversion (DC%) and Martens 

hardness (HM). 

3. After one hour of irradiation through various CAD/CAM substrates, the degree of 

cement conversion was rather insensitive to the substrate material and thickness 

variations, but cement hardness was strongly impacted by the material and thickness. 

Overall, the results favoured the light-cured luting cement for achieving early cement 

hardness whenever a mechanically demanding situation was anticipated. 
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7.2.1.2. PICN- specific conclusions  

This study compared the radiopacity, surface, and optical characteristics of polymer-

infiltrated ceramic networks (PICN), represented by Vita Enamic (VE), to those of resin 

composites, feldspathic ceramics, and direct resin-based materials, when applicable.  

VE with any thickness between 0.5 and 2.5 mm:  

VE appeared relatively radiolucent, posing difficulty in being distinguished from dentin and 

resin-based substrates, such as luting resin cements and core build-up materials, due to a less 

than 0.5 mm Al radiographic difference. Therefore, earlier recommendations to rely on 

radiographic contrast for VE identification seem no longer valid. 

In comparison to other CAD/CAM materials, VE had the least translucency and blue-light 

transmittance, resulting in significantly lower hardness of the underlying dual-cured 

IvocerinTM-containing luting cements. However, light-cured IvocerinTM-containing cement 

irradiated through VE achieved greater early hardness compared to the dual-cured type, 

irrespective of substrate thickness.  

 

Overall, the surface and mechanical characteristics (roughness, hardness, flexural strength, 

and fracture toughness) of the three polymeric composites (TR, CC, and PK) varied 

significantly before and after ageing in three food-simulating liquids (water, 70% E/W, and 

MEK). These results reflect the effects of each composite's filler content and microstructural 

configuration.  

1. Fibre-reinforced composites (CC > TR) were substantially rougher, harder, and 

stronger than ceramic-filled PEEK (PK) in dry conditions (baseline). However, after 

accelerated ageing in FSLs, significant degradation of FRCs was realized (TR > CC), 

but to a lower level in PK.  

2. MEK caused significantly more adverse effects on FRCs (TR > CC) than 70% E/W 

and water. As the 7-day ageing period in solvents was extended, the surface and 

mechanical properties deteriorated progressively.  
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3. 70% E/W had a slightly greater effect on PK than MEK and water. However, aged PK 

showed overall greater stability in all investigated properties.  

4. FRCs were sufficiently strong at sections as thin as 1 mm. However, their increased 

deterioration in FSLs requires full protection with a veneer material. 
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7.3. RECOMMENDATIONS FOR FUTURE WORK 

There are many limitations on doctoral research, including the availability of time, materials, 

and research equipment. The novel materials examined (especially in Part II) showed 

promising results; nevertheless, additional study is necessary to determine their strengths and 

shortcomings in an oral simulating, yet controlled environment. Furthermore, randomised, 

controlled clinical trials are necessary to confirm their clinical efficacy and durability. 

A further addition to experiments already performed in this thesis could be:  

1. Comparing the radiopacity of additional types of luting cements and other polymer-

based lining materials, produced at clinically relevant thicknesses, with aesthetic 

CAD/CAM materials. 

2. Investigate the radiopacity of various polymer matrix and filler combinations, 

including HPP composites. 

3. Examine the polymerisation of additional types of luting cements irradiated through 

these CAD/CAM substrates using other types of curing units. 

4. Include more forms of ageing, such as thermomechanical cycling, in Part II. 

5. Extend the investigation to confirm the development of hardness in light- and dual-

cured IvocerinTM-containing resin cements after complete polymerisation (24 -48 h). 

Additional research could forward the development of materials: 

1. Future research in radiopacity appears to be directed in two directions: the 

improvement of internal material radiopacity by incorporating submicron glass filler 

particles and the addition of coating layers, such as coating dental implants with 

bismuth-doped nanohydroxyapatite. 

2. Enhancement of the mechanical characteristics of PEEK-based composites by the 

addition of carbon fibres arranged in an improved fibre configuration. 
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Clinically relevant experiments could investigate: 

1. The fatigue resistance of ISF fabricated from the CAD/CAM HPP composites to 

estimate their clinical performance.  

2. The bonding between the CAD/CAM framework polymeric composites and 

veneering materials employing relevant ageing conditions.  

3. The efficiency of various polishing procedures for exposed or veneered HPP 

composites. 

4. The biofilm adherence and biological effects of these HPP composites, using updated 

roughness parameters. 
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Supplementary Information for Chapter 3 

Is the radiopacity of CAD/CAM materials sufficient? 

Fig. A1. Specimen preparation of CAD/CAM blocks, teeth sections, and resin-based 

materials using a. sectioning and b. customized molds into specified thicknesses. 

 

 

Fig. A2. Experimental set-up for filler content determination of CAD/CAM and polymer-

based materials following ISO 1172/1996. 
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Fig. A3. Experimental set-up for radiopacity measurement of CAD/CAM and resin-based 

materials following ISO 13116/2014. 
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Fig. A4. Representative SEM images of  

(a) CAD/CAM materials at 1000x and 5000x magnifications and EDS elemental analyses. 
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(b) Resin-based materials. 
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Fig. A5. Radiographic images of an extracted molar restored with a bar-shaped specimen (4-

mm diameter) made from Grandio blocs (GB) and Vita Enamic (VE) without luting resin. 

Notice the low radiopacity of VE compared to the tooth structure. 
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Supplementary Information for Chapter 4 

Effect of CAD/CAM aesthetic material thickness and translucency  

on the polymerisation of light- and dual-cured resin cements 

 

Fig. B1. Specimen preparation of each CAD/CAM block into five thicknesses. 

 

 

Fig. B2. Luting cement specimens prepared in a stainless-steel template and cured through 

different thicknesses of CAD/CAM plates. Light-cured (LC) and dual-cured (DC) luting 

cement disc specimens were prepared, a cementing load was applied for 1 min, 

photoactivated and labelled. 
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Fig. B3. A representative CAD/CAM plate specimen placed on the sensor of the 

spectrophotometer with alternating standardised black and white backgrounds (LabScan XE, 

HunterLab, USA). 

 

 

Fig. B4. The delivered spectrum through each thickness of Vita Enamic substrates with the 

peak at 455 nm. This plot was similar for all CAD/CAM substrates. The spectral (absolute) 

irradiance delivery decreased with increasing the substrate thickness.  

 

 

Fig. B5. A representative CAD/CAM plate specimen placed on the sensor of the visible light 

transmission spectrometry (MARCTM: Blue-light Analytics Inc, Halifax, Canada). The tip of 

the LCU was fixed and silicon putty (sectioned for illustration purposes) was used to 

eliminate external light. 
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Fig. B6. Representative luting cement discs measured using Fourier transform infrared 

spectroscopy (FTIR, ALPHA II, Bruker, USA), and Martens hardness (Z2.5, ZwickRoell 

Ltd., Leominster, UK). 

 

 

 

 

Extra  

 

Fig. B7. Martens hardness (HM) for light-cured (LC) and dual-cured (DC) luting cements 

measured at top surface after 1 h post-photoactivation through four CAD/CAM substrates 

(CS, GB, VE, and VM). 

 

Table B1. Mean translucency parameter (SD) for the CAD/CAM substrates for each material 

type and thickness. 

Thickness 

(mm) 

TPLab  

CS GB VE VM 

0.5 21.14a,A (0.60) 18.28b,A(0.80) 16.74c,A (0.42) 14.23d,A (1.83) 

1 13.45a,B (1.00) 13.24a,B (0.47) 10.7c,B (0.26) 12.22d,B (0.75) 

1.5 7.94a,C (0.52) 8.67b,C (0.53) 6.5c,C (0.27) 7.64a,C (0.55) 

2 6.08a,D (0.57) 6.24a,D (0.52) 4.33b,D (0.15) 6.64a,D(1.03) 

2.5 3.69a,E (0.22) 3.68a,E (0.36) 3.1b,E (0.93) 3.9a,E (0.15) 

For each row, different superscript lowercase letters indicate significant differences between materials 

at each thickness (Games-Howell, p = 0.0001).  

For each column, different superscript uppercase letters indicate significant differences between 

thicknesses for each material (Games-Howell, p = 0.0001). 

LC DC 

FTIR HM 
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Table B2. Means (SD) of optical characteristics at 455 nm for four CAD/CAM substrates as a 

function of material and thickness after applying light irradiance of 1200 mW/cm2 and 24 

J/cm2. 

Thickness 

(mm) 

Light transmission through CAD/CAM materials at 455 nm 

Mean irradiance - It (mW/cm2) Apparent transmittance – T′ % 

CS GB VE VM CS GB VE VM 

0.5 
819A 

(3.1) 

794.9B  

(9.2) 

748.4C 

(10.7) 

794.2B  

(4) 

68.2A  

(0.0) 

66.2B 

 (0.0) 

62.4C 

(0.0) 

66.2B 

(0.0) 

1 
588.2A  

(1.6) 

603.9B 

(3.8) 

515.1C 

(1.9) 

602.3B 

(13.2) 

49A 

(0.0) 

50.3B 

(0.0) 

42.9C 

(0.0) 

50.2B 

(0.0) 

1.5 
363.9A  

(1.0) 

405.7B 
 (3.9) 

366.6C 
 (1) 

396D  

(1.4) 

30.3A  

(0.0) 

33.8B  

(0.0) 

30.5C 

(0.0) 

33D  

(0.0) 

2 
282.1A  

(1.7) 

327.6B  

(0.8) 

268C  

(0.8) 

357.8D 

 (1.9) 

23.5A  

(0.0) 

27.3B  

(0.0) 

22.3C 

(0.0) 

29.8D 

(0.0) 

2.5 
181.9A 

(0.9) 

229.7B 
 (0.8) 

206.8C 

(0.9) 

248.8D  

(4.3) 

15.2A 

(0.0) 

19.1B 

(0.0) 

17.2C 

(0.0) 

20.7D 

(0.0) 

For each row, superscript letters indicate homogenous subsets (p > 0.05). T′ % was calculated via 

equation 4.2. 
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Table B3. Degree of conversion (DC%) for light-cured (LC) and dual-cured (DC) luting cements after 1 h for each CAD/CAM material and thickness. 

Luting cements 
Thickness 

(mm) 

DC % (SD) – 1 h post-cure 

CS GB VE VM  

LC 

Control 
73.3% (0.004)1 

 

(No plate) 
 

0.5 74.8ac,A,1 (0.04) 71.4a,B,C,1 (0.00) 71.8a,C,1 (0.04) 76.8a,A,1 (0.04) 

 

1 68.8b,A,1 (0.01) 73.2ab,B,1 (0.03) 66.1b,A,2 (0.04) 72.2 ab,A,B,1 (0.07) 

 

1.5 71.8bc,A,1 (0.10) 69.4ac,A,1 (0.03) 73.6a,A,1 (0.04) 69.9b,A,1 (0.03) 

 

2 73.9ab,A,1 (0.09) 65.8c,B,2 (0.04) 61.7c,B,2 (0.04) 68.1b,B,C,2 (0.03) 

 

2.5 63.6b,A,2 (0.06) 70.5ac,B,1 (0.08) 61.3c,A,2 (0.04) 67.0b,A,B,2 (0.02) 

 

DC 

Control 
71.7% (0.004)1 

 

(No plate) 
 

0.5 67.2a,A,2 (0.02) 73.1ab,B,1 (0.04) 72.1a,B,1 (0.02) 73.8a,B,2 (0.03) 

 

1 77.9bc,A,2 (0.02) 69.4a,B,1 (0.01) 73.4a,C,1 (0.03) 75.4ab,C,2 (0.00) 

 

1.5 71.7ac,A,1 (0.07) 73ab,A,1 (0.04) 74.4a,A,1 (0.05) 76.5ac,A,2 (0.01) 

 

2 67.6a,A,2 (0.02) 69.4a,A,1 (0.01) 72.2a,B,1 (0.04) 76.7ac,C,2 (0.01) 

 

2.5 78.4bc,A,2 (0.00) 74.5ab,B,2 (0.01) 73.6 a,B,1 (0.01) 73.8ad,B,2 (0.00) 

 

For each column, different superscript lowercase letters indicate significant differences between the thickness groups within each material and luting cement 

(Games-Howell, p < 0.05). For each row, different superscript uppercase letters indicate significant differences between the materials within a single thickness 

(Games-Howell, p < 0.05). Within single luting cement, different superscript numbers indicate statistically significant difference between the control and each 

thickness of each material subgroup (Dunnett test, p < 0.05). 
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Table B4. Martens hardness (HM) in N/mm2 for light-cured (LC) and dual-cured (DC) luting cements measured at top surface after 1 h post-curing for each 

CAD/CAM material and thickness. 

Luting cements 
Thickness  

(mm) 

HM N/mm2 (SD) – 1 h post-cure 

CS GB VE VM 

LC 

Control (No plate) 97.3 (9.02)1 

0.5 101.4a,A,1 (9.3) 84.6a,B,2 (10.2) 92.6a,A,B,1 (5.4) 148.9a,C,2 (7.9) 

1 135b,A,2 (8.1) 104b,B,1 (10.4) 115.1b,C,2 (5.4) 121.5b,C,2 (7.5) 

1.5 94.6 a,A,1 (7.5) 103.7b,B,1 (11.2) 142.9c,C,2 (9.3) 100.8c,A,1 (9.3) 

2 78.2 c,A,2 (5.2) 85.5a,A,C,2 (9.3) 169.3d,B,2 (8.1) 89.6d,C,1 (6.7) 

2.5 67.2 d,A,2 (9.8) 65.5c,A,2 (8.6) 86.4a,B,2 (10.9) 67.6e,A,2 (7.3) 

DC 

Control (No plate) 60.6 (5.82)1 

0.5 72.4a,A,2 (9.5) 67.5a,A,1 (7.7) 41a,B,2 (7.3) 84.2a,C,2 (9.1) 

1 110.5b,A,2 (7.9) 84.6b,B,2 (5.8) 56.3b,C,1 (6.7) 110.7b,A,2 (9.0) 

1.5 99.8 bc,A,2 (10.2) 122.7c,B,2 (12.6) 65.4c,C,1 (5.7) 87.4a,D,2 (7.2) 

2 96.1c,A,2 (12.5) 118.1c,B,2(12.9) 63.7 bc,C,1 (11.5) 91.7a,A,2 (6.0) 

2.5 54.5 d,A,1 (9.4) 40.2d,B,2 (5.5) 29.4d,C,2 (5.5) 64.7c,D,1 (7.1) 

For each column, different superscript lowercase letters indicate statistically significant difference between the thickness groups within a single material and 

luting cement (Games-Howell, p < 0.05).  

For each row, different superscript uppercase letters indicate statistically significant difference between the materials within a single thickness group (Games-

Howell, p < 0.05). Within single luting cement, different superscript numbers indicate statistically significant difference between the control and each thickness 

of each material (Dunnett test, p < 0.05).
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Appendix C - Publication and Supplementary for Ch 5 
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Supplementary Information for Chapter 5 

 

Effects of three food-simulating liquids on the roughness and hardness of CAD/CAM 

polymer composites  

 

Fig. C1. Specimen preparation of the three CAD/CAM polymer composites (CC, TR, and 

PK).   

 

 

Fig. C2. A representative TR specimen during roughness measurement using the optical 

profilometer. 
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Fig. C3. Representative PK specimens during hardness measurements using Vickers versus 

Martens hardness instruments. 

 

 

Table C1. Martens hardness measurements (N/mm²) of CAD/CAM composites (Pilot study, n 

= 4). 

Material Media Water 70%E/W MEK 

HM 1d 7 d 1d 7d 1d 7d 

Baseline Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

CC 339.02 

(12.01) 

278.27 

(34.82) 

312.74 

(21.82) 

234.28 

(35.34) 

253.2 

(26.8) 

209.2 

(34.13) 

244.57 

(17.14) 

TR 300.76 

(11.09) 

237.57 

(18.28) 

248.03 

(28.52) 

284.61 

(20.92) 

235.15 

(57.86) 

135.19 

(23.35) 

61.44 

(11.5) 

PK 222.70 

(3.47) 

213.83 

(1.4) 

228.8 

(4.72) 

170.3 

(3.45) 

134.41 

(5.91) 

222.83 

(29.53)  

196.54 

(10.3)  
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Table C2. Martens hardness measurements of CAD/CAM composites at baseline (n = 24). 

Materials HM (N/mm²) EIT 

(kN/mm²) 

hmax 

(µm) 

CIT 

(%) 

Wtotal 

(Nmm)  

Welast 

(Nmm)  
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

CC 330.6a 21.2 9.3a 0.7 75.8 2.4 5.3a 1.0 1.4 0.1 0.5 0.0 

TR 295.3b 12.5 9.8b 0.8 80.1 1.7 5.8b 0.8 1.6 0.1 0.5 0.0 

PK 224.5c 5.1 6 c 0.2 91.8 1.1 3.9c 0.4 1.7 0.0 0.7 0.0 

For each parameter, the same superscript letters indicate no significant difference between the 

materials (p > 0.05). HM: Martens hardness, EIT: indentation modulus, hmax: maximum indentation 

depth, CIT: indentation creep, Wtotal: work of indentation, Welast: elastic part of the work of indentation. 
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Fig. C4. Consistency of representative force-indentation depth curves for 

each CAD/CAM polymer composite (n = 6).   
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Appendix D - Publication and Supplementary for Ch 6 
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Supplementary Information for Chapter 6 

Mechanical Behaviour of Prosthodontic CAD/CAM Polymer Composites Aged in Three 

Food-Simulating Liquids 

Fig. D1. Representative CC, TR, and PK beam specimens prepared for three-point bending 

test using Instron Universal Machine (Instron 5965, USA, calibrated 5 kN load cell). 

 

 

Fig. D2. Positioning apparatus used to ensure standardised notching and representative CC 

notched beams prepared for 3-point bending. 

 

Fig. D3. Representative specimens of CC, TR, and PK prepared for investigating fracture 

toughness. Microscopic image of a notched TR specimen in relation to fibre orientation at 

50×.  
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Fig. D4. Representative CC, TR, and PK beam specimens during three-point bending test 

using Instron Universal Machine (Plunger head measurements were 6 mm length and 0.25 

mm in width). 
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Fig. D5. Flexural modulus (GPa) of 1 mm and 2 mm thick CAD/CAM composites (CC, TR, 

and PK) stored in FSLs at 37°C for 1 and 7 days. 
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Fig. D6. Representative microscopic images (50× and 100×) of CAD/CAM specimens (1 mm 

thickness: CC and TR) after three-point bending test. Top and side aspects of the fractured or 

bent site are imaged. 
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Table D1. Flexural strengths (MPa) and flexural modulus (GPa) of two thicknesses of TRINIA 

(TR) loaded parallel to fibre directions (dry condition) (n = 10 per subgroup), calculated 

according to equation 6.3 and 6.4 - on the assumption of elastic material behaviour. 

Material Thickness 

(mm) 

FS (MPa) Ef (GPa) 

Mean SD Mean SD 

TR (0°) 1 95.46 11.13 8.58 1.84 

2 112.50 9.20 7.43 0.60 

 

 

Additional data (not published) 

A. Radiopacity of CC, TR, and PK (1 mm Al). 

 

 Thickness CC TR PK 

Mean  SD Mean SD Mean SD 

1 mm 0.468 0.003 0.504 0.003 0.540 0.004 

2 mm 0.489 0.003 0.587 0.006 0.580 0.003 

3 mm 0.547 0.006 0.705 0.006 0.696 0.003 

 

 

All investigated materials are relatively radioulucent even at 3 mm thickness (< 1 mm Al). 
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B. Long-term water uptake (sorption) and desorption. 

 
 

 

C. Change of mass of three CAD/CAM composites in 3 different solvents at 37 oC after 

storage of 7 days. 
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