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1. Introduction 

In recent years, the trend toward non-metal aesthetic restorations is gaining momentum 

due to the rapid development in dental ceramic materials and the increased aspirations 

of patients for a perfect aesthetic outcome. The dental market has seen a recent influx of 

novel aesthetic restorative products whose compositions, properties, and indications vary 

widely. Therefore, selecting the best material for a given case requires a thorough under-

standing of the material's properties to ensure the success of the treatment plan (Conrad 

et al., 2007). Ceramic restorations, in general, offer excellent aesthetics, biocompatibility, 

and the ability to replicate a natural appearance (Sailer et al., 2015). During mastication, 

dental restorations are subject to destructive stresses of different types and magnitudes 

(Aboushelib et al., 2016; Kelly, 1997), and the brittle nature of ceramics makes them vul-

nerable to failure (Zhang et al., 2013). In order to achieve a balance between strength and 

aesthetics, ceramic restorations were composed of a robust core and an aesthetic layer 

of feldspathic porcelain (Della Bona and Kelly, 2008). However, the weak veneer layers 

of bilayered ceramic restorations are prone to chipping or delamination due to mismatches 

in thermal expansion coefficients between the veneer and ceramic core (Jian et al., 2016). 

Advances in computer-aided design/computer-assisted manufacturing (CAD/CAM) tech-

nologies have enabled the development of monolithic ceramic restorations that can be 

milled in full-contour from prefabricated CAD/CAM blocks (Blatz and Conejo, 2019). Mon-

olithic ceramic restorations have solved the problem of veneer chipping and delamination; 

however, they still need to be investigated for their mechanical and aesthetic properties 

(Silva et al., 2017). The materials available for monolithic application could be classified 

into glass ceramics, high strength ceramics, and resin-based ceramics (Gracis et al., 

2015). Glass-ceramics are characterised by their high translucency and ability to mimic 

the appearance of natural teeth. Moreover, they can be adhesively bonded to the tooth 

structure due to their etchability (Blatz et al., 2003; Zhang and Lawn, 2018). However, due 

to the low strength of the early generations, their use was limited to single units in the 

anterior region (Pjetursson et al., 2007). Recently, modified glass-ceramics with increased 

strength and extended indications became available (Dupree et al., 1990).  

Alternatively, high-strength polycrystalline ceramics, such as zirconia, have a high 

strength of up to 1200 MPa and can be used for single and multi-unit restorations in the 



10 
 

anterior and posterior regions of the jaw (Conejo et al., 2017). However, monolithic zirco-

nia restorations were subject to the disadvantages of high opacity, poor aesthetics, and 

significant abrasiveness to opposing teeth. The continuous modification of zirconia has 

led to the development of new generations of monolithic zirconia with enhanced translu-

cency (Zhang et al., 2016a). However, the increase in translucency came at the expense 

of the material's strength (Zhang, 2014). 

The success of a restoration is determined by its ability to restore function and aesthetics, 

as well as to withstand the harsh oral environment for many years without fracture or 

change in colour and without causing excessive wear to the opposing teeth. Several fac-

tors influence enamel wear including material microstructure and surface conditions as 

well as tribological and clinical factors (Borrero-Lopez et al., 2014; Preis et al., 2012; 

Sripetchdanond and Leevailoj, 2014). A dental crown material should ideally exhibit wear 

characteristics similar to natural enamel (Ghazal and Kern, 2009). Some restorative ce-

ramic materials, such as zirconia, may cause aggressive wear to the opposing enamel 

due to their high hardness and flexural strength (Wiedenmann et al., 2020). 

The ability of restorative materials to resist fatigue is another critical aspect that affects 

long-term success and should be investigated. Repeated subcritical masticatory loads 

may result in "subcritical crack growth" that starts at voids and defects occurring during 

the manufacturing process and continues to grow over time (Zhang et al., 2013). Eventu-

ally, this can result in the fracture of the restoration under low masticatory loads. Examin-

ing the long-term durability of ceramic restorations should also include the stability of col-

our over time. Previous studies have reported changes in colour after simulated ageing 

conditions (Dikicier et al., 2014; Heydecke et al., 2001; Kurt and Turhan Bal, 2019; Lieber-

mann et al., 2021). As of today, there is insufficient data in the literature reporting on the 

effect of fatigue on the colour stability of ceramics, even though aesthetics is one of the 

main reasons for using them. 
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1.1 Review of Literature 

1.1.1 Dental ceramics 

“Ceramics” are defined as non-metallic, inorganic materials that are produced by the fu-

sion of raw minerals at high temperatures (Rosenblum and Schulman, 1997). Ceramics 

are generally inert, biocompatible, wear-resistant, and hard, but have relatively low frac-

ture toughness and are susceptible to tensile fracture (Abdul-Hamid et al., 2018). Dental 

ceramics are a group of ceramic materials that are used to restore missing or defective 

dental structures (Shenoy and Shenoy, 2010). For decades, served the porcelain-fused-

to-metal (PFM) restorations as the gold standard for tooth replacements as they combine 

the high mechanical properties of metal frameworks and the high aesthetic properties of 

veneering porcelain (Zhang and Kelly, 2017). The development in the field of imaging and 

the subsequent improvement in image quality and clarity has been accompanied by a rise 

in patients' expectations for better aesthetics, and metal-ceramic restorations no longer 

meet these expectations. That was the motivation for researchers to shift to non-metallic 

alternatives. All-ceramic restorations were developed to overcome the drawbacks of me-

tallic restorations such as biological incompatibility, allergy, opacity, and inability to 

achieve natural aesthetics (Bumgardner and Lucas, 1995; Poggio et al., 2017; Stejskal et 

al., 1999; Venclikova et al., 2007). The ability of ceramic materials to transmit light similarly 

to the tooth structures allows them to mimic the natural look of teeth (Poggio et al., 2017). 

According to previously published studies, the percentage of crowns and fixed prostheses 

that are made of PFM in the US has dropped from 80 % to 16.9 %, while the use of all-

ceramic restorations has been raised up to 80.2 % (Christensen, 2014; Zhang and Kelly, 

2017). 

A disadvantage of dental ceramics is that they are brittle and have a low tensile strength 

which allows only 0.1 % to 0.2 % strain before they break (Shenoy and Shenoy, 2010). 

The manufacturing of dental ceramics has advanced rapidly over the last decade, intro-

ducing several novel all-ceramic materials with enhanced physical properties and 

strength, and can be used to restore single and multiple teeth anteriorly and posteriorly 

(da Silva et al., 2012). Several methods were employed to enhance the strength of dental 

ceramics including chemical and ion exchange strengthening, dispersion strengthening, 

fine microstructure strengthening, and nano-composite strengthening (Abdul-Hamid et al., 
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2018). All these techniques are aimed at enhancing the strength of dental ceramics by 

creating residual compressive stresses within the surface of the restoration that deflect 

and stop the propagation of the initiated cracks. 

Different classification systems are used to classify the dental ceramic restorations. They 

can be classified by the number of layers into monolithic (full contour) and bilayered, or 

by the microstructure of the material into glass-based ceramics, high-strength polycrystal-

line ceramics, and resin-based ceramics.  

1.1.2 Monolithic versus bilayered restorations 

All-ceramic restorations can be used in one of two forms: bilayered or monolithic. The 

bilayered restoration consists of a high-strength core or framework that is veneered with 

an aesthetic porcelain layer. The core provides adequate strength to resist the biting 

forces and supports the weaker veneer layer, whereas the porcelain veneer is responsible 

for superior aesthetics. The PFM restorations are considered the gold standard for the 

bilayered fixed partial dentures (FPDs) owing to their excellent clinical performance and 

high survival rate (Silva et al., 2017). However, PFM restorations have limitations such as 

low biocompatibility, the rise in the cost of precious metals, opacity as well as the dark 

metal colour of the core which is responsible for the unnatural look of the final restoration 

(Zarone et al., 2011). All these factors are responsible for the shift toward the use of ce-

ramic cores in multi-layered restorations. 

The development of high crystalline content ceramic materials enabled the fabrication of 

ceramic infrastructures with sufficient strength to withstand the chewing forces (Silva et 

al., 2017). Owing to their adequate strength and outstanding aesthetics, all-ceramic bi-

layered restorations are indicated for single and multi-unit FPDs in the anterior and pos-

terior regions of the mouth whenever aesthetics is of high importance (Conrad et al., 

2007). Nevertheless, the bilayered restorations have few limitations. One frequent prob-

lem was the fracture of the weak veneer layer under load (Bindl and Mormann, 2002; 

Esquivel-Upshaw et al., 2004; Wolfart et al., 2009). Another problem was the chipping or 

delamination of the veneer layer due to the mismatching of the thermal expansion coeffi-

cients between the core and the veneer, which causes tensile stress at the core/veneer 

interface (Conrad et al., 2007; Rekow et al., 2011; Wolfart et al., 2009). 
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Monolithic restorations were developed to overcome the veneer fracture, chipping, and 

delamination that occurs in the bilayered restorations (Christensen, 2014; Zhang et al., 

2016b). They are more durable since they consist of only one material (Schultheis et al., 

2013). The strength of monolithic ceramics ranges from 450 to 1200 MPa according to 

the ceramic type (Bajraktarova-Valjakova et al., 2018), which is higher than that of the 

veneering porcelain that does not exceed 150 MPa, therefore the problem of veneer frac-

ture was solved (Zhang and Kelly, 2017). Moreover, the absence of veneering ceramic in 

monolithic restoration eliminates the risk of veneer wear over time and helps in keeping 

the occlusion stable during service, particularly in the presence of occlusal discrepancies 

that could lead to TMJ disorders (Ciancaglini et al., 2002; Zarone et al., 2019).  Monolithic 

ceramics are characterised by high crystalline content to provide adequate strength, which 

make them less translucent than veneering feldspathic porcelain and have less aesthetic 

quality. The use of monolithic restorations was increased after the development of 

CAD/CAM technology as it reduced the production time and improved the cost effective-

ness (Johansson et al., 2014). The CAD/CAM ceramics are commercially available in the 

form of white non-coloured blocks that require staining and characterisation after milling, 

or in a pre-shaded monochromatic or multi-coloured form. 

1.1.3 Manufacturing techniques of dental ceramic restorations 

Several techniques are used to fabricate dental ceramic restorations (Raju et al., 2015). 

An older technique was powder slurry, which was used to fabricate porcelain jacket 

crowns. The ceramic crown produced by this technique had superior translucency, how-

ever, its low mechanical strength and poor marginal integrity rendered it obsolete (Griggs, 

2007). The powder slurry technique is still used for the build-up of porcelain veneers over 

the metal frameworks in metal-ceramic restorations. Another technique is the slip casting 

which was used to fabricate infiltrated ceramics. It involves the application of aqueous 

porcelain slip on a refractory die and then fired at a high temperature. The porous alumina-

based ceramic core is subsequently infiltrated with low viscosity molten glass that fills the 

pours and increases the strength and toughness of the core. The opaque infiltrated core 

must be veneered with porcelain to achieve good aesthetics (Holand et al., 2000). Lost-

wax heat pressing technique evolved with the rise of pressable ceramics and is still used 

until now. The pressable ceramics are provided in the form of prefabricated ceramic 
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ingots. The ingots are molten at high temperatures and then slowly pressed into a mould 

made by the lost wax technique (Griggs, 2007). They share the advantages of good inter-

nal fit and marginal adaptation with metal alloys since they are processed by the same 

technique (Sulaiman et al., 1997; Yeo et al., 2003). Recently, the CAD/CAM technique 

has been developed and produced an evolution in the all-ceramic restorations. Some ma-

terials can be produced by more than one technique, e.g., glass-ceramics. Other materials 

are only fabricated using the CAD/CAM e.g., zirconia. 

1.1.4 Computer-Aided Design/Computer-Assisted Manufacturing (CAD/CAM) 

Rapid developments in CAD/CAM technologies, combined with advances in biomaterials 

have significantly altered the shape, quality, and efficiency of the provided dental services 

in all disciplines of dentistry, especially in the field of prosthetic dentistry (Alghazzawi, 

2016). The first CAD/CAM system was introduced in the 80s of the last century and was 

used only in a limited number of procedures including inlays and onlays (Mormann, 2006). 

Then manufacturers continued to improve the system and were able to fabricate crowns 

and veneers. More recently, developed software and improved milling units are able to 

produce FPDs, removable dentures, implants, abutments, and even orthodontic appli-

ances (Davidowitz and Kotick, 2011). 

The CAD/CAM system has reduced the multiple error-introducing steps of the conven-

tional fabrication methods and automated the production procedures thereby increasing 

the precision of the prosthesis and reducing the overall fabrication time and cost (Abduo 

et al., 2014). The digital workflow consists of three steps: data acquisition, computer-as-

sisted virtual designing of the restoration, and computer-guided milling of the designed 

restoration (Alghazzawi, 2016). The newly developed intra-oral scanners (IOS) used for 

data acquisition were reported to provide data with equal or higher accuracy and precision 

than conventional impressions (Nedelcu et al., 2018). Moreover, the digital impression 

has an advantage over conventional impression in terms of patient comfort, timesaving, 

ease of manipulation, real-time visualisation, fast recapturing, elimination of the risk of 

distortion, and long-term data preservation (Chiu et al., 2020; Yuzbasioglu et al., 2014).  

Additionally, the advanced 5-axis milling machines allow the fabrication of single and 

multi-unit restorations with excellent marginal adaptation and excellent fit (Dahl et al., 

2018; Dolev et al., 2019; Kirsch et al., 2017).  
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In parallel with the development of CAD/CAM systems, new materials have been devel-

oped for restorative treatments. Currently, the new systems can utilise a wide range of 

materials including resin, metals, and ceramics. Aesthetic ceramics have remarkably in-

creased the potential use of CADCAM in prosthodontics, particularly after the develop-

ment of high-strength ceramics, e.g., zirconia. The fabrication of zirconia restorations can 

only be made by computer-aided manufacturing (Sadan et al., 2005). The possibility of 

fabricating strong and tough CAD ceramic restorations has expanded the indications of 

metal-free restorations to include posterior single restorations and multi-unit FPDs (Abduo 

et al., 2014). Additionally, CAD/CAM has enabled the production of highly aesthetic glass-

ceramic restorations from blocks manufactured under standardised production conditions 

with improved mechanical and physical properties, eliminating the human errors and var-

iations that occur in conventional methods. 

1.1.5 Glass-based ceramics 

Glasses are amorphous solids that consist mainly of silicon dioxide (SiO2) and have no 

crystalline phases. They are transparent, hard, brittle, and have low thermal conductivity. 

Ceramics are composed mainly of crystalline grains. Glass-ceramics are a group of ma-

terials that consist of one or more crystalline phases embedded in a glass matrix. The 

crystalline content varies between 30 % and 70 % (Fu et al., 2020). The combination of 

desirable physical and chemical properties of glass-ceramics makes them highly attractive 

for clinicians and patients. They exhibit excellent aesthetics, adequate strength, biocom-

patibility, and wear resistance (Montazerian and Zanotto, 2017; Ritzberger et al., 2010). 

This category includes Leucite-based glass ceramics, Lithium disilicate-based glass ce-

ramics, and Zirconia-toughened silicate ceramics. 

1.1.5.1 Leucite-based glass-ceramic 

It is composed of potassium-aluminium-silicate (KAlSi2O6) homogeneously dispersed in a 

glass matrix. The addition of leucite crystals aimed to control the thermal expansion coef-

ficient and increase the strength of glass-ceramic (Byeon and Song, 2018). The crystal 

size is 1-5 µm and constitutes 35-45 vol.% of the final product (Ritzberger et al., 2010). It 

is characterised by excellent aesthetics and biocompatibility. Owing to the high silica con-

tent (60 - 65 wt.%) the material is highly translucent. Due to relatively low fracture strength 
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(120 – 160 MPa), it is mainly indicated for inlays, onlays, and anterior crowns (Montaze-

rian and Zanotto, 2017). 

1.1.5.2 Lithium disilicate 

Lithium disilicate was first introduced in 1998 in the pressable form as a strength enhanced 

upgrade of its predecessor pressable leucite-reinforced ceramic (Holand et al., 2000). It 

exhibited flexural strength of approximately 350 MPa and fracture toughness of 2.9 

MPa√m (Fu et al., 2020) and was indicated for veneers, crowns, and 3-unit FDPs up to 

the second premolar (Ritzberger et al., 2010). Due to their relatively high opacity, early 

generations were mostly used as a core for bilayered restorations which had to be subse-

quently veneered with a fluoroapatite glass-ceramic to replicate the optical properties of 

natural teeth. The pressable bilayered lithium disilicate reported high clinical survival rates 

for single crowns and 3-unit FPDs after 5 to 8 years (Marquardt and Strub, 2006; Wolfart 

et al., 2009). Most of the failures were reported for veneer fractures or connector failure. 

The first CAD/CAM lithium disilicate was released in 2006 under the name IPS e.max 

CAD (Ivoclar Vivadent, Schaan, Lichtenstein). The early CAD/CAM version had lower bi-

axial strength and toughness than the pressable form, therefore it was only indicated for 

veneers, inlays, onlays, and single anterior crowns (Wiedhahn, 2007; Tysowsky, 2009). 

Over the years, the material went through several enhancements in strength and translu-

cency and its indications were expanded to include full-contour single and multi-unit FDPs 

(Giordano, 2006). Currently, lithium disilicate is considered by most dentists the material 

of choice for anterior aesthetic crowns (Makhija et al., 2016) as it combines high biaxial 

flexural strength and superior aesthetic properties (Albakry et al., 2003; Conejo et al., 

2017). A 100 % survival rate was reported clinically for single crowns made of lithium 

disilicate after 2 years (Li et al., 2014). 

Monolithic lithium disilicate CAD/CAM blocks are available in the market in different sizes, 

shades, and translucencies (Reich et al., 2014). The blocks are supplied in a soft partially 

crystallised form characterised by their bluish colour and consist of 40 % lithium metasili-

cate (Li2SiO3) crystals and lithium disilicate (Li2Si2O5) nuclei. The material in the “blue 

phase” has a flexural strength of 140 MPa which is easier to mill without causing excessive 

wear to the milling burs (Chen et al., 2008; Marchesi et al., 2021). After milling, the resto-

ration is subjected to a firing cycle in a special furnace for a temperature of 840 °C in a 
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process called “Crystallisation”. During firing, the lithium metasilicate crystals transform 

into lithium disilicate crystals, which is accompanied by an increase in strength (Belli et 

al., 2017). After crystallisation, the restoration reaches its ultimate strength (450 MPa) and 

final shade and consists of 70% interlocking needle-shaped lithium disilicate crystals with 

lengths ranging between 0.5 and 4 µm (Holand et al., 2000; Ramos et al., 2016).  

In a trial to save time and laboratory costs, GC (GC Corporation, Tokyo, Japan) introduced 

a new fully crystallised lithium disilicate CAD/CAM block (LiSi CAD). The blocks are avail-

able in different shades and translucencies and do not require firing after milling. The 

restoration can be polished chairside using a ceramic polishing kit and then becomes 

ready for delivery. According to the manufacturer, glazing is possible however is not man-

datory. There is a lack of sufficient data about fully crystallised lithium disilicate blocks; 

therefore, more in-vitro and in-vivo studies are recommended. 

1.1.5.3 Zirconia-reinforced lithium silicate 

One of the methods employed to strengthen glass-ceramics is the addition of ZrO2 to the 

glass matrix (Clarke and Schwartz, 2011). Zirconia-reinforced lithium silicate (ZLS) ce-

ramics were developed as a modification to improve the mechanical and aesthetic perfor-

mance of silicate-based ceramics (Zarone et al., 2021). They are composed of lithium 

metasilicate, and lithium orthophosphate crystalline phases in addition to 10 % tetragonal 

zirconia fillers, all embedded in a homogeneous glassy matrix.  

The addition of zirconia fillers was aimed at increasing strength values through crack de-

flection (Elsaka and Elnaghy, 2016). According to Huang et al. (2014), the flexural strength 

and fracture toughness of lithium disilicate ceramics increased significantly when the per-

centage of the added ZrO2 was between 15 and 30 wt.% while adding less than 10 % 

ZrO2 has changed the morphology of the Li2Si2O5 crystals from rod-shaped to spherical 

with an accompanying decrease in strength due to the loss of the tight interlocking effect 

of the rod-shaped crystals. The reinforcing mechanism depends on the difference in the 

coefficient of thermal expansion (CTE) between the glass phase and the crystalline 

phases. This resulted in the development of residual compressive stress in the glass ma-

trix and tensile stress in the zirconia and lithium disilicate crystalline phases during cooling 

after sintering. This mismatch in the CTE has also played a role in the increase of fracture 

toughness through the “bridging toughening mechanism” in which the tensioned crystals 
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act as a bridge in the middle of the fracture line and the crack propagation is resisted. In 

addition, the transformation toughening mechanism of zirconia crystals is accompanied 

by volume expansion that reduces the stress concentration and prevents the further prop-

agation of the crack (Huang et al., 2014).  

The ZLS has 15 – 20 wt.% lithium silicate, 8 – 12 wt.% Zirconia and 55 – 65 wt.% silica 

(Bajraktarova-Valjakova et al., 2018). The crystalline phases in ZLS are more rounded 

and smaller in size than in lithium disilicate (Belli et al., 2017). The flexural strength after 

glazing is 370–420 MPa (Bajraktarova-Valjakova et al., 2018). One disadvantage reported 

for ZLS is their poor machinability compared to other glass-ceramics (Chen et al., 2020). 

The material is available commercially under two brand names: Celtra Duo (Dentsply Si-

rona, DeguDent, Hanau, Germany) and Suprinity (Vita Zahnfabrik, Bad Säckingen, Ger-

many). They are provided in the form of CAD/CAM blocks of assorted sizes, shades, and 

translucencies. Vita Suprinity blocks are provided in a pre-crystalline state that requires 

firing after milling to reach their final strength, whereas Celtra Duo is provided in a fully 

crystallised block form. Even though firing of Celtra Duo restorations may not be obliga-

tory, it has been reported to increase the material's strength (Attaallah et al., 2019; 

Schweitzer et al., 2020).  

1.1.6 Zirconia  

The name “zirconium” represents a chemical element (Zr) with the atomic number 40 and 

is taken from the Persian word “Zargun” which means “gold in colour” (Abd El-Ghany and 

Sherief, 2016). The oxide of zirconium metal (ZrO2) is known as “zirconia” and was dis-

covered by Martin Heinrich Klaproth, a German chemist, in 1789 (Piconi and Maccauro, 

1999). In 1969, zirconia was used for the first time in the medical field as a hip head 

replacement prothesis (Cales, 2000). Since then, attention has turned to zirconia as a 

biomedical material that can be used in several medical disciplines due to its unique prop-

erties such as inertness and hardness. Over 20 years ago, zirconia was introduced as a 

prosthetic material for dental use following the advent of CAD/CAM technology in dentis-

try. 

Zirconia can exist in three crystallographic phases: monoclinic, tetragonal, and cubic (Fig. 

1). The monoclinic phase is stable at room temperature, but it has poor mechanical prop-

erties. The cubic phase is stable at elevated temperatures (above 2370 °C) and provides 
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moderate mechanical properties to the material. The tetragonal phase exhibits the best 

mechanical properties, and it is only stable between 1170 °C and 2370 °C (Hannink et al., 

2000; Ruiz and Readey, 1996). The heating of zirconia is accompanied by volume reduc-

tion due to phase transformation and accompanying shifts in lattice positions. During cool-

ing, the phase transformation from cubic to tetragonal is accompanied by an approxi-

mately 2.3 % increase in volume, and an additional 4-5 % during the transformation from 

tetragonal to monoclinic. This sudden increase in volume during cooling produces exces-

sive intolerant tension that leads eventually to the development of catastrophic cracks and 

breakdown of the ceramic structure. To be able to use zirconia as restorative ceramic, 

stabilising oxides were added to prevent phase transformation and to enable the stabili-

sation of tetragonal or cubic phases at room temperature (Abd El-Ghany and Sherief, 

2016; Stawarczyk et al., 2017). 

 

 

Fig. 1: Shows the three crystallographic forms of zirconia: monoclinic, tetragonal, 
and cubic. Transformation between phases is accompanied by volume change. 
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1.1.6.1 Transformation toughening 

The transformation toughening phenomenon of ZrO2 was first discovered in 1975 (Garvie 

et al., 1975). It is a characteristic process that takes place in the Y-TZP under stress. The 

brittle nature of ceramics does not allow the material to accommodate increased strain 

conditions, therefore high stresses induce cracks (Zmak et al., 2019). The concentrated 

energy at the crack tip induces localised phase transformation from tetragonal to mono-

clinic associated with an approximate 3 % volume expansion. Consequently, compressive 

stresses are formed around the tip of the crack preventing further propagation (Fig. 2). 

Transformation toughening is responsible for the high fracture toughness of zirconia. 

 

Fig. 2: Shows the mechanism of the “transformation toughening phenomenon”. The vol-
ume increase accompanied with t-m phase transformation at the propagating crack’s tip 
creates compressive stresses that limits further crack propagation. (Modified from Zmak 
et al., 2019). 
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1.1.6.2 Hydrothermal ageing of zirconia 

One of the drawbacks of Y-TZP is the susceptibility to progressive hydrothermal ageing 

in moist environments at room temperature. The so-called low-temperature degradation 

(LTD) involves water penetration into the surface microcracks of the restoration, leading 

to destabilisation and transformation of the metastable tetragonal zirconia phase to the 

more stable monoclinic phase without any external mechanical stress. Local volume ex-

pansions due to phase transformation result in compressive stresses, leading to the col-

lapse of grain boundaries. This is followed by the further penetration of fluids and mi-

crocracks, which transfer internal stresses deeper into the bulk of the material, ultimately 

leading to a degradation in strength. Incorporating a small amount of oxide additives such 

as alumina, retaining a smaller grain size, and increasing cubic phase content can help 

prevent or reduce LTD (Harada et al., 2016; Zhang and Lawn, 2018). 

1.1.6.3 Generations of zirconia 

Stawarczyk et al. (2017) classified the zirconia into 3 generations that are different in com-

position, properties, and indications. The first generation of zirconia is the 3 mol% yttrium 

partially stabilised tetragonal zirconia polycrystals (3Y-TZP), which is mostly referred to 

as “conventional zirconia”. It is hard white opaque zirconia consisting of tetragonal crystals 

and has a high light refractive index. The characteristic opacity of this generation is at-

tributed to the small grain sizes (in the range ~0.5 to 1 μm) which encompass the visible 

light wavelength spectrum, in addition to the birefringence property of the tetragonal phase 

(Zhang and Lawn, 2018). It has high flexural strength (900 – 1400 MPa) and high fracture 

toughness (9 – 12 MPa √m). The higher toughness is due to the transformation toughen-

ing phenomenon. Due to its high opacity and hardness, it is used as a framework that 

must be covered by porcelain veneer to give the desired aesthetics and prevent excessive 

wear of opposing dentition (Miyazaki et al., 2013). The high strength and toughness of the 

material allowed it to be used for the fabrication of a framework for a long-span fixed dental 

prosthesis (FDP) in load-bearing areas (Piconi and Maccauro, 1999; Zhang et al., 2019). 

The second generation was introduced in 2012 as a modification of the first generation by 

reducing the number and grain size of the aluminium oxide (Al2O3) grains and relocating 

them relative to the zirconia grains. This modification allowed more light transmission and 

relatively increased translucency. In this generation, zirconia was allowed to be used as 
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a monolithic restoration for the first time. However, since the aesthetic quality was still 

inferior to that of glass ceramics, products from this generation were only used as full-

contour restorations in less aesthetic areas (e.g., posterior).  

The third generation is referred to as partially stabilised zirconia (PSZ) with more than 50 

% stabilised cubic phases. Other authors refer to it as fully stabilised zirconia (FSZ). The 

stabilisation of the cubic phase is achieved through the increase of yttrium percentage to 

more than 3 mol%. The first introduced example in this generation was the 5Y-PSZ in 

which about 5 mol% yttrium oxide (approximately 9.5 wt.%) was added, which resulted in 

more than 53 % cubic phase in the sintered material. The translucency of the third gener-

ation was remarkably increased due to the isotropic nature of the cubic crystals that allow 

more even light transmittance in all spatial directions. Furthermore, the larger grain size 

(~1.5 µm) and higher volume of the cubic crystals allow more light transmittance at the 

grain boundaries. However, the substitution of tetragonal phases with cubic phases was 

accompanied by a noticeable drop in the mechanical properties (Pereira et al., 2018). The 

decrease in strength and toughness is due to the absence of stress-induced transfor-

mation in the cubic zirconia (Zhang et al., 2016a). Furthermore, a recent investigation 

attributed the reduced mechanical properties to the wider dimensions of cubic grains than 

tetragonal ones which segregate more stabilising oxides; therefore, the tetragonal phase 

becomes more susceptible to ageing (Camposilvan et al., 2018).  

In several studies it was reported that the translucency of this generation is comparable 

to that of silicate ceramics, therefore it has almost the same indications as lithium disilicate 

(Zarone et al., 2019). Due to the low strength relative to conventional zirconia, it can be 

used for short-span FDPs of a maximum of 3 units. To achieve a balance between 

strength and translucency the added yttrium oxide content was reduced in the following 

products to around 4 mol%, which resulted in less amount of stabilised cubic phases in 

the final material. According to recent studies, the fourth generation is the most recent and 

refers to the multilayer zirconia that has a multichromatic structure with shade and trans-

lucency gradients as well as strength gradients similar to that found in the natural tooth 

(Kaizer et al., 2020; Kolakarnprasert et al., 2019; Vardhaman et al., 2020). In this system, 

the final restoration is composed of two types of zirconia (e.g., 5Y-PSZ/3Y-PSZ or 5Y-

PSZ/4Y-PSZ) with an intermediate transition zone (Badr et al., 2022). 
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1.1.7 Wear 

1.1.7.1 Tooth wear 

Wear is defined as “a progressive loss of substance from the operating surface of a body 

occurring as a result of relative motion at the surface” (Yamaguchi, 1990).  In dentistry, 

wear is a broad term that describes the irreversible surface loss of tooth hard tissues due 

to causes other than caries or trauma. Tooth wear is a multifactorial process and could be 

due to erosion, abfraction, abrasion, or attrition. Attrition is the loss of tooth structure at 

the biting surfaces during mastication due to tooth-to-tooth contact (Eccles, 1982). Attrition 

is sometimes referred to as physiological tooth wear and it can occur at the occlusal sur-

faces between opposing teeth or at the interproximal tooth surfaces between adjacent 

teeth (Davies et al., 2002). Physiological tooth wear can be beneficial for the adaptation 

of the teeth to changes in the dental arch and the achievement of balanced occlusion 

(Kaidonis, 2008). The normal rate of physiological wear due to mastication was reported 

to be approximately 20-38 µm vertical enamel loss per year (Lambrechts et al., 1989). 

Pathological tooth wear is the abnormal loss of surface tooth structure at a rate that ex-

ceeds the acceptable limits and affects the oral health-related quality of life (Warreth et 

al., 2020). 

In mastication, the chewing cycle is divided into three phases (Ghuman, 2016): the first 

phase starts with the separation of maxillary and mandibular teeth as the jaws move away 

from each other and ends shortly before the jaws return to the closing position. There is 

no force applied to the teeth during this phase, and it is not involved in the wear process. 

The second phase starts when the teeth contact the food bolus and ends with intercus-

pation. In this phase, the food is crushed, and abrasion is responsible for the wear. In the 

third phase, the opposite teeth are in direct contact and slide against each other to tear 

the food bolus. During this phase attrition and abrasion are involved in the wear process. 

The third phase ends when the teeth separate again, and a new chewing cycle begins. A 

variety of oral-related factors influence the degree of tooth wear such as food type, oral 

habits, enamel quality, and neuromuscular behaviour (Johansson et al., 1993; Mair et al., 

1996).  

Apart from the oral-related factors, dental restorations may cause progressive enamel 

wear in opposite teeth to varying degrees depending on the physical, chemical, 
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microstructural, and surface properties of the restorative material used. Therefore, there 

is considerable concern among clinicians regarding the wear process between ceramic 

restorations and tooth substrates. Ceramic materials designed for crowns and FDPs 

should have microstructural and bio-tribological properties similar to those of natural teeth 

to prevent excessive wear on the enamel of the antagonist (Mitov et al., 2012). If the 

abrasiveness of a dental ceramic exceeds a certain limit it becomes unsuitable for clinical 

use (Nakashima et al., 2016). The higher abrasiveness of restorative material will lead 

over time to adverse consequences such as loss of anatomy, exposure of sensitive tis-

sues, deterioration of occlusion, and the development of TMJ problems (Jacobi et al., 

1991). 

Dental ceramic materials were reported to induce higher enamel wear than other restora-

tive materials according to some researchers (Sripetchdanond and Leevailoj, 2014; 

Zandparsa et al., 2016). It has been demonstrated that the veneering porcelain in bi-

layered restorations produces excessive wear on the opposing dentition (Zurek et al., 

2019). Despite the absence of the abrasive veneer layer in monolithic restorations, the 

continuous development of the physical properties of monolithic ceramic materials raises 

concerns about their wear performance after prolonged friction against natural teeth dur-

ing mastication. Monolithic zirconia was reported to produce less wear in antagonist 

enamel than feldspathic porcelain, leucite reinforced glass, and enamel (Nakashima et 

al., 2016). Contrarily, lithium disilicate produced significantly greater enamel loss in an-

tagonist teeth, however, the enamel loss was similar to that produced by natural teeth 

(Nakashima et al., 2016; Sripetchdanond and Leevailoj, 2014). In other studies, no signif-

icant difference in antagonist enamel wear between zirconia and glass-based ceramics 

were reported (Ludovichetti et al., 2018). 

Several factors have been investigated for their role in the wear potential of ceramic ma-

terials such as hardness, surface roughness, elastic modulus, and coefficient of friction 

(Freddo et al., 2016; Lawson et al., 2016; Mormann et al., 2013). The role of hardness in 

the wear of the antagonist is still controversial. Some authors reported that enamel wear 

increases when the hardness of the opposing material increases (Ludovichetti et al., 2018; 

Mormann et al., 2013), while others reported no correlation between hardness and wear 

potential (Freddo et al., 2016; Heintze et al., 2008; Oh et al., 2002; Seghi et al., 1991). 
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Several studies have demonstrated that enamel wear caused by dental ceramics is 

closely related to fracture toughness and surface roughness rather than hardness (Fischer 

et al., 1989; Metzler et al., 1999). There has been evidence that antagonist wear occurs 

more pronounced when the fracture toughness of the enamel is significantly lower than 

that of the ceramic material (Heintze et al., 2008). Similarly, Ghazal and Kern (2009) re-

ported a significant correlation between the volumetric enamel loss and the surface rough-

ness of the antagonistic ceramic (r=0.667). The intrinsic and machining-induced surface 

flaws were reported to reduce the strength and increase the abrasiveness of dental ce-

ramics (Oh et al., 2002). Therefore, meticulous finishing of the restoration before cemen-

tation is critical. Ceramic restorations in general can be polished or glazed. Surface glaz-

ing increases the strength of the restorations and produces a glossy surface. It was once 

believed that glazed surfaces cause less wear to opposing dentition, however, this was 

reported to be only limited to a short period after cementation. According to Jagger and 

Harrison, the glaze layer is removed after approximately 2 days of intraoral wear leaving 

a rougher surface behind (Jagger and Harrison, 1994). Chairside occlusal adjustments 

remove the glaze layer and increase the abrasiveness of the restoration. Few studies 

reported that polishing can produce similar or even smoother surfaces and less enamel 

wear than glazing (Jacobi et al., 1991; Jagger and Harrison, 1994; Raimondo et al., 1990). 

Magne et al. (1999) reported no difference in wear characteristics of feldspathic and alu-

minous porcelain between chairside polished and laboratory glazed specimens. 

1.1.7.2 Ceramic Wear 

Similar to teeth, restorations are also prone to wear during mastication. While the type of 

ceramic might strongly affect wear behaviour, many other factors should be contributing 

to the complexity of the wear process. Surface friction during chewing and parafunctional 

habits like bruxism and clenching cause wear to the ceramic surface, especially in the 

presence of moisture (Preis et al., 2012). Also, the nature of the antagonist, abrasiveness 

of food, and patient’s habits are among the wear contributing factors (Johansson et al., 

1993; Kim et al., 2001). The choice of the ceramic material and the appropriate surface 

treatment plays an important role in minimising the wear of both restoration and antagonist 

(Preis et al., 2012). Ceramic materials should have sufficient hardness to withstand the 

forces of mastication and preserve their surface integrity while remaining non-abrasive to 
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the opposing dentition. Ideally, dental restorative ceramic materials should undergo wear 

rates that are similar to physiological enamel wear rates. 

1.1.7.3 Wear simulation in literature 

The in-vivo evaluation of dental materials is essential for the accurate assessment of their 

performance. However, the complexity of the oral environment, high variability among pa-

tients, intraoral measurements, and high costs are typical barriers to clinical studies. Only 

in few studies in literature was the wear investigated in-vivo, but they were reported to be 

extremely complicated and time-consuming (Esquivel-Upshaw et al., 2006; Stober et al., 

2014). So, it is usual to assess wear in-vitro under controlled conditions using wear simu-

lators (Heintze, 2006). 

The in-vitro studies in the literature that tested the wear of restorative materials and an-

tagonists are generally divided into two types: two-body wear or three-body wear. In the 

two-body wear mechanism, there is direct contact between the restoration and the antag-

onist. This condition occurs usually in the oral cavity during non-masticatory tooth move-

ment and at the end of the masticatory cycle. The three-body wear involves the addition 

of an intervening medium between the occluding surfaces. It represents the wear that 

occurs during food mastication. The abrasive potential of the diet may influence wear be-

haviour during three-body movement. Several media have been used to simulate food 

bolus in laboratory studies including cornmeal, poppy seeds, flour, rice, or polymethyl 

methacrylate beads (Amer et al., 2014; Koottathape et al., 2012; Wang et al., 2019). The 

three-body wear is lower than two-body wear since the occluding surfaces are in contact 

with softer food which has a lower friction coefficient (Ghazal and Kern, 2009; Wang et 

al., 2019). Most laboratory studies investigating the wear of dental ceramics and natural 

teeth are conducted in two-body wear in order to eliminate the intermediate medium vari-

able and to focus on the more destructive attrition wear caused by tooth-restoration con-

tact (Wang et al., 2019). 

In literature, there is no standard protocol for testing wear in-vitro. Researchers use vari-

ous wear devices/methods, parameters, antagonists, and wear quantification methods. 

Different chewing simulators and wear testing devices are being used such as ACTA, 

Alabama, Zurich, Willytech, Pin-on-disc, and others (Heintze et al., 2012; Lewis and 

Dwyer-Joyce, 2005). Other research centres have developed specially designed 
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machines to simulate the clinical wear process under controlled conditions (Koottathape 

et al., 2012). Different motions are used by different devices, including rotation/sliding, 

sliding, and vertical/sliding (Borrero-Lopez et al., 2019; Janyavula et al., 2013; Lawson et 

al., 2016). The sliding distance ranges from 0.6 to 8 mm (Heintze et al., 2008). The lateral 

movement during mastication was reported to be approximately 1.5 mm therefore in many 

studies the horizontal sliding distance was adjusted to 2 mm (Janyavula et al., 2013; Law-

son et al., 2016). There is a wide range of cycles, from 10,000 to 1,200,000, though most 

studies use a cycle range between 120,000 and 400,000 with a frequency range of 1 to 

1.6 Hz (Delong et al., 1992; Janyavula et al., 2013; Lawson et al., 2016; Mitov et al., 2012).  

The applied force varies between 10 and 50 N. Some researchers applied much higher 

loads up to 200 N (Kaizer et al., 2019). The sample shape varied between anatomical and 

flat specimens. Different antagonists were reported, in some studies human teeth, bovine 

teeth, cusps of premolars, cusps of molars, zirconia sphere, metal, or ceramic steatite 

were utilised. In the studies that used natural teeth as an antagonist, some used stand-

ardised, and others used non-standardised teeth. The lubricant mediums used were arti-

ficial saliva, glycerine, distilled water, or demineralised water. Some devices provide ad-

ditional thermocycling between 5 °C and 55 °C to the samples during the test. Because 

of the differences in wear testing protocols among different wear simulators, comparing 

the results of one study with those of another is difficult. 

1.1.7.4 Wear quantification 

Several methods have been used to quantify the amount of wear taking place on the 

occluding surfaces. Borrero-Lopez et al. (2019) used an optical microscope and SEM to 

measure the radius of the formed scar. Mitov et al. (2012) measured the vertical substance 

loss in enamel and ceramic using a laser microscope. Other studies used profilometry to 

measure the degree of developed roughness and/or generate 3D scans that are superim-

posed to determine the volumetric loss (DeLong et al., 1989; Janyavula et al., 2013; Lu-

dovichetti et al., 2018; Magne et al., 1999). Zierden et al. (2018) quantified the ceramic 

wear by measuring the weight loss using a sensitive scale. As a part of their study, a 

micro-CT scanner was used to produce 3D images of teeth in intact and worn phases, 

and then the images were superimposed to quantify volumetric enamel loss. 
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1.1.8 Strength of dental ceramics 

The strength of dental prostheses is one of the most decisive factors for the success of 

restorative treatment. The restorations are subjected to a wide range of chewing forces 

during mastication, ranging from 40 to 440 N in a normal situation, and may reach up to 

~800 N for short periods in certain cases (Kelly, 1997). The distribution of masticatory 

stresses depends on the geometry of the prosthesis (Zhang et al., 2013). Stresses falling 

on tooth-shaped restorations divide into compressive and tensile components (Fu et al., 

2020). Dental ceramics, being brittle in nature, are prone to crack propagation when sub-

jected to tensile forces (Zhang et al., 2013). Although the failure of dental ceramic could 

happen abruptly under intense overload, it is more likely to fail as a result of cumulative 

subcritical stresses over an extended period which is referred to as “fatigue failure” (Zhang 

et al., 2013). 

The reliability of ceramic restorations was once believed to be less than traditional PFM 

prostheses (Kelly, 2004), however, the poor aesthetics and absence of biocompatibility 

have pushed toward the rapid shift toward more aesthetic yet less tough alternatives. Re-

cently, the trend toward monolithic restorations has added a challenge to dental ceramics 

due to the elimination of the high-strength core support. In recent years, the use of mon-

olithic all-ceramic crowns has gained popularity over traditional multi-layered prostheses 

due to the elimination of veneer-related complications and the allowance for more con-

servative teeth preparations. In Germany, a practice-based research study conducted in 

2020 found that 82 % of surveyed dentists preferred ceramic restorations for single-unit 

crowns, while only 14 % chose PFM (Rauch et al., 2021). Similarly, a survey in 2016 

among dentists in the US found that only 9 % chose PFM, 17 % chose layered zirconia, 

and approximately 72 % chose monolithic ceramics. (Makhija et al., 2016). 

The development of monolithic dental ceramics has witnessed a great challenge regard-

ing the compromise between strength and aesthetics. Highly aesthetic porcelain ceramics 

have low fracture resistance. Conversely, high-strength ceramics such as alumina and 

zirconia have a lower aesthetic quality. Glass-ceramics were believed to be midway be-

tween both categories. Yttria-stabilised tetragonal zirconia polycrystal (Y-TZP) is the 

strongest among all restorative ceramics. Zirconia doped with 3 mol% yttria (3Y-TZP) has 

1000 – 1200 MPa flexural strength, ~14 GPa hardness, and 4 – 8 MPa√m fracture 
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toughness (Borrero-Lopez et al., 2019; Turon-Vinas and Anglada, 2018). Transformation 

toughening is responsible for the high fracture toughness and the crack resistance of con-

ventional zirconia. Different factors influence fracture toughness such as sintering tem-

perature, crystal morphology, grain size, and yttria content (Turon-Vinas and Anglada, 

2018). 

The 3Y-TZP was however not suitable for monolithic tooth restorations due to high opacity 

(Pecho et al., 2012). Researchers' relentless efforts to enhance the translucency of zirco-

nia have led to the introduction of new zirconia generations that are reported to compete 

with glass-ceramics in terms of aesthetics (Harada et al., 2016). However, the improve-

ment of translucency has come at the expense of strength (Zhang et al., 2016a). In the 

new translucent zirconia, strength has dropped to 500 - 800 MPa and fracture toughness 

to 2.2 - 3.5 MPa√m (Zhang and Lawn, 2018). Still, the strength of these new generations 

is equal to or higher than glass-ceramics. A mechanical advantage of the new translucent 

zirconia generations is the absence of low-temperature degradation (LTD) (Stawarczyk et 

al., 2017; Zhang et al., 2019), which was the main concern and potential risk in the old 

generations of zirconia (Zhang et al., 2016a). However, the mechanical and optical prop-

erties of the newest zirconia generations are not fully defined (Zhang et al., 2019). 

Some studies measured the fracture strength of ceramic materials under static load-bear-

ing tests which gives an idea about the initial material strength. However, only a few stud-

ies focused on the fatigue behaviour under cyclic loads (slow crack growth fatigue) 

(Baladhandayutham et al., 2015; Özcan and Jonasch, 2018). Exposing the material to a 

large number of load cycles in a humid environment simulates the clinical situation and 

allows a better understanding of the long-term mechanical stability of the ceramic pros-

thesis during function, especially for posterior mouth segments where high chewing loads 

are inevitable (Özcan and Jonasch, 2018). 

1.1.9 Aesthetics 

The eyes and mouth are the most common features associated with facial attraction (Bald-

win, 1980). In dentistry, the main objective of aesthetics is to create a pleasant smile which 

is one of the important skills for interactive communication (Joiner, 2004). Furthermore, 

aesthetic dental treatment has been said to affect psychological health and increase the 

patients’ self-esteem (Davis et al., 1998). Aesthetic restorations are used to restore 
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damaged or missing teeth, correct misalignment, treat discolouration or adjust the propor-

tions of teeth to be in harmony with the face of the patient (Joiner, 2004). The colour of 

the natural tooth depends on the interaction of the tooth hard tissues with the incident light 

before it reaches the observer’s eye (Vanderburgt et al., 1990). Two optical properties 

have been shown to characterise the aesthetics of dental ceramics, namely: colour and 

translucency (Fu et al., 2020). An excellent aesthetic restoration is usually the result of a 

good colour match and adequate translucency (Pecho et al., 2012; Perez et al., 2010; 

Raptis et al., 2006). 

1.1.9.1 Colour 

The colour of dental ceramics is based on the commonly used CIELAB colour system 

which was introduced by the “Commission International de l’Eclairage” (CIE) and allowed 

the numeric description of the colour (Della Bona et al., 2014). In this system, three coor-

dinate values (L*, a*, b*) are used to locate the object’s colour within the CIELAB colour 

space (Fig. 3). The L* coordinate represents the degree of lightness in the range from 0 

to 100. The a* coordinate represents the degree of redness or greenness. The b* coordi-

nate represents the degree of yellowness or blueness. The colour difference between two 

objects is represented by (∆E) and it can be used to evaluate the change in colour for the 

same object after a certain treatment. ∆E can be calculated based on differences between 

colour coordinates of two objects according to the following formula: 

∆E = [(∆L)2 + (∆a)2 + (∆b)2 ]1/2 , 

It was reported that an ∆E > 1.2 can be detected by the human eye (Paravina et al., 2015). 

Moreover, ∆E > 3.5 was reported to be the clinical perception threshold of colour mismatch 

in the dental practice (Bagis and Turgut, 2013; Turgut and Bagis, 2011; Yilmaz and Karaa-

gaclioglu, 2011). 
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Fig. 3: The CIELAB colour space defined by the International Commission on 
Illumination. It consists of three axes that represent the colour: L axis indicates the 
lightness and ranges from 0 (black) to 100 (white), a* axis indicates the green-red colour 
range, and b* axis indicates the blue-yellow colour range.  
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Restoring the natural appearance of teeth during restorative treatment is challenging for 

both clinicians and laboratory technicians (Tabatabaian et al., 2021; Wee et al., 2002). 

Matching the natural human tooth is influenced by several factors involving colour, trans-

lucency, surface texture, fluorescence, and lighting conditions (Ozturk et al., 2008; Vichi 

et al., 2011). Moreover, tooth colour is a combination of the optical properties of two dif-

ferent hard dental tissues (enamel and dentin). Dentin is relatively thick, opaque, and 

chromatic while enamel is relatively thin, more translucent, and achromatic. If a dental 

ceramic material is to mimic the natural look of teeth, it must have a layering gradient 

similar to natural teeth (Corciolani et al., 2011). 

Selecting the correct tooth shade is the first step in the achievement of good matching. 

Shade guides are used for shade selection in which the natural tooth tissues are com-

pared with the tooth-shaped shade tabs. Various commercial shade guides are available, 

however, the most commonly used are “VITAPAN classical” and “VITA 3D Master” from 

VITA Zahnfabrik (Lehmann et al., 2017). The “Vitapan classical” consists of 4 groups 

based on hue, each is composed of 4 tabs that are arranged according to value and 

chroma. However, shade selection following this sequence was reported to be difficult 

(Lehmann et al., 2017). Therefore, the “Vita 3D master” shade guide was later introduced 

to simplify the shade selection process (Corciolani et al., 2011). In this system, shade is 

selected according to colour parameters in the following order (value - chroma - hue) and 

better matching to natural teeth is achieved (Corciolani et al., 2009). Ivoclar Vivadent has 

also introduced an A – D universal shade guide that corresponds to the shade standards 

for their products. 

Shade selection using manual shade guides is highly subjective, and it depends on the 

observer’s colour perception at the moment of shade selection. The individual perception 

of colour is affected by several factors such as the operator’s experience, lightning condi-

tion, surface texture, eye fatigue, metamerism, and colour of adjacent structures such as 

gingiva, lips, and skin (Curd et al., 2006; Joiner, 2004; Najafi-Abrandabadi et al., 2018). 

To automate the shade capture process and eradicate human error, intraoral colourime-

ters and spectrophotometers have been developed (Posavec et al., 2016). The reliability 

and accuracy of these devices have been widely investigated in previous studies (Curd et 

al., 2006; Kim-Pusateri et al., 2009; Lagouvardos et al., 2009; Llena et al., 2011; 
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Weyhrauch et al., 2015). Some devices measure the CIELab and/or CIEch values and 

determine the tooth shade based on an internal database of available shade guides such 

as Vita 3D master or Vita Classical then convert the reading to the corresponding shade 

tab (Tabatabaian et al., 2021). 

Nowadays, most manufacturers provide the CAD/CAM ceramic blocks in a colour-coded 

pre-shaded form. Some have integrated the gradient transition in colour between different 

layers of the block to resemble the natural tooth. Most ceramic CAD/CAM systems use 

the Vita Classical colour coding. Shades taken by other shade guide systems can be con-

verted using shade converters. 

1.1.9.2 Translucency 

Appearance is a complex phenomenon that depends on many defining visual elements 

such as gloss, colour, texture, and translucency (Gigilashvili et al., 2021). Translucency is 

defined as the property of light transmission or diffuse reflection from a material’s surface 

through a turbid medium (Brodbelt et al., 1980). It can be viewed as a phenomenon that 

lies in a level between total transparency and total opacity. Translucency has been de-

scribed as an important aesthetic parameter and one of the primary factors influencing 

the performance of dental restorations in terms of aesthetic aspects (Winter, 1993; Xiao 

et al., 2014). A life-like natural appearance can only be achieved when the restoration has 

a similar translucency to the natural tooth (Pecho et al., 2012). Furthermore, the influence 

of translucency in aesthetic restorative materials on the masking ability of the underlying 

structures has a significant impact on the final aesthetics (Vichi et al., 2000). Another clin-

ical implication of translucency in restorative materials is its influence on the penetration 

depth of light and the curing quality of the underlying light-cured cement (Lee, 2015), 

which has an impact on the long-term durability and stability of the restoration. 

The translucency of the restorations is affected by several factors including material com-

position, microstructure, thickness, and surface finish (Akar et al., 2014; Subasi et al., 

2018). The increase in crystalline content in an attempt to increase strength usually results 

in greater opacity (Church et al., 2017; Della Bona et al., 2014). Feldspathic porcelain has 

the highest translucency and the most natural look; however, it is the weakest of all ce-

ramic materials (Datla et al., 2015). On the other hand, polycrystalline-based ceramics 

such as alumina and zirconia are the toughest and the most opaque at the same time 
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(Tabatabaian, 2018). The size and distribution of the crystallites also influence translu-

cency (Pecho et al., 2012). Smaller and homogenously distributed crystals allow less light 

scattering, and more light is transmitted through the material. Elimination of porosity in the 

manufacturing phase is another way to enhance translucency (Zhang and Lawn, 2018). 

Moreover, translucency is significantly influenced by the thickness of the material. Church 

et al. (2017), reported a dramatic decrease in the translucency parameter of zirconia spec-

imens as the thickness increased. 

Several methods were used in literature to evaluate translucency. In some studies, the 

percentage of direct light transmittance was examined (Della Bona et al., 2014; Spink et 

al., 2013), in others the contrast ratio (CR) or the translucency parameter (TP) were cal-

culated (Bagis and Turgut, 2013; Church et al., 2017; Kurt and Turhan Bal, 2019; Shono 

and Al Nahedh, 2012; Vichi et al., 2016). The CR is the difference in reflectance from an 

object against black and white backgrounds. The TP is the difference in colour parameters 

of material of given thickness when measured over black and white backgrounds (Della 

Bona et al., 2014). The lower the TP value the opaquer the material and vice versa (Pecho 

et al., 2012). The correlations between these parameters were examined in few studies 

(Barizon et al., 2013; Della Bona et al., 2014; Spink et al., 2013; Yu et al., 2009). Barizon 

et al. (2013) observed a significant correlation between CR and TP when examining the 

translucency of different ceramic materials. Based on their results, both parameters can 

be used to assess the relative translucency of dental ceramics. 

1.1.10 Microstructure analysis methods 

1.1.10.1 Scanning Electron Microscopy (SEM) 

The SEM can produce high-resolution images of the specimen’s surface at high magnifi-

cations up to 1,000,000X which cannot be achieved by conventional optical microscopy. 

It can be used to get information about the surface topography and crystalline structure of 

examined materials. Furthermore, SEM can be used in combination with an element dis-

persive X-ray unit to analyse the chemical composition of the material under investigation. 

An additional advantage over the optical microscope is the larger depth of field in the SEM 

that allows most of the examined area to be in focus regardless of the surface levelling 

(Vernon-Parry, 2000).  
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The SEM utilised an incident electron beam in which electrons are activated to energies 

up to 30 KV using an electron gun. The beam is focused by electromagnetic condenser 

lenses into a fine probe that is directed to the area of interest in the specimen. The “depth 

of penetration” inside the specimen’s surface is determined by the energy and angulation 

of the beam and the atomic masses of the specimen elements. Detectors are used to 

collect the secondary electrons in a high vacuum to form an image that shows the topog-

raphy of the sample. The samples examined using this technique must be conductive, 

therefore non-conductive substances such as teeth and dental ceramics are subjected to 

sputtering using Au or Au/Pt prior to examination. The application of an ultra-thin coating 

of electrically-conducting material on the sample prevents the accumulation of static elec-

tric charge on the specimen during scanning and improves the resolution because sec-

ondary electron emission near the surface is enhanced (Paradella and Bottino, 2012). 

SEM is commonly used in the research field for all disciplines of dentistry. It can be used 

to evaluate bacterial leakage in the root canal, gaps between root canal filling and dentin 

wall, fracture patterns of intra-radicular cement, the topography of dentin surface, the to-

pography of enamel surface after different treatments, morphologies of implant surfaces 

of different materials and treatments, and so on (Saghiri et al., 2012). Magnifications rang-

ing from 500X to 10,000X were used for examining the topography and crystal structures 

of restorative materials. 

1.1.10.2 Energy dispersive X-ray analysis 

Energy dispersive X-ray spectroscopy (EDX) is a non-destructive process by which the 

chemical elements present in a material are identified and counted (Orasugh et al., 2020). 

In this technique, a high-energy electron beam is directed to the examined sample. When 

the electron beam hits the atoms, electron holes are created due to the ejection of some 

electrons from the inner shell atomic orbit. When the ionized atoms return to their ground 

state, the outer shell electrons with higher energy are transmitted to fill up the electron 

holes in the inner shell orbit and they release the extra energy in form of an X-ray. The 

emitted X-ray has an amount of energy equal to the difference between the energies of 

the two orbital levels which is characteristic of each element (Fernandez-Segura and War-

ley, 2008). 
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1.1.10.3 X-ray diffraction 

X-ray diffraction (XRD) is a powerful technique that is commonly employed in research 

and industry to determine the shape and amount of crystalline phases in materials (Go-

non, 2021). The XRD analysis is done with an X-ray source of Cu Kα radiation (λ = 1.5406 

Å). When the X-ray is directed to a crystalline material, they are diffracted by certain an-

gles and intensities from every set of lattice planes in a sample. The deflection angle 

defines the shape of the unit cell (crystal or grain), while the peak intensity describes the 

arrangement of atoms in the unit cell. Every material has a unique periodic atomic ar-

rangement, therefore the XRD pattern is characteristic of the material. Comparing the ex-

perimental pattern to diffraction patterns in the online databases enables quick phase 

identification for unknown crystalline samples (Cheng, 2021).  

1.1.11 Previous studies in literature 

1.1.11.1 Studies on wear 

Lawson et al. (2016) measured the volumetric wear in LD (e.max CAD) and ZLS (Celtra 

Duo) rectangular shaped specimens as well as in enamel of antagonist premolar cusps 

after 400,000 cycles at 20 N force. Enamel specimens were used as a control. Both ce-

ramic materials showed similar wear values; however, they both showed more wear than 

enamel. The antagonist wear was greater for the LD than ZLS or enamel. Ludovichetti et 

al. (2018) investigated the wear resistance and abrasiveness of monolithic CAD/CAM ma-

terials against bovine enamel after 200,000 wear cycles at a force of 15 N. The study 

included LD (e.max CAD), ZLS (Vita Suprinity), and 3Y-TZP (Lava Plus). The 3 materials 

showed similar abrasive potential to the antagonist; however, zirconia was significantly 

more wear resistant. Sripetchdanond and Leevailoj (2014) evaluated the wear of enamel 

caused by monolithic ceramic materials. The tested materials included monolithic zirconia 

(Lava All Zirconia) and LD (e.max Press). The authors used enamel specimens prepared 

from human permanent molars as antagonists. In a pin-on-disk wear machine, the enamel 

specimens were abraded against the ceramic specimens for 4,800 cycles at 20 rpm and 

25 N force. The LD showed significantly higher average wear depth in the enamel (7.32 ± 

2.06 µm) compared to monolithic zirconia (1.83 ± 0.75 µm). 
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1.1.11.2 Studies on strength and fatigue of dental ceramics 

In an experiment by Zhang et al. (2016b), the fracture resistance of various monolithic 

ceramic crowns (Lava plus and IPS e.max CAD) was investigated. All crowns were able 

to sustain high biting forces, however, zirconia was more split resistant than lithium disili-

cate. Similarly, Church et al. (2017) reported significantly higher flexural strength of high 

translucent monolithic zirconia compared to lithium disilicate at different thicknesses. 

Nishioka et al. (2018) evaluated the fatigue strength of translucent zirconia, lithium disili-

cate, and zirconia reinforced lithium silicate using a biaxial piston-on-ball flexural setup. 

The disc-shaped samples were subjected to 100,000 cycles at an initial load of ~60 % of 

the mean load-to-failure of the material and a step size of 5 % of the initial load. They 

reported that translucent zirconia presented higher fatigue strength (370.2 ± 38.7 MPa) 

than lithium disilicate (175.2 ± 7.5 MPa) and Zirconia reinforced lithium silicate (152.1 ± 

7.5 MPa). Baladhandayutham et al. (2015) compared the fracture strength of monolithic 

ceramic crowns (IPS e.max; Ivoclar Vivadent & LAVA; 3M ESPE) at clinically relevant 

thicknesses (1.2 & 1.5 mm for LD and 0.6 mm for MZ) after cyclic loading. The crowns 

were cemented to identical resin dies and subjected to 200,000 load cycles at 25 N at a 

rate of 40 cycles/min. They found no statistically significant difference between the frac-

ture strength of all crowns at different thicknesses. Furthermore, the mean fracture load 

of the monolithic zirconia crowns with 0.6 occlusal thickness was comparable to that of 

lithium disilicate with double the thickness (1669 ± 311 N and 1465 ± 330 N respectively). 

Garoushi et al. (2021) evaluated the fracture behaviour of monolithic crowns made of par-

tially crystallised lithium disilicate blocks (IPS e.max CAD, Ivoclar Vivadent), full crystal-

lised lithium disilicate blocks (Initial LiSi Block, GC), and zirconia reinforces lithium silicate 

blocks (Celtra Duo, Dentsply Sirona; and Suprinity, VITA) after cyclic fatigue ageing. The 

crowns were cemented to metal dies and subjected to 120,000 cycles at a force of 220 N 

before they were statically loaded to fracture. They found that the load-bearing capacity 

of all materials was significantly decreased after mechanical ageing. Furthermore, the IPS 

e.max CAD crowns showed significantly higher load-bearing capacity (1,061 ± 94 N) than 

both zirconia-reinforced lithium silicate groups. They also reported no significant differ-

ence between the load-bearing capacities of both lithium disilicate groups. In an in-vitro 

study by Lawson et al. (2019), the fracture loads of traditional 3Y-TZP (Lava Plus), trans-

lucent 5Y-PSZ (Lava Esthetic), and Lithium disilicate (IPS e.max CAD) crowns were 
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compared. The crowns were subjected to 100,000 load cycles of 100 N before they were 

loaded with a steel indenter until fracture. Based on the results of the study, there was no 

significant difference in the fracture load between translucent 5Y-PSZ and lithium disilicate 

crowns (p=1) whereas 3Y-TZP had a higher fracture load (p<0.0001) when the same ce-

ment was used.  

1.1.11.3 Studies on colour and translucency 

Harada et al. (2016) measured the percentage of total light transmittance (Tt%) at a wave-

length of 555 nm for five types of translucent zirconias at different thicknesses (0.5 and 1 

mm) and compared them with lithium disilicate. Lithium disilicate showed higher translu-

cency than all types of zirconia at all thicknesses. Similarly, Church et al. (2017) compared 

the translucency parameter (TP) of four high translucency zirconias to lithium disilicate at 

different thicknesses (0.5, 1, 1.5, and 2 mm). They demonstrated that the translucency 

was significantly decreased at each thickness increase for each material. Furthermore, 

Lithium disilicate had significantly higher TP values at each thickness. Furthermore, trans-

lucency was significantly decreased at each thickness increase for each material. How-

ever, Church and his colleagues found that when the materials were measured at their 

recommended minimal thicknesses (0.5 mm for zirconia and 1 mm for lithium disilicate), 

zirconia specimens were more translucent (Church et al., 2017). 

Dikicier et al. (2014) demonstrated statistically significant changes in the colour parame-

ters (p<0.001) when they investigated the effect of artificial ageing on the colour stability 

of different all-ceramic systems including zirconia and lithium disilicate. Kurt and Turhan 

Bal (2019) examined the effect of ageing on the colour stability and translucency of mon-

olithic zirconia and lithium disilicate with different surface treatments. They demonstrated 

a significant colour change in the zirconia specimens which exceeded the clinically ac-

ceptable level, while the lithium disilicate showed high colour stability. Concerning colour 

replicability, Lehmann et al. (2017) investigated different shade matching techniques and 

concluded that dental spectrophotometers can produce more accurate shade matching 

than visual shade matching. Della Bona et al. (2015) found significant differences between 

the nominal shades of ceramic systems and the corresponding shades of the shade guide 

systems. They also reported differences between different ceramic systems for the same 
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shade. Hassel et al. (2009) demonstrated different Easyshade L*a*b* values between 

teeth and the equivalent 3D master shade tabs. 
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2. Aim of Study 

 

The purpose of this study was to investigate and compare five aesthetic monolithic dental 

CAD/CAM ceramic materials in terms of wear abrasiveness and resistance as well as 

fracture strength and colour stability after thermomechanical ageing. It aimed also to in-

vestigate the translucency and colour reproducibility of the tested ceramics. 

The null hypotheses stated were: 

1. There is no difference in the wear of the materials tested or in their abrasiveness 

to the opposing enamel. 

2. The maximum fracture load will not differ among the tested materials. 

3. Thermomechanical ageing will not affect the fracture load.  

4. Thermomechanical ageing will not affect the colour of the tested crowns. 

5. Different materials will not differ in ∆E values from the selected shade. 
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3. Materials and Methods 

3.1 Materials 

The ceramic materials used in the study are listed in Table 1. 

Table 1: Shows groups, trade names, compositions, lot numbers, and manufacturers 
of materials used in the study. 

Group 
Name 

Material 
Product 
Name 

Composition  Lot. Nr. Manufacturer 

PLD 
Partially crystal-
lised lithium disil-
icate 

IPS 
e.max 
CAD 

57-80 % SiO2; 11-19 
% Li2O; 0-13 % K2O; 
0-11 % P2O5; 0-8 % 
ZrO2; 0-8 % ZnO; 0-5 
% Al2O3; 0-5 % MgO; 
0-8 % colouring ox-
ides 

X25830 
Ivoclar Vivadent, 
Schaan, Liech-
tenstein 

FLD 
Experimental 
fully crystallised 
lithium disilicate 

GC Initial 
LiSi Block 

No data available 1904251 
GC Corporation, 
Tokyo, Japan 

ZLS 
Zirconia rein-
forced lithium sili-
cate 

Celtra 
Duo 

58 % SiO2; 10.1 % 
ZrO2; 18.5 % Li2O; 
others 13.4 % 

16004977 
Sirona Dentsply, 
Milford, DE, 
USA 

SMZ 

Super-translu-
cent monolithic 
zirconia (4Y-
TZP) 

Katana 
STML 

87-92 % ZrO2 + 
HfO2; 7-9 % Y2O3; 0-
2 % Other oxides 

DZMFB 

Kuraray, Tokyo, 
Japan 

UMZ 
Ultra-translucent 
monolithic zirco-
nia (5Y-TZP) 

Katana 
UTML 

87-92 % ZrO2 + 
HfO2; 8-11 % Y2O3; 
0-2 % Other oxides 

DYWYA 

 

3.2 Wear and surface roughness 

3.2.1 Ceramic specimens’ preparation 

Fifty rectangular-shaped specimens (12.0 × 6.5 × 1.5 mm) were cut from the five ceramic 

materials used in the study (n=10). PLD, FLD and ZLS specimens were cut from prefab-

ricated CAD/CAM blocks of size C14 and shade A3 HT using a low-speed precision 
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cutting saw (Buehler, Lake Bluff, IL, USA). The cutting was done using a diamond cut-off-

wheel saw of thickness 0.6 mm at 2500 rpm and a crosshead speed of 0.080 mm/s under 

coolant (Fig. 4). SMZ and UMZ monolithic zirconia specimens were fabricated and sin-

tered by the manufacturer and delivered in the same shade and dimensions. A digital 

micrometre (Mitutoyo, Illinois, USA) was used to confirm the thickness of each specimen 

(Fig. 5). The surfaces of all specimens were flattened with silicon carbide abrasive papers 

(#500, #1200, and #4000 grit) using a grinding machine (Exakt 400CS, Norderstedt, Ger-

many) shown in Fig. 6. For the UMZ and SMZ specimens, additional silicon carbide abra-

sive paper (#350 grit) was used. 

Specimens were further processed according to the manufacturers' recommendations. 

PLD specimens were glazed with IPS e.max CAD Crystall Glaze (Ivoclar Vivadent, 

Schaan, Liechtenstein) and then subjected to a combined crystallisation/glazing firing cy-

cle. ZLS specimens were only fired without glazing. All the specimens were fired in a 

sintering furnace (Programat P500 Oven, Ivoclar Vivadent) according to the manufactur-

ers’ parameters which are listed in Table 2. The FLD specimens were not subjected to 

any firing cycles. 

Table 2: Firing parameters of PLD and ZLS specimens. 

Group 
standby 

temp. 

closing 

time 

1st 

heating 

rate 

intermediate 

temp. 

holding 

time 

2nd 

heating 

rate 

final 

temp. 

holding 

time 
Vacuum 

PLD 403 °C 6 min 
90 
°C/min 

820 °C 10 sec 
30 
°C/min 

840 °C 7 min on 

ZLS 500 °C 1 min 
60 
°C/min 

- - - 820 °C 1 min off 
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Fig. 4: Left: LiSi CAD blocks fixed to the holding arm of the precision low speed cutting 
saw. Right: cutting the rectangular-shaped ceramic specimens from CAD/CAM block size 
C14 under coolant.  
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Fig. 5: A digital caliber is used to confirm the thickness of the ceramic specimen at 1.5 
mm after sectioning. 
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3.2.2 Enamel antagonists 

Fifty intact freshly extracted human premolars were collected from a pool of anonymized 

teeth at the University Dental Hospital, University of Bonn, Germany. The teeth were ex-

tracted for medical reasons and entered the pool after written and signed informed con-

sent. The teeth were cleaned with an ultrasonic scaler, then disinfected and stored in 0.9 

% NaCl with 0.001 % sodium azide solution at 4 °C. A detailed examination of each tooth 

under magnification was conducted, and defective teeth were excluded and replaced. 

Every tooth was taken out of the storage container the day before the test, rinsed, dried, 

and embedded in a copper ring filled with cold-curing embedding resin (Technovit 4004, 

Kulzer GmbH, Werheim, Germany) up to the level of the cementoenamel junction. The 

Fig. 6: Polishing machine used to flatten and polish the contacting surface of the ce-
ramic specimen before the wear test. 
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bottom of the ring was drilled, and a screw was fixed in the centre by adding more resin. 

The role of the screw was to attach the tooth/ring assembly to the wear machine. A flat 

end cylinder mounted stone was used to flatten the palatal cusp of the tooth. A motor-

driven round carbide bur (size 1ø) was inserted halfway in the middle of each tooth surface 

(buccal, lingual, mesial, and distal). These indentation markings were later used to guide 

the superimposition of the 3D images. The final assembly is shown in Fig. 7. 

 

Fig. 7: Preparation of teeth for wear testing. A: creating indentations to act as reference 
marks during models overlapping, B: flattening of palatal cusp, C: final tooth assembly. 
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3.2.3 Wear simulation 

The ceramic specimens and the enamel antagonists were mounted in a specially de-

signed wear machine at the Department of Oral Technology, University of Bonn, Germany 

(Fig. 8). The ceramic specimen was glued to a rectangular aluminium plate using Stabilit 

Express cement (Pattex, Henkel AG & Co. KGaA, Düsseldorf, Germany) and left for one 

hour to fully set (Fig. 9). The plate was screwed to the moving compartment whereas the 

tooth was screwed to the pressure arm of the machine. The position of the ceramic spec-

imen was adjusted so that when the pressure arm is activated the buccal cusp of the tooth 

contacted the centre of the ceramic specimen. When activated, the pressure arm was 

adjusted to apply a constant force of 20 N on the ceramic specimen. Afterwards, the ma-

chine was programmed to perform 200,000 bidirectional wear cycles at a frequency of 1 

Hz. For each cycle, the ceramic specimen performed a 2 mm lateral movement back and 

forth against the buccal cusp of the antagonist premolar to simulate a wear path. In order 

to simulate the oral environment and keep the enamel antagonist moist, artificial saliva 

(Glandosane; Stadapharm GmbH, Bad Vilbel, Germany) was used. An automated dis-

penser was used to deliver the artificial saliva to the tooth/ceramic contact point at a rate 

of 1 ml/min (Fig. 10). 

Fig. 8: Wear simulating machine at the Department of Oral Technology at Bonn University. 
A: automatic lubricant regulator, B: moving compartment, C: digital counter. 
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Fig. 9: Ceramic specimen glued to an aluminium plate to facilitate attachment to the wear 
simulating machine. 

Fig. 10: A needle connected to the automatic regulator delivers the artificial saliva to the 
contacting surfaces at a rate of 1 ml/min. 
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3.2.4 Wear quantification 

3.2.4.1 Enamel wear 

An X-ray microtomograph (Skyscan 1174, Skyscan, Belgium) was utilised to determine 

the volumetric enamel loss by measuring the difference between two overlapping three-

dimensional (3D) virtual models of the tooth taken before and after the wear test. Micro-

CT (µCT) imaging was performed at a high resolution (11.5 µm voxel size) using 50 kVp 

energy, 800 µA intensity,1 mm aluminium filter, 9500 ms integration time, 360° rotation 

angle, and 0.3° angular step (Fig. 11). 

 

The µCT cuts were converted into DICOM files and transferred to Mimics Research soft-

ware (Materialise HQ, Leuven, Belgium) to be assembled to form a 3D model of the tooth 

(Fig. 12). 

Fig. 11: The tooth is fixed in the X-ray chamber of the Micro-CT and a scan preview is 
displayed on the screen. 
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The 3D models generated from both worn and unworn scans of the tooth were then ex-

ported as stereolithography files (STL) to 3-Matic software (Materialise HQ, Leuven, Bel-

gium) (Fig. 13). At first, the indentations on every surface of the tooth were marked (Fig. 

14). Then each indentation in the non-worn tooth model was assigned to its correspond-

ence in the worn tooth model (Fig. 15a). The overlapping of the two models was then 

started guided by the marked triangles. It was then possible to overlay the 3D images of 

the intact and worn tooth models with the help of the preformed indentations and the over-

lapped mesh elements (Fig. 15b). After complete overlapping, the final combined model 

was trimmed to remove any extra parts at the base of the model. Then the volume differ-

ence between the two models was calculated using Boolean subtraction (Fig. 16). 

 

 

Fig. 12: A 3D model of the tooth before the wear test created from the Micro-CT images 
using mimics software. 
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Fig. 13: 3D models of a non-worn (yellow) and worn (Blue) tooth scans after being trans-
ferred to 3-Matic software to undergo models overlapping. 

Fig. 14: Indentations are manually marked on each model before overlapping. 
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Fig. 15: A: shows the marked indentations of pre- and post-test models assigned to each 
other to guide the models overlapping process. B: shows the superimposition of the two 
models. 
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3.2.4.2 Ceramic wear 

The wear of ceramic samples was determined by measuring weight loss. The ceramic 

specimen weight was recorded using a precision balance (Mettler Toledo, Switzerland) 

before being subjected to the wear cycles (Fig. 17). The reading was recorded in grams 

(g) as R1. At the end of the 200,000 wear cycles, the ceramic samples were thoroughly 

cleaned under running water, air dried, re-weighed and the reading was recorded as R2. 

The difference in weights was then calculated by subtracting R2 from R1 and the reading 

was converted to milligram (mg). 

 

 

 

Fig. 16: Boolean subtraction of the worn enamel tip. 
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3.2.5 Surface roughness 

A confocal laser scanning microscope CLSM (TCS SP8/AOTF, Leica, Wetzlar, Germany) 

at the Microscopy Core Facility of the Medical faculty at the University of Bonn was used 

to measure the surface roughness of the ceramic specimens (Fig. 18). On the stage of 

the CLSM, each sample was placed with the treated surface facing up and scanned. An 

Ar/ArKr laser with wavelengths of 488 nm blue, 568 nm green, and 647 nm red was used 

to generate a reflection image of the surface. The reflection image was generated using 

Leica's LAS AF v3.x (Wetzlar, Germany). A scan format of 2048 x 2048 pixel was selected, 

and the scan speed was 400 Hz. Starting from the first detectable light reflex, the stage 

was moved upward in the z-direction with a measurement step size of 5 µm, starting from 

Fig. 17: Sensitive balance for weighing wear specimens. The ceramic specimen is placed 
on top of the scale table and the display shows the weight in grams. 
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the bottom and ending at the last detectable light reflex. Scan parameters were adjusted 

based on previously published scanning protocols (Al-Shammery et al., 2007). A gray-

scale topographical image was created from the z-stack using the topographic image tool 

in the software. The average roughness of each specimen (Ra) was calculated using the 

topographic image for a region of 200 µm x 200 µm within the area of interest. 

 

 

3.2.6 Scanning electron microscope (SEM) 

At the end of the wear test, one specimen from each group was randomly selected and 

prepared for qualitative analysis of topography and microstructure. Every specimen was 

attached to the testing table and conductive carbon cement (Leit-C, Plano GmbH, Wetzlar, 

Germany) was applied to the corners to produce conductive adhesive spots between the 

sample and the sample plate. Then specimens’ surfaces were coated with a thin layer of 

gold/platinum using a sputter coater (Scancoat six, Edwards High Vacuum, England, UK) 

(Fig. 19). 

Fig. 18: Confocal laser scanning microscope at the Microscopy Core Facility of the Med-
ical faculty at the University of Bonn. 
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The specimen was then placed in the vacuum chamber of the scanning electron micro-

scope (Philips XL 30 CP, Philips, Eindhoven, The Netherlands) (Fig. 20), operated at 10 

kV, spot size adjusted to 5, and images were obtained from worn areas at magnifications 

(25X, 500X and 1000X). 

To investigate the crystal morphology of glass ceramics, one specimen from each of the 

groups FLD, PLD and ZLS was further selected, etched for 30 secs using 4.5 % HF acid 

(IPS ceramic etching gel; Ivoclar Vivadent), and coat sputtered as previously discussed. 

Afterwards, specimens were examined under the SEM at magnifications (1200X and 

5000X) at spot size 3. 

  

Fig. 19: Sputter Coater. The ceramic specimen is placed inside the vacuum chamber and 
the gold/platinum coating is applied for 60 sec. 
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3.2.7 Energy Dispersive X-ray Spectroscopy (EDS) 

The quantitative analysis of the chemical composition of each glass material was per-

formed using energy dispersive X-ray spectroscopy attached to the SEM. The etched 

samples were examined under the SEM at a magnification of 2000X operated at 25 kV. 

Then the images were transferred to the EDS detecting unit (Camscan S4, EDAX Inc., 

New Jersey, USA) and the element spectrum was collected using EDAX software (Gen-

esis Spectrum, V3.51, EDAX Inc., New Jersey, USA).  

3.3 Fracture load testing 

3.3.1 Specimen preparation 

A prepared premolar die with a heavy chamfer finish line was used in the study (Fig. 21). 

For duplication, twenty impressions were taken for the die with additional silicon rubber 

Fig. 20: Scanning electron microscope at the Department of Oral Technology at Bonn 
University. 
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base (Honigum putty and light, DMG Chemisch-Pharmazeutische Fabrik GmbH, Ham-

burg, Germany). Every impression was checked with a 2.5x magnification loupe under 

LED light for the presence of any defects and defective impressions were discarded. The 

impression was poured with Epoxy resin (Technovit® Epox, Kulzer GmbH, Hanau, Ger-

many) and was left for 24 hours to set. Afterwards, it was examined under magnification 

for any defects or entrapped air bubbles. Defective dies were discarded and replaced. 

The base of each die was trimmed on a dry trimmer to remove the excess epoxy and to 

form a uniform cube-shaped die base (Fig. 22). 

3.3.2 Designing and milling of CAD/CAM crowns 

The die was inserted in a wax model containing artificial adjacent teeth (Fig. 23) and 

scanned with Omnicam intraoral scanner (Dentsply Sirona, Bensheim, Germany). A mon-

olithic crown restoration was designed using CEREC software v.4.6.1 (Dentsply Sirona, 

Bensheim, Germany). The occlusal surface was adjusted to a thickness of 1.5 mm in the 

central groove, axial walls thickness of 1.5 mm at the buccal and lingual contours. The 

wall thickness was ensured by using Cerec software tools “cursor details” and “show min-

imum thickness” (Fig. 24). A total of 100 monolithic crowns were milled using the 5-axis 

milling unit ceramill® motion 2 (Amann Girrbach AG, Koblach, Austria) at the Department 

of Prosthetic Dentistry in Ludwig-Maximilians Munich University Hospital in Germany (Fig. 

25 & 26) and assorted into five groups according to the ceramic material (n=20) as pre-

sented in Table 1. 



59 
 

 
Fig. 21: The master model of prepared premolar that was used in the study. Only the 
right tooth model was duplicated. 

Fig. 22: A die duplicated in transparent epoxy resin. 
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Fig. 23: shows the die embedded in a wax model and ready for optical scanning. 

Fig. 24: Shows the final virtual design of a monolithic crown o the CEREC software.  
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Fig. 25: Shows the Katana UTML Zirconia disc mounted on a 5-axis milling machine 
ready for milling at the Department of Prosthetic Dentistry in LMU University Hospital. 

Fig. 26: Shows the milled zirconia crowns before separation from the disc. All crowns 
were milled from the same design and have identical dimensions. 
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3.3.3 Finishing and cementation of crowns 

The glass-ceramic crowns were further processed as previously discussed in section 

2.2.1. The zirconia crowns were sintered in a sintering furnace (Cercon Heat Plus, 

DeguDent GmbH, Hanau, Germany) and polished according to the manufacturer's in-

structions. Thereafter, all crowns were cleaned in an ultrasonic cleaner, air-dried and pre-

pared for adhesive cementation. FLD, ZLS and FLD crowns were etched using 9 % hy-

drofluoric acid (Porcelain Etch, Ultradent, South Jordan, USA) for 20 seconds (Fig. 27), 

rinsed with water for 1 min then air-dried. SMZ and UMZ crowns were sandblasted using 

Alumina particles size 50 µm at 2 bar pressure for 10 seconds. Then the crowns were 

adhesively cemented to the epoxy dies using the dual-cure Panavia V5 (Kuraray Noritake 

Dental Inc., Okayama, Japan) with clear shade. Ceramic primer (Clearfil Ceramic Primer 

Plus, Kuraray Noritake Dental Inc., Okayama, Japan) was applied to the fitting surface of 

the crown and allowed to dry for one minute. Meanwhile, the tooth primer was applied to 

the epoxy die, then left for 20 seconds, and then thoroughly dried with mild air. Next, the 

cement was applied to the crown's fitting surface and the crown was seated on top of the 

die under 3 kg of static force. The margins were then light-cured for 2-3 seconds, and the 

excess removed, after which each margin was light-cured for 10 seconds. The final ce-

mented crown is shown in (Fig. 28). 
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Fig. 27: Hydrofluoric acid gel applied to the fitting surface of a glass-ceramic crown before 
cementation. 

Fig. 28: Shows the final crown cemented to the epoxy die. 
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3.3.4 Thermomechanical ageing and static loading 

Half of the crowns (n=10) were subjected to thermomechanical loading in a specially de-

signed chewing simulator (Fig. 29) at the Department of Dental Biomaterials (Zurich Uni-

versity, Zurich, Switzerland) following a standardised protocol (Zimmermann et al., 2019). 

The crowns were subjected to 1.2 million load cycles at a force of 49 N applied to the 

central groove perpendicular to the occlusal table at a frequency of 1.7 Hz. The thermal 

cycling was 5 °C to 55 °C with 120 s dwell time and 10 s for water change. At the end of 

the thermomechanical cycles, all the surviving crowns were examined at 10x magnifica-

tion using a stereomicroscope to exclude any specimens showing signs of fracture from 

further testing. 

 

Fig. 29: Chewing simulator with thermocycling at University of Zurich, Division of Dental 
Biomaterials. 
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The surviving samples from the thermomechanical loading as well as the unfatigued sam-

ples were loaded until fracture in a universal testing machine (Zwick, ZwickRoell GmbH, 

Ulm, Germany). The epoxy dies and the adhesively seated crowns were prepared for the 

fracture loading test. The base of the die was trimmed to fit centrally in a cylindrical copper 

tube (ø18 mm & L 5 mm) and fixed with cold-curing resin (Technovit 4004, Kulzer GmbH, 

Hanau, Germany). After that, the copper cylinder was mounted in a specially designed 

holder (Fig. 30) of the same diameter and tightly fixed in position with four screws. The 

holder was securely attached to the Zwick table so that its crown was perpendicular to the 

floor. A pistol with a tip diameter of 5 mm was applied to the centre of the crown perpen-

dicular to the occlusal surface and driven at a crosshead speed of 1 mm/min (Fig. 31). 

The software automatically recorded the maximum force to fracture value in Newton (N).  

 

  

Fig. 30: Shows the attachment unit used to firmly hold the specimen on the table of the 
universal testing machine. 
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3.4 Effect of ageing on CIE L*a*b* parameters and change of colour (∆E) 
Prior to subjecting the ceramic crowns to chewing cycles, the Easyshade spectrophotom-

eter (VITA Easyshade V, VITA Zahnfabrik GmbH, Bad Säckingen, Germany) was used 

to measure the L*, a*, and b* colour parameters of the crowns. Six measurements were 

taken from the middle third of the buccal surface and the mean value was calculated and 

recorded as L*1, a*1, and b*1. Under the same testing and lightening conditions, the colour 

parameters were re-measured at the end of the chewing cycles, and the mean value was 

calculated and recorded as L*2, a*2, and b*2. Accordingly, the colour difference (∆E) was 

calculated based on the following equation: 𝛥𝐸 = [(𝛥𝐿∗)2 + (𝛥𝑎∗)2 + (𝛥𝑏∗)2]1 2⁄  , 

where ∆L* = (L1 – L2), ∆a* = (a1 – a2) and ∆b* = (b1 – b2). 

 

 

 

Fig. 31: Fracture load test. A: applying perpendicular load, B: crown fracture. 
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3.5 Colour testing 

For the measurement of the translucency parameter (TP) and the colour match with shade 

A3 (∆E), fifty rectangular-shaped specimens (n=10) were fabricated and finished as pre-

viously discussed in section 2.2.1.  

3.5.1 Translucency parameter (TP) 

For measurement of the translucency, the ceramic specimens were measured with a dig-

ital spectrophotometer (VITA Easyshade V, VITA Zahnfabrik GmbH, Bad Säckingen, Ger-

many) and CIE L*a*b* parameters were recorded over black and white backgrounds (Fig. 

32). For each measurement, three readings were taken, and the average was calculated. 

The translucency parameter (TP) was determined by calculating the differences in colour 

parameters over the black and white backgrounds according to the following equation: 𝑇𝑃 = √(𝐿𝜔∗ − 𝐿𝐵∗ )2 + (𝑎𝜔∗ − 𝑎𝐵∗ )2 + (𝑏𝜔∗ − 𝑏𝐵∗ )2 , 
where ‘w’ refers to coordinates over the white background and ‘B’ refers to coordinates 

over the black background. 

 

3.5.2 Colour match to the selected shade 

A digital spectrophotometer (VITA Easyshade V, VITA Zahnfabrik GmbH, Bad Säckingen, 

Germany) was employed in order to verify the shade match of the ceramic specimens to 

the selected block shade. Delrin rods with natural white colour were cut into 1.5 mm thick 

discs and served as a background during measurements (Fig. 33). In the spectrophotom-

eter, the "Shade Verification" mode was selected, and A3 was set as the control shade. 

The spectrophotometer tip was applied vertically to the middle of the specimen in full con-

tact.  For each specimen, six readings were recorded, and the average was calculated. 

Before every reading, the Easyshade device was inserted into the calibration unit. 
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Fig. 33: Delrin rods are cut into discs and used as a background for the ceramic specimen 
during colour measurement. 

Fig. 32: Measuring the CIEL*a*b* for ceramic samples on black background (left) and 
white background (right) to calculate the translucency of ceramic specimens. 
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3.6 Statistical analysis 

The Shapiro-Wilk test was used to examine if the variables follow a normal distribution. 

The ceramic wear and surface roughness variables showed parametric distribution; there-

fore, One-way analysis of variance (ANOVA) was used for comparison between the 

groups. Tukey’s post hoc test was used for pairwise comparison between the groups when 

the ANOVA test was significant. The enamel wear variables were non-parametric, there-

fore, Kruskal Wallis test was used for comparison between the groups, followed by Dunn’s 

post hoc test. The maximum loading force data were statistically analysed by Two-way 

ANOVA followed by multiple comparisons using post hoc Tukey’s test (α = 0.05). Student 

t-tests were used to compare the CIE L*a*b* parameters before and after thermomechan-

ical ageing. One-way ANOVA was used to analyse the ∆E and TP data followed by Tukey 

post hoc test for pairwise comparisons. The significance level was set at P≤0.05. The 

statistical analysis was performed using Prism software (PrismV.9, GraphPad Software, 

San Diego, USA).
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4. Results 

4.1 Enamel wear 

The median and interquartile range of volumetric enamel loss are represented in Fig. 34. 

According to the Kruskal Wallis test, there were significant differences between the tested 

materials. The lowest median volumetric enamel loss was reported for SMZ (0.13 ± 0.08 

mm3) followed by UMZ (0.15 ± 0.08 mm3). On the other hand, the highest median volu-

metric enamel loss was reported for the ZLS (0.47 ± 0.17 mm3) group. Both zirconia 

groups showed a statistically significant difference compared to all the other tested groups 

except the FLD (0.25 ± 0.10 mm3) group. Furthermore, there was no statistically significant 

difference between the two zirconia groups as well as between the PLD (0.29 ± 0.34 mm3), 

FLD, and ZLS groups. 

Fig. 34: Median and interquartile range of volumetric enamel loss for the different ceramic 
groups after 200,000 wear cycles. Groups that do not share the same letter are 
significantly different. 
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4.2 Ceramic wear 

Results of ceramic wear are presented graphically in Fig. 35. Tukey’s post hoc analysis 

showed no statistically significant difference between the mean ceramic weight loss val-

ues of the groups SMZ (0.43 ± 0.10 mg) and UMZ (0.14 ± 0.10 mg), while each of them 

was statistically significantly different from all other groups. Additionally, there were sta-

tistically significant differences between FLD (1.04 ± 0.22 mg) and all other groups. How-

ever, no statistically significant difference was found between PLD (2.95 ± 0.35 mg) and 

ZLS (3.09 ± 0.37 mg). 

 

Fig. 35: Mean and standard deviation of ceramic wear for the different ceramic groups 
after 200,000 wear cycles. Groups that do not share the same letter are significantly dif-
ferent. 
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4.3 Surface roughness 

The mean Ra values and the mean differences are presented in Table 3. The PLD group 

showed significantly the highest mean difference in Ra values (1.28 ± 0.40 µm) compared 

to all the other tested groups, followed by ZLS (0.41 ± 0.18 µm), and FLD (0.38 ± 0.16 

µm). On the other hand, there were no statistically significant differences between SMZ  

(-0.06 ± 0.11 µm) and UMZ (-0.04 ± 0.08 µm). 

 

4.4 Microstructural analysis 

Fig. 41 shows the SEM images of the worn ceramic samples at magnifications (15X, 500X, 

and 1000X). The 15X magnification images showed that groups PLD, ZLS, and FLD had 

wide deep wear facets with distinct wear patterns. On the other hand, the SMZ and UMZ 

specimens at magnification 25X did not show any noticeable depression on the surface. 

They only showed a change in the colour of the worn area, however, the surface integrity 

was preserved intact. At the higher magnifications, the PLD specimens showed the pres-

ence of cut debris on the surface and evidence of microcracks represented by the black 

and white arrows respectively (Fig. 36b & c). ZLS specimens showed irregular multi-

leveled surface and microfractures suggesting the complete loss of ceramic particles from 

these areas. FLD specimens showed less debris and microcracks than the other glass-

ceramic groups. No difference was recognized between the surfaces of UMZ and SMZ 

samples, which showed intact surfaces without any signs of levelling or microcracks. 

Table 3: Mean, standard deviation, and statistical analysis of Ra values in µm. 

Material 
Ra 

(before wear) 
Ra 

(after wear) 
P-Value Difference in Ra 

P-
Value 

PLD (0.55) ± 0.04 (1.83)*± 0.40 0.002 (1.28) a ± 0.40 

<0.001 

 

FLD (0.69) ± 0.02 (1.06)*± 0.16 0.006 (0.38) b ± 0.16 

ZLS (0.45) ± 0.16 (0.85)*± 0.19 0.007 (0.41) b ± 0.18 

SMZ (0.59) ± 0.08 (0.53) ± 0.04 0.31 (-0.06) c ± 0.11 

UMZ (0.54) ± 0.09 (0.51) ± 0.06 0.32 (-0.04) c ± 0.08 
Superscript stars represent significance within the row 
Superscript letters represent significance within the column 
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Fig. 36: Scanning electron micrograph images at magnifications 15X,500X,1000X 
showing the worn surfaces of the ceramic specimens after 200,000 wear cycles against 
the buccal cusps of natural premolars. PLD shows a lot of wear debris on the cut surface 
(black arrows). ZLS and PLD show several crack lines (white arrows). 
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The SEM images of etched glass-ceramic specimens taken at magnifications 1200X, and 

5000X for the groups FLD, PLD, and ZLS are presented in Fig. 37. The PLD specimen 

showed typical interlocking rod-shaped lithium disilicate crystals. Marked areas in Fig. 37a 

point to deficient areas due to fragments detaching. Fig. 37b shows aggregates of cut 

debris spreading over the scanned field. The ZLS showed spherical-shaped crystals that 

are evenly distributed. The crystals are smaller in size and more densely packed com-

pared to the other glass groups (Fig. 37e & f). The morphology of the crystals in the FLD 

specimen is different from that of PLD. They showed two phases, small rounded densely 

interlocking crystals and widely scattered less dense platelet-shaped crystals (Fig. 37c & 

d). The black arrow in (Fig. 37c) points to a crack propagating transversely perpendicular 

to the direction of wear patterns. 

 

Fig. 37: Scanning electron micrograph images of etched glass-ceramic specimens taken 
with spot size 3 at magnifications 1200X (a,c,e), and 5000X (b,d,f) showing the crystalline 
morphology for the worn surfaces. The continuous white arrows point to detached area, 
the dotted white arrows point to debris and the black arrow points to a transverse crack. 
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The results of the EDX quantitative element analysis of the tested glass-ceramic speci-

mens are presented as average values (wt.%) in Table 3 and illustrated in Fig. 38, 39 & 

40. All glass-ceramic specimens contained oxygen, silicon, aluminium, zirconium, and 

phosphorus. Potassium and zinc were also detected in all groups except in the ZLS group, 

however, it was the only group that contained Indium, cerium, and terbium. Lithium was 

not detected in any of the specimens due to its extremely low energy of characteristic 

radiation. 

 

Table 4: EDX element quantification for glass-ceramic materials (wt.%). 

Element PLD FLD ZLS 

O 53.81 50.64 38.35 

Al 0.42 2.51 1.21 

Si 34.90 36.60 31.75 

P 1.02 1.51 5.37 

Zr 5.27 6.10 12.67 

Zn 0.92 0.46 - 

K 3.67 - - 

Ce -  2.43 

Tb - - 1.62 
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Fig. 38: EDX spectrum of PLD shows the presence of silica, potassium, aluminium, ka-
lium, and zirconia. 
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Fig. 39: EDX spectrum of FLD shows the presence of silica, potassium, aluminium, and 
zirconia. 
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Fig. 40: EDX spectrum of ZLS shows the presence of silica, potassium, aluminium, and 
zirconia. 
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4.5 Load to fracture 

Only one specimen from the FLD group failed during the thermomechanical cyclic fatigue 

ageing. Therefore, all the fatigued crowns (except the failed specimen) were subjected to 

static loading till fracture. According to the Two-way ANOVA analysis, the material type 

had a significant effect on the load-bearing capacity of the tested crowns (P<0.001), while 

the effect of thermomechanical ageing was statistically non-significant for all groups 

(P=0.58). Means and standard deviations are illustrated in Fig. 41. For the non-fatigued 

crowns, the two monolithic zirconia groups (SMZ and UMZ) showed the highest mean 

fracture load of 2390 ± 191 N, and 2379 ± 230 N, respectively, which was statistically 

significantly higher than all other tested groups. There was no statistically significant dif-

ference between ZLS and FLD groups (P>0.99) which showed the least mean fracture 

load of 1176 ± 323 N, and 1237 ± 263 N, respectively. PLD had a mean fracture load 

value of 1794 ± 288 N, which was lower than zirconia groups and higher than other glass-

ceramic groups. After ageing, glass-ceramic groups showed less mean fracture load val-

ues, while zirconia groups were fractured at a slightly higher force. The differences be-

tween the mean fracture load values of fatigued and non-fatigued crowns were statistically 

insignificant for all groups. 

4.6 Change of Colour (∆E) after thermomechanical ageing 

Means and standard deviations of the L*, a*, and b* values for the ceramic crowns before 

and after thermomechanical loading are presented in Table 5. T-test for each parameter 

within each group showed a statistically significant difference after thermomechanical 

ageing in all colour parameters for all tested groups (P<0.001). Analysis of variance test 

showed statistically significant differences between the mean ∆E values of the tested 

crowns (P<0.001). Means and standard deviations of ∆E are presented in Fig. 42. The 

highest mean ∆E was recorded for the PLD (7.48 ± 1.12) followed by ZLS (7.21 ± 1.37). 

The lowest mean ∆E was recorded for the SMZ (5.20 ± 0.91) and UMZ (5.10 ± 0.61). FLD 

showed a statistically non-significant difference in the mean ∆E (6.09 ± 0.94) compared 

to all other groups except PLD (P=0.04). The difference between SMZ and UMZ groups 

as well as between PLD and ZLS groups was statistically non-significant. 
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Fig. 41: Mean and standard deviation of Load to fracture test in newton before and after 
ageing. The capital letters show significant difference among groups without ageing. The 
small letters show the significant difference among groups after ageing. Means that do 
not share the same letter are significantly different. 



81 
 

  

Fig. 42: Mean and standard deviation of the ∆E for ceramic crowns after thermomechan-
ical ageing. The letters show the significant difference among groups. Means that do not 
share the same letter are significantly different. 
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4.7 Translucency parameter (TP) 

One-way ANOVA showed a statistically significant difference between the mean TP val-

ues of the tested groups (P<0.001). Descriptive values are presented in Fig. 43. FLD 

showed the highest mean TP value (18.7 ± 0.7), while both monolithic zirconia groups 

SMZ and UMZ had the least values of (9.99 ± 0.6 and 9.93 ± 0.6, respectively). PLD and 

ZLS showed mean TP values of 15.6 ± 0.4, and 16.5 ± 0.6, respectively. The differences 

between all the groups were statistically significant (P<0.001) except for the SMZ and 

UMZ groups which showed non-significant differences (P>0.99). In addition, the differ-

ence between the PLD and ZLS groups was only marginally significant (P=0.03). 

4.8 Change of colour (∆E) from selected shade (A3) 
Only the zirconia groups showed ∆E values below the reported clinically perceptible level 

(>3.7). The ∆E values between the shade of ceramic specimens and the selected shade 

(A3) showed statistically significant differences between the tested groups (P<0.001). 

Means and standard deviations are presented in Fig. 44. The highest mean ∆E value was 

reported for the PLD group (7.99 ± 0.24) followed by the FLD group (5.00 ± 0.52) and ZLS 

group (4.99 ± 0.58). The monolithic zirconia groups SMZ and UMZ showed the least mean 

∆E values of 2.2 ± 0.5, and 2.47 ± 0.47, respectively. There was no statistically significant 

difference, neither between SMZ and UMZ (P=0.58) nor between FLD and ZLS (P>0.99). 

Table 5: Mean and Standard deviation of CIElab colour parameters of the crowns be-
fore and after thermomechanical ageing 

 PLD FLD ZLS SMZ UMZ 

L* A 70.85 (0.60) 71.47 (1.01) 63.80 (2.10) 75.66 (1.90) 73.37 (0.63) 

B 77.41 (1.19) 75.78 (1.23) 70.08 (1.21) 80.33 (0.77) 77.76 (0.83) 

a* A -1.76 (0.05) -3.34 (0.16) -2.34 (0.13) -1.33 (0.46) -2.66 (0.22) 
B -0.78 (0.11) -1.62 (0.24) -1.13 (0.09) -0.49 (0.46) -1.81 (0.22) 

b* A 9.42 (0.13) 15.67 (0.88) 7.59 (0.94) 21.50 (1.12) 15.41 (0.92) 
B 12.85 (0.46) 19.69 (1.01) 11.71 (0.62) 22.32 (1.15) 17.80 (0.89) 

L* = lightness, a* = colour coordinate that represents the green-red range, and b* = 
colour coordinate that represents the blue-yellow range. A= before ageing, B= after age-
ing. T-test for each parameter within each group showed a statistically significant differ-
ence after thermomechanical ageing in all colour parameters for all tested groups 
(P<0.001) 
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Fig. 43: Mean and standard deviation of translucency parameter for different ceramic 
groups. The letters show the significant difference among groups. Means that do not 
share the same letter are significantly different. 

Fig. 44: Mean and standard deviation for the ∆E between ceramic specimen and selected 
shade (A3). The letters show the significant difference among groups. Means that do not 
share the same letter are significantly different. 
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4.9 X-ray diffraction pattern analysis (XRD) 

Representative XRD patterns for tested groups are shown in Fig. 45 & 46. The XRD anal-

ysis showed no differences in the crystalline morphology for any of the tested materials 

after thermomechanical ageing. Lithium disilicate (Li2Si2O5) and Lithium orthophosphate 

(Li3PO4) crystals were identified in all the glass ceramic groups to varying degrees. Addi-

tionally, Lithium silicate (Li₂SiO₃) was identified in the ZLS pattern, whereas FLD reported 

the presence of silica crystals (SiO₂). In terms of zirconia groups, the experimental lattice 

patterns of the SMZ and UMZ were quite similar. The SMZ sample showed a lattice pat-

tern that fits very well with the tetragonal zirconia. There was clear splitting in the tetrago-

nal peaks showing additional peaks at 2theta 50.61, 59.82, 74.44, 82.35, and 95.28 which 

fit with cubic zirconia. The UMZ showed a lattice pattern that matched with the tetragonal 

phase of yttrium doped zirconia. There was no clear splitting in any of the tetragonal phase 

peaks, therefore no additional peaks could be identified. 



85 
 

 

Fig. 45: XRD patterns of glass ceramics. A=before ageing, B=after ageing. The patterns 
show no difference before and after thermomechanical ageing. FLD pattern shows the 
presence of silica in addition to the lithium disilicate crystals.  
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Fig. 46: XRD patterns of Zirconia. A=before ageing, B=after ageing. t=tetragonal zirco-
nium oxide, c=cubic zirconium oxide. No effect for the thermomechanical ageing on the 
patterns could be recognized. SMZ and UMZ XRD patterns show mainly tetragonal 
phases. Cubic phases could be identified by splitting in the tetragonal peaks at 2theta 
50.61, 59.82, 74.44, 82.35, and 95.28. 
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5. Discussion 

5.1 Discussion of materials selection and methodology 

The materials of the study were chosen to include the commonly used ceramic categories 

indicated for aesthetic CAD/CAM monolithic crowns. IPS e.max CAD is a lithium disilicate 

based glass-ceramic that is supplied in a partially sintered block. It has been widely inves-

tigated in the literature and is considered a gold standard in all-ceramic restorations show-

ing a cumulative survival rate of 96.5 % for complete coverage monolithic restorations 

after 10 years (Malament et al., 2019). Therefore, comparing the mechanical and physical 

properties of novel materials to PLD is meaningful. LiSi CAD is a newly introduced lithium 

disilicate ceramic that is supplied in the form of fully sintered CAD/CAM blocks. At the 

beginning of this study, this material was still in the experimental testing phase and was 

not yet delivered to the market. Therefore, there is very limited data in the literature about 

its composition and clinical performance. The Celtra Duo was added to the current inves-

tigation because it is commonly used and falls within the category of modified silicate 

ceramics. Katana STML and UTML are new high translucent multilayer 4Y-PSZ and 5Y-

PSZ that belong to the third and fourth generations of monolithic zirconia. They were 

claimed to have translucencies similar to glass-ceramics but with higher strength (Zhang 

and Lawn, 2018). These new zirconia formulations have not yet been adequately studied 

in the literature therefore they were chosen for the present study. 

In the current research, extracted natural teeth were used as antagonists during wear 

simulation. Even though natural teeth might differ in enamel structure, geometry or surface 

quality, the use of non-standardised enamel cusps was verified in previous studies as an 

appropriate choice to simulate the clinical situation during wear investigations (Krejci et 

al., 1999; Lutz et al., 1992). Moreover, according to Kunzelmann et al. (2001), the stand-

ardisation of enamel cusps by means of grinding alters the wear potential and leads to 

inaccurate results. To minimise the effect of variations, every extracted tooth was carefully 

examined under magnification for any signs of defect, attrition, or abnormality. 

The crowns in the present study were subjected to 1,200,000 chewing cycles at 49 N 

associated with thermal cycles in a chewing simulator to simulate the intraoral fatigue 

process and investigate the durability of dental restorations (Özcan and Jonasch, 2018). 

Furthermore, restorations frequently fail at forces lower than their ultimate fracture 
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strength after a period of service as previously reported (Baldissara et al., 2010). Several 

ageing methods are described in the literature, however, the ageing method used in this 

study was widely accepted and used in previous in-vitro studies (Al-Akhali et al., 2019; 

Guess et al., 2013; Sasse et al., 2015; Zimmermann et al., 2019). A control group, not 

subjected to chewing cycles, was added to investigate the effect of thermomechanical 

ageing on strength and colour.  

In the present study, two-body wear was investigated in-vitro. Only in a few studies de-

scribed in the literature was wear investigated in-vivo, but this was found to be time con-

suming and complicated (Esquivel-Upshaw et al., 2006; Stober et al., 2014). As a result, 

wear is typically evaluated in-vitro using wear simulators and under controlled conditions 

(Heintze, 2006). A novel technique utilizing micro-computed tomography (µ-CT) was used 

to quantify volumetric enamel wear following the parameters of a recently published study 

(Kaizer et al., 2019). After demonstrating accuracy and reliability in volumetric wear as-

sessment of prosthetic joint replacements, micro-CT was regarded as a promising tech-

nology for wear quantification in different fields including dentistry (Parrilli et al., 2016).  

5.2 Discussion of Results 

5.2.1 Discussion of wear results 

The findings of this study showed that the ceramic material significantly affected the res-

toration's wear rate and its abrasiveness toward antagonist teeth. Therefore, the first null 

hypothesis which assumed no difference in wear properties among the evaluated materi-

als has to be rejected. 

With the beginning of the use of zirconia as monolithic restorations, questions were raised 

about the possibility of causing an increased rate of abrasive wear to the opposing natural 

teeth (Kim et al., 2012). However, the results of the present research came to the contrary, 

as they showed that SMZ and UMZ resulted in significantly lower volumetric tooth loss in 

the antagonist teeth than that reported for PLD or ZLS. Equivalent results were reported 

in previous studies (Amaya-Pajares et al., 2016; Kim et al., 2012; Sripetchdanond and 

Leevailoj, 2014). Although it has been proposed that abrasiveness is proportional to hard-

ness (Hudson et al., 1995; Jagger and Harrison, 1995), the correlation between ceramic 

hardness and increased enamel wear is still debatable. According to Oh et al. (2002), the 
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hardness factor has no significant effect on the rate of enamel wear. Moreover, Ghazal 

and Kern (2009) concluded that the restoration's surface roughness is more effective. In 

the present study, the surface analysis revealed that zirconia specimens could keep 

smooth surfaces throughout the test. On the contrary, after wear cycles, glass-ceramic 

specimens showed rough surfaces, which might have introduced microcracks and dis-

crepancies on the contacting surface and ramped up the loss of enamel. 

The findings of the present study agreed with those of Sripetchdanond and Leevailoj 

(2014) in which the antagonist enamel showed less wear when occluded against mono-

lithic zirconia versus glass-ceramic. The authors attributed the increased enamel wear 

caused by glass-ceramic to the formation of an abrasive debris layer on the ceramic sur-

face due to the dislodgment of some glass particles during the wear process, which in-

creased the material's coefficient of friction. Although artificial saliva was used to wash 

away the cut debris on a regular basis, SEM confirmed the presence of plentiful wear 

remnants on the worn surfaces of the PLD specimens and small traces on the FLD sur-

faces. Wear debris formed on the surface of glass-ceramics has been previously reported 

to accelerate enamel wear (Fischer et al., 2000). 

In contrast to our findings, Ludovichetti et al. (2018) found that zirconia caused enamel 

wear rates comparable to glass-ceramics. The higher elastic modulus and hardness of 

the 3Y-TZP monolithic zirconia compared to the 4Y-TZP and 5Y-TZP used in our study 

could explain the mismatch in zirconia abrasiveness between both studies. In addition, 

the difference in surface treatments (glazing or polishing) could affect the wear behaviour 

of zirconia. In a clinical study conducted by Selvaraj et al. (2021), polished zirconia caused 

significantly less enamel wear in antagonists than glazed zirconia after one year. Further-

more, in an in-vitro study by Kaizer et al. (2019) it was shown that polished zirconia caused 

significantly less antagonist wear than non-polished and glazed zirconia after 1.25 million 

chewing cycles. 

Occlusal surfaces of posterior teeth are subjected to approximately 20 – 38 µm physio-

logical enamel loss per year in normal situations, which corresponds to 0.07 – 0.14 mm3 

(Gkantidis et al., 2020). Provided that our test parameters correspond to nearly a year of 

clinical service (Mormann et al., 2013), the enamel wear produced by the zirconia 
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specimens appear to fall within the normal wear rate range. The glass-ceramic speci-

mens, on the other hand, resulted in nearly double the reported normal wear rate. 

Ceramic wear is a dynamic process that involves many wear mechanisms and is depend-

ent on many factors such as operating parameters, material intrinsic properties and mi-

crostructure or defects (Wang and Hsu, 1996). Under tribological stress, when the plastic 

deformation surpasses the material’s critical limit of plasticity, microfractures are induced 

and wear debris is produced (Mecholsky, 1995). The wear mechanism of brittle materials 

such as ceramics is predominantly due to the development of microfractures on the sur-

face rather than due to plastic deformation (Anusavice, 2013). The ability of the brittle 

material to resist the propagation of induced cracks and flaws is described by a mechan-

ical property called “fracture toughness” (Ilie et al., 2012). The higher fracture toughness 

of zirconia could explain the findings of the present study, in which SMZ and UMZ speci-

mens had significantly lower wear values than ZLS, PLD, and FLD specimens. Further-

more, the zirconia specimens were less susceptible to developing microcracks along the 

surface during the wear test. Moreover, zirconia is characterised by the presence of the 

“transformation toughening” phenomenon which helps to stop the propagation of induced 

surface microcracks and increase the resistance of the material to fracture 

(Sripetchdanond and Leevailoj, 2014). This was reflected on the higher ability of zirconia 

specimens to retain a smooth surface based on the surface roughness (Ra) measure-

ments and as shown in the SEM scans.  

Unlike zirconia, which is polycrystalline, silicate-based glass-ceramics are composed of 

crystalline phases distributed throughout a glass matrix. Since the glassy phase is weak, 

it could be easily worn out under continuous friction from the antagonist resulting in irreg-

ularities on the surface. This assumption is in line with the surface analysis results which 

showed a significant increase in the Ra values for the glass-ceramic groups PLD and ZLS 

after wear cycles, while the surface roughness values of both zirconia groups showed 

nearly no change. 

The ceramic wear measurements were consistent with the SEM micrographs. The lower 

magnification images matched those obtained by Lawson et al. (2016) for PLD and ZLS 

ceramics. The pattern of abrasive wear differed between materials in terms of shape and 

size. A large wide wear scar with distinguished wear tracks was seen in the three glass-
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ceramic materials at the area where the tooth contacted the specimen's surface, indicat-

ing extensive wear action. In contrast, zirconia showed no surface indentation, but only 

thin scratch lines along the length of the wear track, which were limited to the size of the 

antagonists' cusp tip. This could be explained by zirconia's higher hardness (Miyazaki et 

al., 2013), which has been shown to play a role in determining ceramic wear resistance 

(Preis et al., 2012). 

Despite differences in microstructure and composition, no statistically significant differ-

ence in wear properties was found between the PLD and ZLS groups. Lawson et al., 

(2016) reported similar enamel wear results for PLD (0.420 mm3) and ZLS (0.276 mm3). 

This similarity in wear behaviour could be attributed to the similarity of Young's modulus 

(Belli et al., 2017). The wear resistance of the experimental FLD was statistically signifi-

cantly higher than other glass-ceramic groups. This could be due to variations in chemical 

composition, microstructure, surface treatment, and milling state between materials. The 

EDX analysis showed similar compositions for the two lithium disilicate ceramics except 

that FLD had a higher aluminium content (2.51 wt.%) than PLD (0.42 wt.%). In general, 

fillers are introduced into glass ceramic matrices to improve strength, microhardness, re-

sistance to crack propagation and other mechanical properties (Orlova et al., 2013). The 

addition of fine alumina fillers in the range of 0 – 20 wt.% has been shown to significantly 

improve the wear resistance of dental composites by up to the three fold (Patnaik et al., 

2008; Sawyer et al., 2003). 

The wear properties of ceramic materials are affected by milling and post milling treat-

ments (Mota et al., 2017; Yara et al., 2005). The milling process induces the formation of 

intrinsic flaws that negatively affect the strength and raise the abrasiveness of dental ce-

ramics (May et al., 2021). Glazing of ceramic restorations was once thought to seal the 

surface defects caused by milling and reduce the wear of antagonist teeth (Baharav et al., 

1999). However, some researchers believe that polishing can achieve comparable, if not 

better, results (Alao et al., 2017). It has been proposed that residual compressive stresses 

are created beneath the surface during polishing, which could deflect crack forces and 

prevent further crack growth (Giordano et al., 1995). Furthermore, the polishing step can 

be performed chairside without the need for special equipment, thus reducing the treat-

ment’s duration and cost. 
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Soft milling is suitable for hard materials such as zirconia and lithium disilicate, not only to 

simplify the milling process and preserve the milling burs but also to overcome the milling-

induced flaws in the final restoration (Tinschert et al., 2004). Despite being milled in a fully 

crystallised state, FLD specimens demonstrated greater wear resistance than other glass-

ceramic groups in the present study. This could be explained by the ability of hard mate-

rials to confine newly formed surface flaws to the superficial surface layer, limiting their 

propagation. Milling the ceramic in a soft state, on the other hand, enables the generated 

flaws to extend into deeper layers. According to Mota et al. (2017), ceramic restora-

tions milled out of fully crystallised blocks showed smoother surfaces than those milled 

in an intermediate state and then fired. 

Ceramics' wear behaviour can also be influenced by microstructural differences (Seghi et 

al., 1991). SEM images at high magnification revealed differences in size, shape, and 

distribution of crystals between glass-ceramics. The images of PLD showed holes that 

represented the areas from which soluble lithium phosphate crystals were stripped away 

during the intermediate phase milling (Denry and Holloway, 2010; Lien et al., 2015). The 

presence of defective areas in the PLD image (Fig. 37a) could be a sign of the removal of 

the glaze layer due to friction with enamel. Furthermore, the images showed a dense layer 

of wear debris covering the worn areas. The SEM examination of FLD displayed two crys-

talline phases: densely interlocking rod-shaped lithium disilicate crystals and uniformly 

scattered spherically shaped crystals. It has been reported that adding less than 10 % 

ZrO2 to the glass matrix of lithium disilicate material acts as a nucleating agent and 

changes the crystalline structure from a rod-like shape to a spherical (Fu et al., 2020). The 

second crystalline phase might have aided in the prevention of crack propagation by act-

ing as micro-fillers or via the bridging mechanism that was suggested by Huang et al. 

(2014). 

5.2.2 Discussion of fracture strength results 

The results of the present study demonstrated that the ceramic material had a significant 

effect on fracture resistance. However, within each material, the thermomechanical age-

ing did not significantly alter the maximum fracture load of the crowns. Therefore, the 

second null hypothesis is rejected, while the third null hypothesis is accepted. 
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In a normal patient, the intra-oral posterior biting force ranges from 490 N to 520 N (Apos-

tolov et al., 2014), while in abnormal conditions such as bruxism, it can reach 790 N (Nish-

igawa et al., 2001). If a material can withstand biting loads of 500 N for the premolar area 

and 900N for the molar area, it could be considered for posterior indications (Özcan and 

Jonasch, 2018). The average fracture loads reported for the crowns in this study range 

from 1176 N to 2397 N for non-aged crowns and 1051 N to 2609 N for the aged ones, 

both of which are greater than the maximum clinical mastication loads. As a result, all the 

tested materials demonstrated enough strength to withstand the clinical biting forces. 

The mean fracture loads of the glass-ceramic crowns did not significantly decrease after 

ageing, indicating that glass-ceramic materials could retain their mechanical strength 

when subjected to load cycles. Meanwhile, the mean fracture load values of zirconia 

crowns slightly increased after ageing; however, the increase was also insignificant. One 

reason could be increasing the yttrium oxide content to more than 3 mol% which increased 

the material's resistance to low-temperature degradation (LTD) (Flinn et al., 2017; Zhang 

and Lawn, 2018). No difference was observed between the XRD patterns of aged and 

non-aged specimens. XRD patterns of zirconia specimens were similar to those reported 

by Pereira et al. (2018) who found no change in the SMZ and UMZ patterns after ageing. 

The 4Y-TZP and 5Y-TZP zirconia specimens, which were investigated in the present 

study, demonstrated higher fracture resistance than all glass-ceramic groups. This finding 

is consistent with previous studies (Johansson et al., 2014; Lawson et al., 2019; Naka-

mura et al., 2015; Sun et al., 2014). The 3Y-TZP is the toughest among all zirconia gen-

erations (flexural strength >1000 MPa and fracture toughness ~5 MPa√m) owing to the 

transformation toughening mechanism (Kern et al., 2016). Increasing the stabilizer per-

centage above 3 mol% aimed to enhance the translucency; however, it was associated 

with a decline in mechanical strength due to the interruption of the t-m transformation 

phenomenon (Stawarczyk et al., 2017). Nevertheless, still these translucent zirconia gen-

erations are more fracture-resistant than other ceramics.  

The claim that the new zirconia products with increased yttrium content are mainly cubic 

was not confirmed in the present study. The XRD analysis demonstrated that the domi-

nant phase in SMZ and UMZ is tetragonal. Cubic phases with rather small lattice param-

eters were identified in the SMZ pattern. No splitting in the tetragonal peaks or additional 
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peaks could be identified in the UMZ pattern. However, it is not necessarily due to the 

absence of cubic phases. If the lattice parameters of both phases are quite close, the 

cubic phase might be totally superimposed by the tetragonal. 

In contrast to our findings, Garoushi et al. (2021) observed a significant change in the 

fracture load values of monolithic crowns after thermomechanical fatigue. They reported 

a reduction in the mean fracture load of PLD from 1280 N to 1050 N, FLD from 1400 N to 

900 N, and ZLS from 1300 N to 900 N. In the mentioned study, a different crown design 

and cyclic fatigue protocol were used which could explain the difference in results. The 

authors utilised anterior crowns and applied the loading forces in an inclined direction. 

Furthermore, they subjected the crowns to 220 N force for 120,000 cycles, which is much 

higher than the force applied in the present study (F = 49 N). 

Our findings are in accordance with several previous studies (Baladhandayutham et al., 

2015; Church et al., 2017; Johansson et al., 2014; Nakamura et al., 2015; Nishioka et al., 

2018; Sun et al., 2014; Zhang et al., 2016b). Zhang et al. (2016b) reported that zirconia 

required a significantly higher load (5780 ± 1050 N) to cause a full split in the crown than 

lithium disilicate (3640 ± 330 N). Baladhandayutham et al. (2015) reported similar fracture 

load values for lithium disilicate (1465 ± 330 N). Compared to our findings, they reported 

lower fracture load values for translucent monolithic zirconia crowns (1669 ± 311 N). An 

explanation is that the authors of that study performed the test on zirconia crowns milled 

at the minimal clinical occlusal thickness (0.6 mm); whereas all the crowns in the present 

study were milled at the recommended occlusal thickness for all-ceramic restorations (1.5 

mm). Similarly, Nakamura et al. (2015) and Sun et al. (2014) documented the fracture of 

monolithic translucent zirconia crowns at significantly higher loads than lithium disilicate. 

The authors however reported higher fracture loads for zirconia crowns than our reported 

values (4110 N and 5558 N, respectively), which could be attributed to differences in zir-

conia, die material, cement type, and crown design. Furthermore, the findings of the pre-

sent study are similar to those of Johansson et al. (2014), who demonstrated mean frac-

ture load values for monolithic zirconia 3038 ± 264 N (Z-CAD, Metoxit) higher than lithium 

disilicate 1856 ± 161 N (Emax press, Ivoclar Vivadent) after subjecting the crowns to ther-

momechanical load cycles. 
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The fracture strength of ceramic materials is highly influenced by their microstructure 

(Kelly, 1995). Adding crystalline phases to glass matrices in dental ceramics was intended 

to improve their mechanical properties (Seghi et al., 1995). The composition, size, and 

distribution of the crystalline phases determine the characteristics of the final product 

(Huang et al., 2014). The dense distribution and high interlocking of lithium disilicate crys-

tals in PLD limit the spread of cracks (Furtado de Mendonca et al., 2019; Ohashi et al., 

2017). In ZLS, tetragonal zirconia fillers were added to increase the strength and improve 

the optical property (Zarone et al., 2021). However, still this assumption a controversial 

issue in the literature (Elsaka and Elnaghy, 2016; Gomes et al., 2017; Hamza and Sherif, 

2019; Zarone et al., 2019). The current findings revealed higher fracture resistance for 

PLD than ZLS. Similar findings were previously reported by Choi et al. (2017). The de-

clined strength could be attributed to the change in the shape of lithium disilicate crystals 

from small needle-shaped in PLD to larger crystals with more round and elongated mor-

phology in ZLS (Furtado de Mendonca et al., 2019), which might reduce the crystals in-

terlocking effect. Moreover, the XRD pattern of ZLS demonstrated a higher percentage of 

the weaker lithium metasilicate phase in the final product. In a previous study that inves-

tigated the mechanical properties of monolithic CAD/CAM restorations, PLD had signifi-

cantly higher flexural strength than ZLS, while the fracture loads did not significantly differ 

(Furtado de Mendonca et al., 2019). However, the investigated ZLS product in the present 

study has a different milling state and microstructure (Zarone et al., 2021).  

FLD crowns were milled from fully crystallised lithium disilicate CAD/CAM blocks that were 

still in the experimental phase. According to the manufacturer, the crowns can be polished 

after milling and directly cemented without the need for further glazing or firing. There is 

not enough data about the microstructure of the set material available in the literature. 

FLD crowns demonstrated lower fracture strength than PLD. This could be attributed to 

the ability of the firing cycle to redistribute the crystals inside the material to repair the 

internal cracks and surface flaws that are induced during the machining of the brittle ce-

ramics (Thompson and Rekow, 2004). Moreover, both materials differ in the fabrication 

method, which could influence the physical and mechanical properties of the final product 

(Choi et al., 2017). Further laboratory studies are recommended on the mechanical, phys-

ical, and microstructural characteristics of FLD. 
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5.2.3 Discussion of colour and translucency results 

Aesthetic restorations are expensive and should be able to function for several years with-

out the need to be replaced because of colour changes. Therefore, investigating the age-

ing effect on the colour stability of aesthetic dental ceramics in-vitro is crucial for predicting 

their long-term success (Heydecke et al., 2001; Turgut and Bagis, 2011). According to the 

findings of the present study, thermomechanical ageing significantly affected the colour in 

all groups. Therefore, the fourth null hypothesis is rejected. After ageing, all crowns be-

came more reddish and more yellowish. Similar findings were reported in previous studies 

(Bagis and Turgut, 2013; Luo and Zhang, 2010). The change of colour was greater than 

the clinical perception threshold (>3.5) (Bagis and Turgut, 2013). The colour of SMZ and 

UMZ was the least affected by ageing among the tested groups. In contrast, PLD and ZLS 

demonstrated the highest ∆E values after ageing. In contrast, a study by Kurt and Turhan 

Bal (2019) demonstrated a minimal change of colour in lithium disilicate after ageing (∆E 

= 0.41), while in zirconia the colour change was significantly higher (∆E = 5.03). The au-

thors of the study used white zirconia specimens that were dipped in colouring liquids after 

sintering. To assess the ageing effect, they subjected the specimens to ultraviolet light 

which differs from the ageing protocol used in the present study. The ultraviolet radiation 

was reported to dissolve the metal oxides in the colouring agents (Dikicier et al., 2014; 

Ertan and Sahin, 2005; Pires-de-Souza et al., 2009) which could explain the significant 

colour change in zirconia specimens in their findings. In our study, the colour was meas-

ured for crowns that were cemented to translucent epoxy resin dies. Any change in the 

die colour might influence the final colour of the translucent restoration.  

Regarding the colour reproducibility, none of the tested materials was able to precisely 

match the selected shade; therefore, the fifth null hypothesis is rejected. All the tested 

crowns were milled from pre-shaded CAD\CAM blocks of shade A3; however, they 

demonstrated different CIELab colour values. Glass-ceramics demonstrated remarkably 

high ∆E values above the clinically acceptable level. SMZ and UMZ had better matching 

to the selected shade without additional characterization (∆E = ~2.5). It has been previ-

ously reported that different dental ceramic brands that share the same shade can result 

in a perceivably different colour in the final restoration (Seghi et al., 1986). Bagis and 

Turgut (2013) found that none of the full ceramic systems tested in their study could match 
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the corresponding colour tab in the Chromascop shade guide from Ivoclar Vivadent. Sim-

ilar findings were published by Della Bona et al. (2015) who reported very high colour 

differences (∆Es 6.32 – 13.42) when compared four different full ceramic systems to their 

corresponding nominal shades in the Vita-Classic shade guide. The authors also reported 

that Emax CAD HT with A3 shade demonstrated the worst match to the corresponding 

shade (∆E = 13.42) which is in agreement with our results.  

According to our findings, standardisation of colour conceptions among manufacturers is 

missing. Therefore, the achievement of a perfect shade match depending on the block 

shade only might be tricky. The individual characterization of the final restoration before 

cementation might be a necessary step to improve colour matching to adjacent teeth. Until 

the manufacturers adhere to a standard shade parameter during the fabrication of ceramic 

products and shade guides, it is recommended that dentists and technicians use the ap-

propriate shade guide for every product. 

The translucency of the material is a key aesthetic factor and an important consideration 

during the selection of the restoration material (Bagis and Turgut, 2013; Kelly et al., 1996). 

For restoration to appear natural, it must have the same colour and translucency as nat-

ural teeth (Jurisic et al., 2015). Compared to zirconia specimens, glass-ceramic speci-

mens showed higher TP values, which is in line with findings from several previous studies 

(Harada et al., 2016; Harianawala et al., 2014; Kim and Kim, 2014; Kurt and Turhan Bal, 

2019). Glass ceramics have superior translucency owing to their higher glass content 

(Zhang and Lawn, 2018). Although the translucency of the new monolithic zirconia gen-

erations is significantly improved compared to conventional ones, it remains lower than 

that of lithium disilicate at the same thickness (Kurt and Turhan Bal, 2019; Vichi et al., 

2016). Kurt and Turhan Bal (2019) reported similar TP values to our findings for lithium 

disilicate (15.63 ± 1.29) and polished monolithic zirconia (8.54 ± 0.49) at 1.5 mm thick-

ness. Likewise, Harada et al. (2016) found that lithium disilicate (Emax CAD LT) had 

higher light transmittance (Tt%) than all tested monolithic zirconias, including SMZ and 

UMZ, at thicknesses of 0.5 mm and 1.0 mm. There is a significant correlation between 

restoration thickness and translucency. Church et al., (2017) found that zirconia had sig-

nificantly higher TP values at 0.5 mm than lithium disilicates at larger thicknesses. Simi-

larly, the (Tt%) of SMZ and UMZ at the thickness of 0.5 mm was reported to be greater 
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than lithium disilicate at the thickness of 1 mm (Harada et al., 2016). Consequently, it is 

reasonable to conclude that when used at their clinically recommended thickness, the 

monolithic zirconia ceramics may have similar or even better translucency than lithium 

disilicate ceramics. 

Among the glass-ceramic groups, the difference in TP values shown in the present study 

could be attributed to the variations in the type and percentage of crystalline phases be-

tween the tested products. FLD had higher TP values than PLD and ZLS. The XRD anal-

ysis detected silica (SiO2) crystals in the FLD pattern. Moreover, the percentage of the 

lithium disilicate (Li2Si2O5) phase was lower in the FLD pattern than in the PLD. In general, 

decreasing the crystalline content can increase transparency (Bagis and Turgut, 2013). 

Furthermore, FLD specimens were not subjected to a firing stage, which is reported to 

influence the opacity of the material (Campanelli de Morais et al., 2021). 

5.3 Conclusions 

In conclusion, the null hypotheses that materials will show no differences in wear re-

sistance, abrasiveness, fracture resistance and shade reproducibility were rejected. The 

null hypothesis that ageing will not affect fracture load of tested materials was accepted, 

while the hypothesis that ageing will not affect the colour was rejected. 

Highly translucent monolithic zirconia had high fracture resistance, excellent wear re-

sistance and minimal abrasiveness to antagonist teeth; therefore, could be recommended 

in cases where high wear rates are anticipated e.g., bruxism. The experimental fully crys-

talized lithium disilicate was the most translucent and showed minimal abrasiveness to 

antagonist. It could be a good aesthetic alternative for treatments in the anterior part of 

the jaw. All materials can withstand intra-oral masticatory forces. None of the materials 

was able to accurately reproduce the selected shade or retain the colour after thermome-

chanical ageing. Post-milling characterization and finishing are recommended to achieve 

better shade matching.  
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6. Summary 

The success of a restoration is determined by its ability to restore function and aesthetics, 

as well as to withstand the harsh oral environment for many years without fracture or 

change in colour and without causing excessive wear to the opposing teeth. The ability of 

restorative materials to resist fatigue is another critical aspect that affects long-term suc-

cess and should be investigated. Examining the long-term durability of ceramic restora-

tions should also include the stability of colour over time. 

The purpose of this study was to investigate and compare five aesthetic monolithic dental 

CAD/CAM ceramic materials in terms of wear abrasiveness and resistance as well as 

fracture strength and colour stability after thermomechanical ageing. It aimed also to in-

vestigate the translucency and colour reproducibility of the tested ceramics. 

Rectangular-shaped specimens were sectioned from CAD/CAM ceramic blocks and 

sorted according to the block material into five groups (n=10): PLD; partially-crystallised 

lithium disilicate, FLD; experimental fully-crystallised lithium disilicate, ZLS; zirconia-rein-

forced lithium silicate, SMZ; 4Y-TZP super translucent monolithic zirconia, and UMZ; 5Y-

TZP ultra translucent monolithic zirconia. The specimens were subjected to 200.000 wear 

cycles against human premolars. Micro-CT scans for the teeth were taken before and 

after the test and the volumetric enamel loss was calculated through the overlapping of 

the generated 3D models. Weights and surface roughness (Ra) values of specimens were 

measured before and after the test and the differences were calculated. Representative 

specimens were randomly selected for SEM and EDX microstructural analysis. Digital 

spectrophotometer was used to measure CIEL*a*b* values over black and white back-

grounds to calculate the translucency parameter (TP). The shade verification mode was 

used to calculate (∆E) to shade A3. 

Additionally, one hundred crowns of uniform thickness were milled from the tested blocks 

(n=20). Half of the crowns (n=10) were subjected to thermomechanical ageing in a chew-

ing simulator. Thereafter, both aged and non-aged specimens were loaded until fracture 

in a universal testing machine and the fracture load was recorded. CIEL*a*b* values were 

measured Using a digital spectrophotometer before and after ageing, and (∆E) was cal-

culated. Data were statistical analysed using One-way and Two-way ANOVAs and equiv-

alent test for non-parametric results. The significance level was set at P≤0.05. 
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Tested materials showed significantly different ceramic and antagonist wear rates 

(p<0.001). PLD and ZLS had the highest ceramic loss (2.95 ± 0.35 and 3.09 ± 0.37 mg), 

and they were the most abrasive to antagonist teeth (0.29 ± 0.34 and 0.47 ± 0.17 mm3). 

On the other hand, SMZ and UMZ had the lowest ceramic and antagonist wear values. 

FLD produced wear rates in antagonist teeth similar to PLD and ZLS, but they had signif-

icantly lower ceramic wear (1.04 ± 0.22 mg). Ageing did not affect the fracture resistance 

in any of the tested groups. SMZ and UMZ had the highest fracture load values (2390 ± 

191 and 2379 ± 230 N). A significant colour change was observed after ageing in all 

groups (P<0.001). FLD had the highest TP followed by ZLS and PLD. The lowest TP was 

reported for SMZ & UMZ. Zirconia groups had the best match to selected colour; mean-

while, PLD had the worst colour matching (∆E 7.99 ± 0.24).  

In conclusion, the new generations of monolithic zirconia demonstrated high fracture and 

wear resistance, minimal abrasiveness to the antagonist teeth and clinically acceptable 

colour matching to selected shade. Glass ceramics had high ceramic wear and were 

highly abrasive to antagonist teeth. Although glass ceramics were more translucent than 

zirconia, they had inferior colour matching to the selected shade. The new experimental 

fully crystallised lithium disilicate demonstrated high translucency and favourable wear 

behaviour; however, fracture resistance is lower than conventional lithium disilicate. 
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