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ABSTRACT 

Objectives 

The current recommended protocol for bonding zirconia restorations to teeth involves the 

use of an adhesive system containing phosphate monomers. But there is limited evidence 

that phosphate monomer produces a bond comparable to an etched silanised glaze layer on 

zirconia. This study evaluated the effect of using an etched and silanised glazed porcelain 

layer on the interfacial fracture toughness between a zirconia ceramic and resin cements. 

The effect of a phosphate monomer primer on resin bond to glazed zirconia was also used 

in this study.  

 

Methods 

Forty rectangular-shaped yttrium stabilised zirconia ceramic plates (VITA In-Ceram YZ, 

VITA, Bad Sackingen, Germany) (length: 20mm; width: 7mm; thickness 2mm) were 

sintered prior to air abrasion with 100 µm Al2O3 at two bar pressure. Twenty specimens 

were glazed with Akzent Glaze Spray (VITA Zahnfabrik; Bad Sackingen, Germany) and 

then etched with 9% hydrofluoric acid for 180 seconds prior to being silanised with 

Monobond-S (Ivoclar Vivadent; Schaan, Liechtenstein). Glazed and non-glazed specimens 

(controls) were further divided into two groups (n = 10) and randomly allocated to one of 

two resin bonding systems, Variolink II and Multilink-Automix (Ivoclar Vivadent). The 

Multilink-Automix groups were then treated with Metal/Zirconia Primer (Ivoclar Vivadent). 

Specimens were aged for 24 hours in a 37 °C water bath. Utilising the method described by 

Cheng et al. (1999), 12mm glass rods were bonded to zirconia plates using the two resin 

bonding systems and brought to failure using a universal testing machine. Critical plane 

strain energy values were calculated. The de-bonded specimens were examined under bi-

focal optical microscope and scanning electron microscope to determine the mode of 

failures. Data were analysed using analysis of variance and Dunnett-T3 post-hoc tests with 

SPSS with a statistical significance set at 5%.   

 

Results 

The use of a glazed zirconia surface significantly improved the mean critical plane strain 

energy value (19.04 J/m2 to 202.35 J/m2) in the Variolink II group (p < 0.05), however there 

was no significant change (p > 0.05) with the Multilink-Automix Metal/Zirconia Primer 
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group (59.40 J/m2 to 68.51 J/m2). In comparison to Variolink II, the mean value of Multilink-

Automix group was significantly higher in the non-glazed group (19.04 J/m2 to 59.40 J/m2) 

(p < 0.05). Fractographic analysis showed predominantly cohesive (resin-resin) failure for 

the glazed groups and adhesive (resin-zirconia) failure in the non-glazed groups. 

 

Conclusion 

The interfacial fracture toughness for glazed zirconia bonded to Variolink II resin cement 

was superior to air-abraded zirconia that had been surface treated with a phosphate monomer 

primer bonded to Multilink-Automix resin cement. The additional application of 

Metal/Zirconia Primer on a pre-silanised glaze layer reduces the resin bond efficacy.  
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Chapter 1 Literature review 

 Introduction 

Metal alloys and advanced ceramics are considered to be the most durable biomaterial 

available as substitutes for lost tooth tissues in dentistry (Kelly et al., 1996; Wagner et al., 

2003; Roberts et al., 2009; Denry and Holloway, 2010; Miyazaki et al., 2013). Clinicians 

are constantly challenged to bond two dissimilar substances together in the oral 

environment. Thus, bonding plays a dominant role in restorative dentistry (Pospiech, 2002; 

Thompson et al., 2011).  

 

The development of zirconia as an all-ceramic restorative material has stood out amongst 

other restorative materials in dentistry, as it is the only dental ceramic that has a flexural 

strength of 1000MPa  (Piconi and Maccauro, 1999; Hannink et al., 2000). Due to the 

excellent biocompatibility and mechanical properties of zirconia, it is currently one of the 

most commonly used ceramic for patients who are interested in high strength metal free 

restorations (Kelly et al., 1996; Della Bona and Kelly, 2008; Rekow et al., 2011).  Despite 

the positive reports, the very hard and inert nature of zirconia makes it resistant to surface 

modifications including acid etching for bonding purposes (Della Bona, 2009). In 

comparison, feldspathic porcelain and other types of glass ceramics are composed 

predominantly of a silica glass matrix, which can be selectively etched with strong acid such 

as hydrofluoric acid, to create a micromechanically retentive surface for bonding (Blatz et 

al., 2003b; Della Bona, 2009). Additionally, bifunctional silane can chemically bond to the 

silica glass and act as a link to the organic methacrylate resin matrix of the resin cement 

(Matinlinna et al., 2004; Lung and Matinlinna, 2012). Although some of the contemporary 

bonding systems were developed to bond chemically to zirconia and alumina, the long-term 

efficacy of these bonding systems still remains questionable (Kern, 2015) when compared 

to the current evidence for silica-based ceramics bonding. The contrasting recommended 

adhesion modalities between glass-ceramics (Blatz et al., 2003b) and zirconia (Kern, 2009) 

even raise the question is zirconia resin bond comparable to glass-ceramic?  
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A number of studies have shown promising results by directly applying a thin glass layer on 

the zirconia using porcelain glaze powder. Results showed that the glaze improved the bond 

strength of zirconia compared to other contemporary bonding systems since the glass layer 

provided a silica surface for acid etching and silanisation (Derand et al., 2005; Kitayama et 

al., 2009; Kitayama et al., 2010a; Everson et al., 2012). Despite the positive results, the 

methodology used in these studies focused on microtensile and shear bond testing which are 

not a true measure of adhesion between two surfaces, but a measure of elastic build-up in 

the system prior to initiation of failure by the largest defect present (Van Noort et al., 1989; 

Versluis et al., 1997; Tantbirojn et al., 2000; Scherrer et al., 2010).  

 

Other novel surface treatments for zirconia have also been reported (e.g. molecular vapour 

deposition, plasma spraying, selective infiltration etching etc.) , but they require expensive 

equipment and are very technique sensitive (Derand et al., 2005; Aboushelib et al., 2010; 

Piascik et al., 2012). The direct ceramic glaze powder coating technique merits further 

investigation as it is easily achieved in most dental laboratories and is cost effective. The 

aim of this study is to use a fracture energy interfacial fracture toughness approach to 

measure the adhesion of resin bonding systems to zirconia with and without a thin layer of 

glaze.  
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 Ceramic as a restorative biomaterial 

Gold alloys are considered the gold standard for indirect restorations in prosthodontics due 

to their excellent physical and mechanical properties (Studer et al., 2000). The advantages 

of gold alloy are its inertness, hypoallergenic and less reactive in the harsh moist oral 

environment, thus reducing the rate of galvanic reaction (Wataha, 2000). However the 

preference today is for a more youthful look, that demands teeth be restored to their 

untouched appearance. Based on the current available dental biomaterials, ceramics are the 

next best material after gold alloy to fulfil this demand for aesthetic restorations that could 

match the longevity of gold alloys (Wagner et al., 2003; Federlin et al., 2007; Pjetursson et 

al., 2007; Sailer et al., 2007; Heintze and Rousson, 2010). 

 

When dental ceramics have been developed in the late 19th century (Land, 1903), the 

feldspathic porcelain crown was the only option for full coverage aesthetic restorations. Due 

to the low flexural strength of the feldspathic porcelain, its use was limited almost 

exclusively to the anterior teeth (Kelly et al., 1996; Conrad et al., 2007). Feldspathic 

porcelain alone lacks the flexural strength to withstand the high loading force applied by the 

posterior teeth during mastication, thus a metal substructure was required to support the 

feldspathic porcelain (Silver et al., 1960). Since then, porcelain-fused-to-metal (PFM) has 

been the most popular option for the fabrication of tooth-coloured full coverage crowns and 

bridges for the last 50 years (Christensen, 2009). Studies in the past have shown that PFM 

restorations attained a satisfactory long-term success rate depending on the number of units 

replaced, case selection and the observation period (Coornaert et al., 1984; Walter et al., 

1999; Jiang et al., 2006; Christensen, 2009; Boening and Ullmann, 2012). The incorporation 

of a metal substructure necessitated an opaque porcelain layer to mask the dark metal hue 

showing through the translucent porcelain. Unfortunately, this process also resulted in an 

opacity in the fabricated restoration (Barghi and Lorenzana, 1982). The perpetual interest 

of more translucent and aesthetic restorations has encouraged the development of higher 

strength all-ceramic core materials that could substitute for the metal-substructure (Kelly et 

al., 1996).  

 

Due to the demand for higher strength all-ceramic restorative materials (Rosenblum and 

Schulman, 1997; Christensen, 2009; Denry and Holloway, 2010), a few notable reinforced 
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glass ceramics were developed over the years to address some of the shortcomings of 

feldspathic porcelain (Kelly et al., 1996; Kelly and Denry, 2008). The first known reinforced 

feldspathic porcelain was the leucite reinforced ceramic, IPS Empress (Ivoclar Vivadent; 

Schaan, Liechtenstein) (Freese, 1959). However, with the limited flexural strength of leucite 

reinforced ceramics, they were indicated only for restoring anterior teeth (Fradeani and 

Redemagni, 2002).  Subsequently, lithium disilicate (e.g. IPS Empress 2) was developed as 

a higher strength alternative to leucite reinforced ceramics (Anusavice et al., 1994; Parsell 

and Anusavice, 1994). The physical and mechanical properties of lithium disilicate made 

the fabrication of three unit fixed-partial dentures in the anterior and premolar regions 

possible (Nakamura et al., 2002; Valenti and Valenti, 2009; Kern et al., 2012a).  

 

Another development in dental ceramics was the incorporation of metal oxides as the 

predominant phase of the ceramic glassy matrix, such as the glass-infiltrated alumina 

ceramic. The use of alumina as reinforcement for feldspathic porcelain was first introduced 

in 1965, which was only a few years after the introduction of leucite reinforcement (McLean 

and Hughes, 1965). Numerous long-term retrospective studies have shown glass-infiltrated 

alumina ceramic has high long-term success rates (In-Ceram Alumina, VITA Zahnfabrik; 

Bad Sackingen, Germany) (Mörmann, 2002; Olsson et al., 2003; Wassermann et al., 2006; 

Rinke et al., 2011). However the findings generally concluded that the glass-infiltrated oxide 

ceramics were indicated for restoration up to the premolar region with crowns and bridges 

or molar crowns restorations for patients with no parafunctional activity (Vult von Steyern, 

2005; Conrad et al., 2007). Glass-infiltrated zirconia toughened alumina (In-Ceram 

Zirconia, VITA Zahnfabrik) with a marginally higher flexural strength than glass-infiltrated 

alumina (Guazzato et al., 2002), has also been indicated for similar applications as glass-

infiltrated alumina based on the results reported in several long-term retrospective studies 

(Della Bona and Kelly, 2008; Kern et al., 2012b).   
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 Classifications of dental ceramics 

High strength ceramics also contain higher amount of reinforcing crystalline content, 

resulting in less aesthetic restorations when compared to ceramics with higher silica content 

such as feldspathic porcelain or leucite ceramic (Spear and Holloway, 2008). The nature, 

amount and particles distribution of the crystalline phase dictate the optical and mechanical 

properties of the ceramic (Denry, 1996; Albakry et al., 2003; Guazzato et al., 2004a; b). 

Ceramics can be divided into two basic groups: silica-based ceramics and oxide-based 

ceramics. In general, ceramics that contain more than 15% silica are regarded as silica-based 

ceramics (Blatz et al., 2003b). However, such simplistic grouping can introduce some 

confusion without a proper understanding of ceramic compositions, as an erroneous 

assumption of ceramic category may cause operators to select inappropriate adhesive 

systems and incorrect tooth preparation. With careful selection of appropriate glass ceramics 

based on the indication, the extent/configuration of dental defect, and the patient’s needs, 

glass ceramics can produce excellent aesthetic and long-term clinical success (Blatz, 2002). 

Kelly described dental ceramic as a composite, meaning a composition of two or more 

entities and he categorised dental ceramics as: (1) predominantly glass, (2) particle-filled 

glass and (3) polycrystalline (Kelly, 2008).  

 

1.3.1 Predominantly glass ceramics 

The microstructure of predominantly glass ceramics can be generally described as an 

amorphous glass matrix that consists of a random network of cross-linked silica. As the 

name of the category implies, this type of ceramic contains very little or no filler particles, 

which are mainly used for controlling the optical effects (Kelly, 2008). Feldspathic 

porcelain, veneering ceramics and glaze that belong to the aluminosilicate glass family are 

examples of glass ceramics. This class of ceramic is the best in mimicking the aesthetic 

characteristics of enamel, which makes them highly indicated for fabrication of bonded 

porcelain veneers and use as veneering materials over high-strength core substructure 

(Conrad et al., 2007; Spear and Holloway, 2008; Denry and Holloway, 2010). 
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1.3.2 Particle-filled glass 

Filler particles are added to glass composition to improve the physical and mechanical 

properties. The filler particles used for current ceramics are crystalline or high-melting 

glasses that are stable at firing temperatures (Denry, 1996). The stronger glass ceramics such 

as IPS Empress, IPS Empress 2/IPS e.max, In-Ceram Alumina and In-Ceram Zirconia are 

reinforced with leucite crystals, lithium disilicate, alumina and zirconia toughened alumina 

respectively to improve their physical and mechanical properties (Tinschert et al., 2000; 

Conrad et al., 2007; El-Meliegy and van Noort, 2012). In turn, these improved properties 

make them suitable for fabrication of fixed partial dentures and full coverage crowns for  

posterior teeth (Denry and Holloway, 2010).  

 

In-Ceram Alumina (VITA Zahnfabrik) was first introduced in 1991 and had been one of the 

most popular glass-infiltrated aluminum-oxide ceramics (Pröbster and Diehl, 1992). In-

Ceram Alumina has a 67-68% crystalline phase and a 27-29% glass phase, making it the 

ceramic with the highest crystalline content within the particle-filled group (Guazzato et al., 

2004b). In-Ceram Alumina is a dry-sintered alumina core that is infused with molten silica 

glass through a process called slip-casting. The slip is initially sintered at 1100 °C for two 

hours. After sintering, the slip is infiltrated with molten glass to impregnate the porosities 

(Conrad et al., 2007; Denry and Kelly, 2008). Glass-infiltrated aluminum-oxide ceramics 

are impregnated with alumina in the glass matrix much like the leucite reinforced system, 

providing a flexural strength of 430 MPa (Tinschert et al., 2000; Guazzato et al., 2002).  

 

Glass-infiltrated alumina/zirconia was later superseded by the development of lithium 

disilicate with similar mechanical properties (Guazzato et al., 2004b; Chen et al., 2008) as 

an alternative high strength aesthetic all-ceramic material due to its relative ease of 

fabrication (CAD/CAM and pressed methods) (Conrad et al., 2007; Denry and Holloway, 

2010), better aesthetics (Heffernan et al., 2002a; b; Chen et al., 2008) and the ability to bond 

to tooth structure with resin cement (Blatz et al., 2003b; Della Bona, 2009). 

 

Instead of increasing the crystalline phase to increase flexural strength of ceramic, some 

developers have taken a different approach with a recent development of a novel polymer-

infiltrated ceramic that has similar physical and mechanical properties of enamel (Enamic, 
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VITA Zahnfabrik), which is less brittle than other types of ceramic (He and Swain, 2011; 

Della Bona et al., 2014; Denry and Kelly, 2014). The infiltrated polymer provides a crack 

deflection mechanism for the ceramic and has a fracture toughness value of 1.72MPam1/2 

(He and Swain, 2011).  

 

1.3.3 Polycrystalline 

In high strength ceramics, oxides particles are not only used for reinforcement, they also 

form the matrix (McLean and Hughes, 1965; Blatz et al., 2003a). This class of ceramic is 

regarded as densely-sintered high-purity oxide-based or polycrystalline ceramics and 

contains no silica. Polycrystalline ceramics are available in the form of aluminum oxide and 

zirconium oxide. The introduction of polycrystalline ceramics in which aluminum oxide or 

3% yttrium-stabilised zirconia (3Y-TZP) can be used as a core material have widened the 

field of application in indirect all-ceramic restorations such as the fabrication of fixed partial 

dentures and single crowns in the molar region (Raigrodski, 2004; Vavrickova et al., 2013). 

The reported flexural strengths of densely sintered alumina and zirconia range from 487 to 

699 MPa (White et al., 1996; Zeng et al., 1996) and 900 to 1200 MPa (Tinschert et al., 2000; 

Chen et al., 2008) respectively, which easily place the oxide-based ceramics as the strongest 

materials in the non-metal class (Tinschert et al., 2001a; Chen et al., 2008). 

 

In 1993, Andersson and Odén described the fabrication technique for high-strength alumina 

ceramic frameworks (Andersson and Odén, 1993). Although densely sintered alumina has 

been used as a biocompatible material in the medical field since 1964 (Lemons, 1996), a 

volumetric shrinkage of 15-20% during the sintering stage made it difficult to fabricate 

precision veneering frameworks (Andersson and Odén, 1993). Once the shrinkage could be 

controlled, the introduction of this high strength framework material to dentistry has made 

restoration of posterior teeth with ceramic crowns and fixed-partial dentures a viable option 

(Andersson and Odén, 1993).  
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1.3.3.1 Zirconia 

The use of full-ceramic restorations for restoring posterior teeth became an option with the 

introduction of zirconia in 1975 (Garvie et al., 1975). Similar to the alumina oxide material, 

zirconium oxide is used and densely sintered to form the bulk of the coping (Denry and 

Kelly, 2008; Kelly and Denry, 2008). The main advantage of zirconia over alumina are its 

superior mechanical and physical properties owing to the transformation toughening 

mechanism (Hannink et al., 2000; Denry and Kelly, 2008; Kelly and Denry, 2008), zirconia 

possesses a higher flexural strength (900-1200 MPa) than alumina (487-699 MPa) 

(Ashizuka et al., 1991; Tinschert et al., 2000; Guazzato et al., 2004a). Due to its high flexural 

strength, zirconia can be used for posterior crowns, and three-unit bridges with excellent 

long-term survival rates (Sailer et al., 2007; Della Bona and Kelly, 2008; Tinschert et al., 

2008; Gargari et al., 2010; Bachhav and Aras, 2011).  

 

Zirconia oxide in its purest form can exist in three types of crystallographic phases 

depending on the temperature; this means that it displays a different equilibrium (stable) 

crystal structure with no change in chemistry. The three phases are: monoclinic from room 

temperature to 1170 ºC; tetragonal between 1170 ºC to 2370 ºC; and cubic from 2370 ºC to 

melting point (Figure 1-1) (Subbarao, 1981). The unalloyed form of zirconia by itself is very 

unstable. Upon cooling, zirconia reverts from the tetragonal phase to monoclinic phase. The 

phase change process is accompanied by rapid volumetric expansion (~4.5%) which can 

lead to catastrophic failure (Denry and Kelly, 2008). However, by adding stabilizing oxides 

such as yttrium oxide (Y2O3), magnesium oxide (MgO), cerium oxide (CeO2) or calcium 

oxide (CaO) to zirconia, it can be maintained at the tetragonal form at room temperature 

(Kelly and Denry, 2008). Zirconia in its partially stabilised form can change phase from 

tetragonal to monoclinic when stress is induced on any part of the substrate. During surface 

crack propagation, tensile stresses which occurred at the crack tip will initiate a local phase 

transformation from the metastable tetragonal form to the monoclinic form (Hannink and 

Swain, 1988). Due to the 4.5% increase in volume of the monoclinic phase, a compressive 

strain field is exerted around the crack tip to neutralise the tensile stress (Hannink et al., 

2000). This process gives the partially stabilised tetragonal zirconia a phase transformation 

toughening property (Kelly and Denry, 2008), which effectively arrests crack propagation 

and increases toughness. The three commonly used stabilised zirconia in dental restorative 
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materials are the 3 mol% yttrium stabilised zirconia (3Y-TZP), zirconia toughened alumina 

(ZTA) and magnesium stabilised zirconia (Mg-PSZ).  

 

 

Figure 1-1. The three phases of zirconia 

 

1.3.3.1.1 Yttrium stabilised zirconia 

Yttrium-stabilised zirconia (Y2O3) is the most commonly used form of zirconia in dentistry 

(Ruiz, 1996; Piconi and Maccauro, 1999; Miyazaki et al., 2013; Denry and Kelly, 2014). 

The grain size that makes up the foundation is correlated to the 3Y-TZP mechanical 

properties. If the crystalline grains are above a critical size, 3Y-TZP is prone to spontaneous 

tetragonal to monoclinic transformation, thus leading to instability. Smaller grain sizes (<1 

µm) are less susceptible to transformation (Heuer, 1982). However, below a grain size of 

0.2 µm, transformation toughening properties are greatly reduced leading to inferior 

mechanical properties (Cottom and Mayo, 1996). Higher temperature and increased 

sintering time can also lead to larger grain size (Ruiz, 1996).  

 

1.3.3.1.2 Zirconia toughened alumina 

The pursuit of attaining a higher flexural strength had led to the development of In-Ceram 

Zirconia (VITA Zahnfabrik) in which 33 wt% of 12 mol% cerium oxide (Ce2O3) partially-

stabilised zirconia is added into the alumina core, to strengthen and toughen the ceramic 

(Guazzato et al., 2002). Zirconia-toughened alumina (ZTA) takes advantage of the 

transformation toughening mechanism of zirconia and combines it with an alumina matrix. 

The strengthening of the glass-infiltrated alumina with zirconium oxide is supposed to 

increase the flexural strength of the In-Ceram Alumina, but depending on the size of the 

specimen and the test design, In-Ceram Zirconia may not significantly differ in flexural 

strength compared to the In-Ceram Alumina (Guazzato et al., 2002; Chen et al., 2008). 
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Nevertheless, it is of general consensus in other studies that the zirconia-reinforced glass-

infiltrated alumina has a slightly higher flexural strength (Seghi and Sorensen, 1995; Apholt 

et al., 2001; Chong et al., 2002).  

 

Similar to In-Ceram Alumina, In-Ceram Zirconia can be fabricated by using either the slip-

casting technique or soft machining with prefabricated partially-sintered blanks. However, 

In-Ceram Zirconia comprises 8% to 11% porosity, which is higher than sintered 3Y-TZP 

(Guazzato et al., 2004a). The porosity is thought to be due to the poor distribution of alumina 

and zirconia particles and their poor solubility with each other and the glassy phase (Casellas 

et al., 1999). Guazzato et al. reported higher flexural strength for In-Ceram Zirconia 

processed by slip-casting (630 MPa) than the machined In-Ceram Zirconia (476 MPa) 

(Guazzato et al., 2004a), which is contrary to the belief that consistent machine processed 

material possesses superior mechanical properties (Guazzato et al., 2004b). Despite 

possessing inferior mechanical properties compared to 3Y-TZP, Ce-TZP has better thermal 

stability and resistance to low thermal degradation (LTD) when subjected to similar thermo-

cycling or aging conditions (Sato et al., 1986; Tsukuma, 1986). 

 

1.3.3.1.3 Magnesium stabilised zirconia 

Among the three forms of zirconia, magnesia partially stabilised zirconia (Mg-PSZ) is the 

least used for biomedical applications or in dentistry. Denzir-M (Dentronic AB) is an 

example of Mg-PSZ available for hard machining of dental restorations only (Sundh and 

Sjogren, 2006). This material has not gained much attention due to the presence of porosity 

and also the larger grain size (30-60 µm) that is thought to lead to a higher rate of wear on 

opposing teeth in function (Piconi and Maccauro, 1999). Mg-PSZ also requires a higher 

sintering temperature (1800 ºC) than 3Y-TZP (1400 °C), thus necessitating a special 

furnace. The precipitation of the transformable tetragonal-phase zirconia also requires a 

strict control of the temperature (1100 ºC at the aging stage) and time during the cooling 

cycle (Piconi and Maccauro, 1999). Difficulties in obtaining Mg-PSZ precursors free of 

impurities such as SiO2 can lead to an increased formation of magnesia silicates at the grain 

boundaries, lowering the MgO contents in the grains and promoting the formation of the 

monoclinic-phase, thus reducing the mechanical properties and stability in a wet 

environment (Leach, 1987).  
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1.3.3.2 Zirconia Fabrication technique 

The design of the zirconia framework for the fixed partial denture or dental crowns can be 

achieved by the conventional wax technique or Computer-Aided Design (CAD). The 

completed framework design or processed wax-pattern design data is then transferred to the 

Computer-Aided Milling unit (CAM) for milling. Depending on the zirconia manufacturer 

used, the milling can be done on a partially sintered blank (soft machining), which is then 

sintered at high temperature to attain its maximum strength and dimension, or on a fully 

sintered blank (hard machining). For soft machining, the size of the pre-sintered blank has 

to be increased by 25% to compensate for the post-sintering shrinkage (Denry and Kelly, 

2008). According to some studies, the size compensation may still pose some slight 

dimensional discrepancy to the marginal fit (Tinschert et al., 2001b; Beuer et al., 2010). 

Despite of the lack of full control over the fine dimensional accuracy, soft machining has 

the advantages of shorter milling times and equipment maintenance (Denry and Kelly, 

2008). Although hard machining has the advantage of directly milling at specified 

dimensions without needing to compensate for post-sintering shrinkage, it is however 

slower and requires higher maintenance for the milling unit (Bachhav and Aras, 2011). The 

most critical aspect of hard machining is the surface stress induced by the milling process, 

which also initiates the transformation of the metastable tetragonal phase to monoclinic 

phase.   
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 Luting of dental restorations 

The development of a contemporary dental ceramic material can only be considered 

meaningful if it can be attached to teeth in order to fulfil the role as a restorative material. 

According to the glossary of prosthodontic terms, a luting agent is defined as any material 

used to attach or cement indirect restorations to prepared teeth (The Aacademy of 

Prosthodontics, 2005). The use of a wide variety of luting agents in indirect restorative 

dentistry has been well described in the literature (Hill, 2007; Pameijer, 2012).  Dental luting 

agents can be classified as either acid-base (e.g. zinc phosphate, zinc polycarboxylate, glass-

ionomer and resin-modified glass-ionomer) or polymerised category (e.g. resin and adhesive 

resin) (Anusavice et al., 2013). Historically, acid-base luting agents such as zinc phosphate, 

zinc polycarboxylate and glass ionomer cements served to fill up voids between the 

restorative material and tooth surface as they penetrated into the irregularities of both 

substrate surfaces. Upon setting, the cement interlocks one surface against another to resist 

shear forces that could dislodge the restoration (Anusavice et al., 2013). The long-term 

success of traditional luting agents that solely rely on micromechanical retention is well 

recognised (Rosenstiel et al., 1998; Hill, 2007; Pameijer, 2012), but only if  the concept of 

a proper geometric form of tooth preparation that limits the paths of displacement of the 

restoration is respected (Rosenstiel et al., 2006). However, an ideal axial wall convergence 

of 2 to 5 degree taper is rarely achieved. Instead a more realistic 10 to 22 degrees was found 

amongst practitioners over four decades, according to a systematic review  (Tiu et al., 2015). 

With consideration to this issue, the outcome of fixed indirect restorations can be improved 

with bonding using adhesive resins. Good resin bond is even more critical especially for less 

invasive preparations such as full ceramic inlays, onlays and veneer restorations. Given that 

bonding tooth structure to ceramic material with resin involves the adhesion of two distinct 

interfaces, the interaction of resin cement to both the restoration and tooth interfaces must 

be considered.  

 

1.4.1 Bonding to tooth structures 

Following the introduction of phosphoric acid enamel etching when bonding acrylic 

materials by Michael Buonocore in 1955, the basis of modern restorative dentistry was 
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established (Buonocore, 1955). This discovery has led to the ability to produce clean, high-

energy and roughened enamel surfaces that allow resin-based cements and restorative 

materials to establish a durable micromechanical bond (Buonocore, 1955).  The mechanism 

of adhesion to dentine and enamel is essentially an exchange from organic tooth tissue to 

inorganic dental biomaterials. This exchange process can be described in two parts: (1) 

removal of the hydroxyapatite minerals from dentine or enamel to create microporosities 

and (2) infiltration of resin monomers into the microporosities, which is also referred to as 

the hybridization phase (Van Meerbeek et al., 2001; Anusavice et al., 2013). The process is 

completed by the polymerization of the resin monomer to form resin tags that 

micromechanically interlock with the dental hard tissue. It is also believed that a better bond 

can be achieved by incorporating acidic functional groups to the resin monomer to 

chemically bond to the tooth substrate (Pashley and Carvalho, 1997; Koibuchi et al., 2001; 

Van Meerbeek et al., 2003). Dental tissue adhesion generally consists of three prescribed 

processes: (1) substrate preparation (etching), (2) the application of functional molecules 

(primers) to the substrate surface, and (3) the placement of application-specific overlays 

(adhesive) that react with the primer (Stangel et al., 2007). 

 

Although the mechanisms of enamel and dentine bonding are similar, dentine etching is 

more technique sensitive than enamel because of the complex structure of dentine that 

consists of 50%vol calcium phosphate (hydroxyapatite), 30%vol organic material (mainly 

type I collagen) and 20%vol fluid (Anusavice et al., 2013). During the dissolution of the 

mineral phase in dentine, the hydroxyapatite crystals are almost completely removed to 

expose a microporous network of collagen. The amount of water left in the matrix is 

important; the collagen scaffolding becomes unsustainable and collapses if there is a lack of 

water, which is also an important factor in the formation of a hybrid layer (Figure 1-2) 

(Nakabayashi et al., 1991). Collapse of the collagen network will prevent permeation of the 

dentine with the adhesive resin monomers, so that formation of a hybrid layer is reduced. 

However, if excessive amounts of water remained in the collagen network, the water will 

prevent resin penetration (Anusavice et al., 2013). In order to attain a harmony between the 

water supporting the collagen network and water removal for the penetration of monomers 

to subsequently polymerise, the application of a dentine primer is necessary (Jacobsen and 

Söderholm, 1995). Apart from acting as a ‘wetting agent’ for the collagen network, the 

primer is a bi-functional agent that chemically bonds to the hydrophilic tooth substrate and 
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the hydrophobic resin cement (Stangel et al., 2007). The availability of the inorganic 

contents in dentine makes it possible for additional chemical bonding to occur with 

carboxylic acid-based monomers like methacryloxyethyl trimellitic acid (4-MET) or 

phosphate based monomers such as 2-methacryloxyethyl phenyl hydrogen phosphate 

(phenyl-P) and 10-methacryloxydecyl dihydrogen phosphate (10-MDP), thus improving 

adhesion through chemical bonding (Yoshida et al., 2004). These mild acidic monomers are 

also capable of etching tooth tissue, constituting them as a self-etch adhesive system without 

the need for phosphoric acid etching and thus simplifying the bonding process (Van 

Meerbeek et al., 2005). To date, 10-MDP has been shown to produce the most effective 

bond that is hydrolytically more stable than 4-MET and phenyl-P (Sano et al., 1999; Yoshida 

et al., 2004; Van Meerbeek et al., 2011). Clearfil SE Bond (Kuraray Co. Ltd, Osaka, Japan) 

is an example of a 10-MDP-based two-step self-etch adhesive that has been shown to yield 

superior bonding effectiveness and durability compared with other commercially available 

self-etch adhesives (Peumans et al., 2005; Cardoso et al., 2011).  

 

 

[From Armstrong et al. 1998] 

Figure 1-2. A cross-sectional SEM image of hybrid layer interface between adhesive 

resin and dentine  
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1.4.2 Bonding to ceramic substructures 

Good bonding of a ceramic restoration to tooth structure indicates a higher long-term 

success rate of the restoration (Heintze, 2013). This is because a strong and durable resin 

bond provides high retention, prevents microleakage, and increases fracture/fatigue 

resistance (Blatz et al., 2003b; Thompson et al., 2011). The quality of the resin bond depends 

on the bonding mechanisms that are controlled, in part, by the surface treatment that 

promotes micromechanical and chemical bonding to the ceramic substrate (Della Bona, 

2009).  

 

Bonding to high glass content ceramics is predictable in yielding a durable result when 

recommended guidelines are followed (Blatz et al., 2002; Blatz et al., 2003b). However, the 

same method and technique cannot be applied to polycrystalline ceramics, such as alumina 

and zirconia. This is due to the dissimilar composition and physical properties of crystalline 

particles (Blatz et al., 2003b; Thompson et al., 2011). With the emergence of high strength 

ceramics, some will argue that chemical adhesion to tooth structure is not required; instead, 

sufficient retention may be achieved through a combination of micromechanical retention 

and proper retention and resistance forms. However there are instances where good resin 

bonding is considered to be beneficial or mandatory, such as a short or tapered tooth 

preparation or a full-ceramic resin-bonded bridges (Maryland bridge) that cannot rely solely 

on micromechanical retention. Moreover, resin cement with strong chemical bonds tend to 

enhance long-term fracture and fatigue resistance of the restorations (Jensen et al., 1989; 

Fleming et al., 2006; Prakki et al., 2007). Hence, the oxide-based ceramics require 

alternative bonding techniques to achieve a strong and durable resin bond.  

 

1.4.2.1 Surface treatment 

Bonding of silica-based ceramics, such as leucites and lithium disilicate, is considered well 

established and reliable when compared to the polycrystalline ceramics. Surface treatment 

of glass ceramics is required to satisfy two criteria in order to maximise the surface potential 

to bond with resin cement: (1) micromechanical retention and (2) chemical bonding 

(Pospiech, 2002; Blatz et al., 2003b; Özcan and Vallittu, 2003; Matinlinna and Vallittu, 

2007).  
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1.4.2.1.1 Micromechanical retention 

A microretentive surface has an increased surface area due to its irregular topography. 

Micromechanical retention can be achieved by grinding, abrasion with rotary diamond burs, 

airborne particle abrasion with alumina oxide, acid etching or a combination of any of these 

methods (Blatz et al., 2003b). When luting cement is applied between the substrates, cement 

will fill the irregular surface and engage the undercuts. Moreover, the alteration of the 

surface topography increases the ceramic surface energy and its adhesion potential to resin 

(Della Bona, 2009). Any applied force that acts to dislodge the bonded prosthesis will be 

resisted by the interlocked interfaces of the cement (Anusavice et al., 2013).  

 

The combination of acid etching and diamond rotary grinding or alumina particle air 

abrasion to increase micromechanical retention are recommended by numerous studies. 

However, rotary diamond abrasion alone has been shown to cause no significant increase in 

bond strength (Suliman et al., 1993; Kupiec et al., 1996; Pameijer et al., 1996). For repair 

of feldspathic porcelain or glass ceramic surface fractures with composite resin bonding, 

hydrofluoric acid etching is deemed sufficient for micromechanical retention (Pameijer et 

al., 1996).  

 

1.4.2.1.1.1 Hydrofluoric acid etching 

Hydrofluoric acid (HF) at a concentration between 2.5% and 9% and phosphoric acid 

(H3PO4) at 30% are commonly recommended for etching glass ceramics (Blatz et al., 2002; 

Della Bona and Anusavice, 2002). Glass ceramic or feldspathic porcelain is a composite of 

silica matrix and filler particles, which is conducive for selective etching to produce a 

micromechanical retentive surface (Matinlinna and Vallittu, 2007). Blatz stated that the 

type, size, number and distribution of the fillers within the silica matrix determine the 

surface microporosity of the ceramic surface (Blatz et al., 2003b). The same acid etching 

protocol cannot be used for different glass ceramics (Della Bona and Anusavice, 2002). 

Low-fusing leucite reinforced feldspathic porcelain from different manufacturers may have 

variable crystal content or size within the silica matrix, hence those with a low crystal 

content may be disadvantageous for achieving a micromechanical retentive surface (Della 

Bona and Anusavice, 2002; Blatz et al., 2003b). Della Bona et al. conducted a comparative 
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study of bond strength for IPS Empress I (leucite reinforced glass ceramic) and IPS Empress 

II (lithium disilicate) (Della Bona et al., 2003). The results showed that lithium disilicate 

ceramics achieve a higher bond strength compared to the leucite reinforced ceramic with 

the same acid etching protocol. The results of the study also suggested that differences in 

ceramic microstructure and ceramic composition are the controlling factors in the 

development of micromechanical retention produced by etchants (Della Bona and 

Anusavice, 2002; Della Bona et al., 2003).  

 

1.4.2.1.1.2 Airborne particle abrasion 

Airborne particle abrasion is also a viable method for increasing the substrate surface energy 

for bonding of higher strength ceramics. This procedure can be accomplished in the dental 

laboratory by the use of alumina particles (50 µm or 110 µm) with pressurised air. The 

surface intended for bonding is held approximately 10 mm away from the outlet nozzle 

perpendicularly, and blasted at the pressure of 380 kpa for 10-15 seconds (Della Bona, 

2009). As the first step of surface treatment, sole airborne particles abrasion is recommended 

only for glass-infiltrated oxide ceramics such as In-Ceram Alumina and In-Ceram Zirconia. 

The high ratio of oxide crystalline compared to the available silica glass content results in 

acid-resistance, which is not conducive to producing a favourable microretentive surface 

using acid etching (Della Bona and Anusavice, 2002; Della Bona et al., 2003). Numerous 

studies have compared air abrasion with acid etching, and the results have shown that glass-

infiltrated oxide ceramics achieved a higher bond strength with airborne particle abrasion 

(Sorensen et al., 1991a; Ozcan et al., 2001; Özcan and Vallittu, 2003). However even with 

the reported higher bond strength of airborne particles abrasion over HF acid etching, the 

bond strength was only marginally superior due to limited silica content for silanisation 

(Özcan and Vallittu, 2003).  

 

1.4.2.1.2 Silane as coupling agent 

In the last few decades, much attention has been given on the role of the silane coupling-

agent in the bonding of ceramic to teeth. Silica-based ceramics have been able to achieve a 

high bond strength when a silane is applied to the bonded surface before cementing (Bailey, 

1989; Shahverdi et al., 1998; Stewart et al., 2002). Prior to the introduction of silane in 

dentistry, it has been widely used since the 1940s in many industries to enhance bonding of 
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organic adhesives to metal or ceramic (Plueddemann, 1991; Shaw, 2006). Currently, silane 

is used in dentistry for the adhesion of indirect restorative materials (Matinlinna et al., 2004) 

as well as a coupling agent for the adhesion of inorganic fillers to the organic methacrylate 

matrix of dental composite resin (Yoshida et al., 2002). The adhesion of the filler and matrix 

enabled the stress of the polymer matrix to be transferred to the harder filler particles. More 

importantly, the unity of the fillers and the matrix improves the physical and mechanical 

properties of the composite resin (Lin et al., 2000). The chemically bonded resin-filler 

interface also prevents water penetration, thus making it hydrolytically stable (Matinlinna 

et al., 2004). 

 

Organofunctional trialkoxysilane (silane) contains two different reactive functional groups 

that can react and link organic and inorganic substrates together (Matinlinna et al., 2004; 

Lung and Matinlinna, 2012). The hydrolysable functional groups react with the inorganic 

surface hydroxyl groups and the organofunctional groups react with the organic matrix of 

resin (Matinlinna and Vallittu, 2007). Silanes can be categorised as being functional and 

non-functional. The functional silanes react directly with the functional groups on the 

substrate. The non-functional silane contains only the reactive alkoxy (-OR) functional 

groups. The alkoxy functional groups are hydrolysed by another silane’s silanol group, 

which then reacts with the hydroxyl groups on the inorganic substrate. These non-functional 

silanes are also referred to as cross-linking or dipodal silane (Lung and Matinlinna, 2012). 

Non-functional silanes act as cross-linkers between the bonded functional silanes and as a 

result, the cross-linking creates a three dimensional siloxane network which is harder to 

break as opposed to unlinked siloxane bonds. The increased molecular density created by 

the cross-linked siloxane network also makes solvent molecule penetration difficult, 

therefore reducing the rate of hydrolytic cleavage by water (Matinlinna et al., 2008). 

 

Another factor that influences the hydrolytic stability is the length of the hydrocarbon chain. 

10-methacryloxydecyltiremethoxysilane (10-MDTMS) has a long carbon chain that has 

been shown to be more hydrolytically stable than 3-methacryloxypropyltrimethoxysilane 

(3-MPTS) (McDonough et al., 2001). However 3-MPTS is only available as a pre-

hydrolysed commercial silane for bonding glass fibre with resin. Lung et al. suggested that 

enhanced hydrolytic stability property of the long carbon chain silanes merits further 

investigation (Lung and Matinlinna, 2012), as some studies had shown a decrease in bond 
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strength after the silane bonded samples were stored in water for a period of six months 

(Stokes et al., 1988; Blatz et al., 2003a; Rosentritt et al., 2009).  

 

Silane primers can be categorised into three main forms: unhydrolysed single-liquid silane 

primer, prehydrolysed single-liquid silane primer, and 2- or 3-liquid silane primer (Blatz et 

al., 2003b). Prehydrolysed single-liquid silane primer is the most commonly used primer. 

However, due to the high alcohol and water content as solvent, the primer is prone to rapid 

solvent evaporation and subsequently hydrolysation. A hydrolysed silane liquid will appear 

cloudy and its efficacy in bonding to the ceramic will be diminished (Matinlinna et al., 

2004). Some manufacturers have developed a two bottle system which consists of separate 

unhydrolysed silane with ethanol and an acetic acid solution, which are mixed only when 

needed for use. Because the silane remains unhydrolysed when not in use, the shelf-life is 

longer (Lung and Matinlinna, 2012). For simplicity sake, some manufacturers add a silane 

coupler to their bonding system that, whenever necessary, is mixed with the other bonding-

agent components and applied in a single step (Blatz et al., 2003b). It also should be noted 

that interchanging a system component with others is not recommended due to 

incompatibility, thus it is very important to stay with one bonding system (Kato et al., 1996).  

1.4.3 Bonding of oxide-based ceramics 

Achieving a high bond strength with densely sintered high-purity ceramics such as zirconia 

and alumina that lack glassy phase in their microstructures, remains a challenge in dentistry 

(Della Bona, 2009). Polycrystalline ceramics are not readily etched by HF, and require 

aggressive abrasion methods to create a micromechanically retentive surfaces (Della Bona, 

2009; Thompson et al., 2011). Additionally, the effect of the aggressive surface modification 

also induces surface flaws on zirconia that could lead to reduced strength and potential 

susceptibility to LTD (Zhang et al., 2004; Kosmač et al., 2008). Furthermore, the lack of 

silica renders silane an ineffective coupling agent for oxide-based ceramics (Thompson et 

al., 2011; Lung and Matinlinna, 2012). 

 

Although several techniques have been described for enhancing the bond of oxide-based 

ceramics to resin cement, an approach focused on creating a micromechanical retentive 

surface and a functionalised surface to promote chemical bonding remains unchanged (Lung 
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and Matinlinna, 2012). To date, numerous studies have been conducted to find satisfactory 

methods to achieve a durable and high bond strength with zirconia. Most of the studies focus 

on surface modification of the inert surface of the oxide-based ceramics, but the ability to 

chemically functionalise the surface of zirconia appears to be the most important factor in 

achieving satisfactory adhesive bonding (Thompson et al., 2011). 

 

Although the current clinical evidence indicates that the use of phosphate monomer or 

tribochemical silica coating is sufficient to provide long-term durable resin bonds (Kern, 

2015), this study also included 10-year clinical results of tribochemical silica coated glass-

infiltrated alumina and zirconia, which were known to perform better due their higher glass 

content and porosity compared to the densely sintered zirconia (Kern and Thompson, 1995; 

Ozcan et al., 2001). Further analysis of the data reveals the polycrystalline zirconia has only 

5-year clinical data, in comparison to the long-term data for the recommended technique for 

bonding silica-based ceramics. Longer term controlled clinical studies are needed to 

determine the long-term predictability of the recommended bonding techniques for 

polycrystalline zirconia before it can be fully substantiated for clinical use. 

 

1.4.3.1 Phosphate monomer 

The non-silica composition of zirconia and alumina makes them difficult to bond to tooth 

structure using the traditional silanisation approach, because oxide-based ceramics are 

chemically more stable than the silica-based ceramics, and not readily hydrolysed (Blatz et 

al., 2003b; Lohbauer et al., 2008; Della Bona, 2009; Thompson et al., 2011). Cement 

containing functional phosphate monomer has been shown to bond well to densely sintered 

oxide-based ceramics and also glass-infiltrated alumina ceramics (Kern and Thompson, 

1995; Ozcan et al., 2001; Amaral et al., 2014). Similar to the organosilane as a mediator 

between the inorganic and organic substrates, phosphate monomer has an organofunctional 

group that can react with the organic matrix of resin cement and a phosphate ester group on 

the other end (Kern, 2009).  The bond is achieved by the functional phosphate ester group 

directly reacting with the hydroxyl group on the ceramic oxide surface (Figure 1-3) (Kern 

and Wegner, 1998).  
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[From Kern 2009] 

Figure 1-3. An illustration showing reaction of a phosphate monomer group to the 

oxide ceramic hydroxyl group 

 

Panavia 21 (Kuraray Co. Ltd), Relyx Unicem (3M ESPE, Seefeld, Germany) and Multilink-

Automix (Ivoclar-Vivadent) are some of the modern bonding systems that contain 

phosphate monomers (Mirmohammadi et al., 2010). Studies have shown that Panavia 21 

can provide a long-term durable bond to oxide-based ceramics such as zirconia and alumina 

(Kern and Wegner, 1998; Hummel and Kern, 2004; Aboushelib et al., 2007; 

Mirmohammadi et al., 2010). Although all phosphate monomer-containing systems bond to 

oxide ceramic or metal via chemical bonds, the phosphate monomer groups used by 

different manufacturers are not the same. Kurarray utilises 10-methacryloyloxydecyl-

dihydrogen phosphate (10-MDP) for all their patented Panavia products (Panavia F2.0 and 

Panavia 21 resin cements; Kuraray Co. Ltd, Osaka, Japan). 3M ESPE developed RelyX 

Unicem, containing phosphorylated methacrylate that has two phosphoric acid groups and 

two double bonded carbon groups for cross-linking. The Multilink-Automix (Ivoclar 

Vivadent) system uses Metal/Zirconia Primer as a separate surface treatment component; 

this contains phosphonic acid acrylate with one phosphate terminal and at least two sites for 

bonding to the resin matrix through an oxygen bond. A number of in vitro studies have 

investigate the performance of the phosphate monomer cements when bonded to zirconia. 

The results showed that all phosphate monomer-containing adhesive systems have a durable 
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and higher bond strength than the respective control groups (Aboushelib et al., 2007; Blatz 

et al., 2007; Rosentritt et al., 2009; Mirmohammadi et al., 2010; Erdem et al., 2014; Sciasci 

et al., 2014). Although the relative performance of 10-MDP and other phosphate monomers 

varies between studies, there is a general consensus that the 10-MDP-containing adhesive 

system is more effective than the phosphorylated methacrylate, as shown by its high long-

term clinical success rate (Sailer et al., 2007; Kern and Sasse, 2011; Sasse and Kern, 2014; 

Kern, 2015) and superior in vitro performance (Kitayama et al., 2010b; Mirmohammadi et 

al., 2010; Ahn et al., 2015).  

 

Tanaka et al. investigated the bond strength to zirconia with the combined use of 

tribochemical surface treatment and 10-MDP monomer with a silane coupling agent 

(Tanaka et al., 2008). They reported that this combination resulted in a more hydrolytically 

and thermally stable bond, compared to the group that used MDP monomer and 

tribochemical surface treatment without the silane coupling agent (Tanaka et al., 2008). The 

authors believed that this occurred because of the interaction between the two components 

that resulted in rapid hydrolysation of the silane coupling agent, due to the presence of 

phosphate monomer that promoted the formation of a stronger polysiloxane network. They  

referred to another study by Miller et al. that examined the influence of acid and base on 

silanes (Miller et al., 1984). The results of the studies by Tanaka et al. supported their 

hypothesis that the stronger molecular structure and the hydrophobic nature of the siloxane 

network formed by the silane coupling agent resulted in a phosphate monomer bond that 

was sustained even after long-term artificial aging (Tanaka et al., 2008). 

 

1.4.3.2 Surface treatment with silica or glass  

While there is a great interest in finding the ideal adhesive system that can bond to 

polycrystalline ceramics effectively, other studies have investigated surface treatment 

methods that can create a surface topography enriched with silica for the polycrystalline 

ceramics (Blatz et al., 2003a; Derand et al., 2005; Piascik et al., 2009; Kitayama et al., 

2010a; Everson et al., 2012). The silica deposited surface enables effective use of a silane-

coupling agent that is conducive to direct bonding of the oxide-based ceramic surface with 

resin cement (Blatz et al., 2003b; Thompson et al., 2011; Lung and Matinlinna, 2012).  
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1.4.3.2.1 Tribochemical surface treatment 

Rocatec (3M ESPE) is currently the most commonly used system for coating polycrystalline 

ceramics with silica (Thompson et al., 2011). Tribochemical surface treatment was initially 

intended for metal alloy surfaces to improve bond strength to resin (Lung and Matinlinna, 

2012). This system provides a cost effective and relatively simple solution for silica coating. 

The process of tribochemical surface treatment involves high speed abrasion using silica-

coated alumina particles on the oxide-based ceramic surface. The impact of the alumina 

particles on the surface serves two purposes: (1) surface abrasion to increase 

micromechanical retention and (2) the silica coating of the alumina particles becomes 

embedded in the ceramic surface, which enables chemical bonding with resin cement (Della 

Bona, 2009). Tribochemical surface treatment is indicated for metal or metal alloys, glass-

infiltrated oxide ceramics and densely-sintered high-purity oxide ceramics (Della Bona, 

2009; Lung and Matinlinna, 2012). Despite the notion that tribochemical silica coating 

creates a silica-rich surface on zirconia, the percentage of silica particles present on zirconia 

is only 11.2%, whilst the remaining 13.6% and 75.2% is aluminum (embedded alumina 

particles) and zirconia respectively (Matinlinna et al., 2006).  The majority of studies in the 

literature describe tribochemical surface treatment as silica coating or tribochemical silica 

coating. This is not to be confused with silicoating, which is a pyrolytic method of coating 

silica on zirconia (Janda et al., 2003).  

 

1.4.3.2.2 Glass coating through sintering  

Veneering ceramics onto a zirconia core is a necessary step to mask the opaqueness of the 

core and to create an appropriate shade for the restoration. The veneering porcelain is 

directly applied over the core in powder and liquid form and fired according to the 

manufacturer’s instructions. One of the most important factors in ensuring successful 

adhesion of the veneering ceramic to the core is the matching of the coefficient of thermal 

expansion coefficient (Luo et al., 2002; Fradeani et al., 2005; Conrad et al., 2007). 

Numerous studies have evaluated the fracture resistance of the veneering ceramic and they 

all indicated that a mismatch in the coefficient of thermal expansion (CTE) is a contributing 

factor to the delamination of the veneered porcelain (Guess et al., 2008; Fischer et al., 2009; 

Teng et al., 2012; Zhao et al., 2012). Ozkurt et al. described the factors that contribute to 

clinical success and stated that reliability depends on the mechanical integrity and adhesion 
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strength of the veneering porcelain to the zirconia core. Factors associated with failure are: 

mismatch of core and veneering ceramic CTE; firing shrinkage; poor wetting of the  

veneering ceramic on the core; and an undesired heating and cooling rate (Ozkurt et al., 

2010). Zirconia veneering ceramics recommended by the manufacturer of the zirconia core 

ceramic should be used in order to reduce the risk of chipping or delamination, as the risk 

factors are generally taken into consideration when manufacturing the compatible veneering 

porcelain (Ozkurt et al., 2010).  

 

Recently, a number of studies have explored the potential use of glass coating on zirconia 

to enhance resin bonding (Kitayama et al., 2009; Kitayama et al., 2010a; Cura et al., 2012; 

Everson et al., 2012; Fushiki et al., 2012; Valentino et al., 2012; Liu et al., 2014; Vanderlei 

et al., 2014). The process of glass coating is achieved by firing selected glass-containing 

materials on zirconia, which is the same principle as applying veneering porcelain or 

characterisation via glazing on the zirconia substrate. Reported results of the in vitro tests 

are positive, since glass coating acts as an intermediary layer that permits effective use of 

HF acid etching and silane as a coupling agent on zirconia. Moreover it is considerably more 

cost effective and is substantially less technique sensitive when used as a surface treatment 

compared to alternative techniques such as selective infiltration etching (SIE) (Aboushelib 

et al., 2007; Aboushelib et al., 2008; Aboushelib et al., 2010), molecular vapour deposition 

(Piascik et al., 2009) and plasma spraying (Derand et al., 2005) that create a surface 

conducive for effective silanisation (Lung and Matinlinna, 2012).  

 

The deposition of silica or glass matrix can be carried out using different materials, such as 

commercial feldspathic porcelain, glaze, glass ceramics or experimental overglaze material 

(Papia et al., 2013). The following sections review for some of the named porcelain or glaze 

coating techniques on zirconia described in the scientific literature. 

 

1.4.3.2.2.1 Zirconia veneering porcelain 

Internal coating technique: The silica coating technique that was described by Kitayama 

et al. was named the Internal Coating Technique in studies published in 2009 and 2010. The 

zirconia specimens used in both studies were Cercon Base (Degudent, Hanau, Germany) 

and the veneering porcelains were Cercon Ceram Kiss (Degudent) and Vintage ZR (Shofu, 
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Kyoto, Japan). Both medium-fusing ceramic veneering materials are designed for use with 

zirconia. A mixture was made of the porcelain powder and excess distilled water as a thin 

slurry, which was immediately layered onto the zirconia block and levelled with a spatula. 

The purpose of the levelling was to create a uniform surface thickness across the surface. 

After the layering, the porcelain was fired according to the manufacturer’s instructions 

(Kitayama et al., 2009; Kitayama et al., 2010a). Finally, the completed Internal Coating 

Technique blocks were air-abraded with 70 µm Al2O3 particles at 0.3 MPa air-pressure for 

five seconds at a distance of 10 mm from the surface. The blocks were then ultrasonically 

cleaned for ten minutes and left to air dry (Kitayama et al., 2009; Kitayama et al., 2010a). 

The results showed that surface treatment of zirconia using the Internal Coating Technique 

coating followed by silanisation significantly increased the bond strength of resin cements 

to zirconia ceramics (Kitayama et al., 2009).  

 

“Glaze on” technique: The silica coating technique used by Everson et al. was termed the 

“Glaze on” technique. It is to be noted that the coating materials used in the study were 

veneering porcelain designed for the purpose of veneering zirconia and not for the purpose 

of glazing (Everson et al., 2012). In their study, the zirconia specimens were LAVA (3Y-

TZP) (3M ESPE), and the veneering porcelains used as the “Glaze on” coating were: Vitadur 

Alpha (VITA Zahnfabrik); Ivoclar Emax Ceram (Ivoclar Vivadent); Noritake Cerabien 

(Noritake Ceramic); VITA VM9 (VITA Zahnfabrik) and Lava Ceram (3M ESPE). A thin 

slurry of each veneering porcelain was formed by mixing 0.035 g of ceramic frit with 0.2 

ml of distilled deionised water. The powder/water ratio for all the glazing ceramic was 

standardised in this study (Everson et al., 2012). Using a clean brush, the slurry was 

transferred to the zirconia disc surface. Uniform distribution of the slurry was achieved by 

vibration. The specimens were allowed to air dry and subsequently each glaze coating was 

fired according to the manufacturer’s recommended time and temperature in a VITA 

Vacuumat 40 furnace (VITA Zahanfabrik) (Everson et al., 2012). The glazed specimens 

were compared to the zirconia specimen surface treated with Cojet. The results of the resin 

shear bond strength to glazed zirconia specimens were higher than the zirconia surface 

treated with Cojet. There is no significant difference in shear bond strength between the 

glaze groups (Everson et al., 2012).  
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Fusing glass pearls: Derand et al. described their silica coating as fusing glass pearls or 

micro pearls (Derand et al., 2005). The description of the pearls was based on the pearl-like 

appearance of the silica coating observed under Scanning Electron Microscopy (SEM) 

examination. Procera All-Ceram (Procera AllZirconia, Nobel Biocare, Zurich, Switzerland) 

was used as the zirconia specimens in the study. The fusing glass pearls used for the silica 

coating was Duceratin (Ducera, Rosbach, Germany). With limited details given about the 

method of coating, the authors described the powder as mixed with an excessive amount of 

water, applied on the ceramic surface and fired at 720 ºC without vacuum. (Derand et al., 

2005). The test specimens of this study also included zirconia plasma sprayed with 

hexamethyldisiloxane, which produced significantly higher resin shear bond strength than 

untreated surfaces. However, the fusing glass pearls produced a mean resin shear bond 

strength that was significantly higher than the plasma spray technique (Derand et al., 2005). 

Derand and colleagues attributed the high resin shear bond strength of fusing glass pearls to 

its ability to be silanised and increased microretention due to the rough surface texture 

created by the glass pearls (Derand et al., 2005; Derand et al., 2006). 

 

1.4.3.2.2.2 Composite resin 

Experimental coating technique: The silica coating technique presented by Chen et al. 

differed from other techniques as the source of the silica was from composite resin instead 

of the conventional porcelain powder used for veneering ceramics (Chen et al., 2012). The 

technique was based on sintering the filler particles of a flowable composite resin, which 

was then coated on the zirconia surface. The zirconia used in this study was Cercon Base 

(Degudent, Germany). The surface of the zirconia specimen was coated with a thin layer of 

Filtek Supreme XT flowable restorative material (3M ESPE). The uncured coating and 

zirconia specimen were then sintered in a computer programmed dental porcelain furnace 

(STRATI; Elephant Dental BV, The Netherlands) at a heating rate of 15 ºC/min and held 

for 10 minutes at the highest temperature of 1200 ºC. At high heat, the resin matrix was 

burned out, leaving behind the silica nanofillers to be sintered. Following cooling to room 

temperature after 100 minutes, all the coated specimens were cleaned in an ultrasonic 

ethanol bath for 10 min (Chen et al., 2012). The presence of silica on the zirconia surface 

was found to produce a significantly more durable bond to resin than non-silica-coated 

surfaces, as shown by Chen et al. following 30-day water storage (Chen et al., 2012). The 
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effect of silica on zirconia also significantly increased the resin bond durability that contains 

10-MDP primer.  

  

1.4.3.2.2.3 Glaze (overglaze) 

Glazing of ceramics (also referred as overglazing), which is also a final step in finishing a 

ceramic restoration, is a common dental laboratory procedure in which a layer of vitreous 

glass is applied over sintered ceramics to reduce their susceptibility to long-term stress 

corrosion, dynamic fatigue and surface degradation from the harsh intra-oral environment. 

 

Studies assessing the use of a glaze layer as a surface treatment to enhance resin bond to 

zirconia have become more common in the scientific literature (Thompson et al., 2011; 

Papia et al., 2013). While other similar silica containing materials such as porcelain (Derand 

et al., 2005), glass ceramics (Ntala et al., 2010) and even composite resin (Chen et al., 2012) 

have been proposed, there are more studies in the literature that have examined the effect of 

using glaze on resin to improve the bond strength to zirconia (Cura et al., 2012; Fushiki et 

al., 2012; Valentino et al., 2012; Bottino et al., 2014; Liu et al., 2014; Vanderlei et al., 2014). 

The growing interest in glaze as the more favoured material is due to lower costs, ease of 

handling, accessibility and familiarity with dental technicians, since the application method 

is the same as the overglazing technique on veneered restorations.  

 

Apart from using a conventional powder and liquid glaze, studies by Vanderlei et al. and 

Botinno et al. have glazed the zirconia specimens with a glaze spray (Bottino et al., 2014; 

Vanderlei et al., 2014). The glaze spray used for the silica coating was VITA Akzent glaze 

spray (VITA Zahnfabrik) that comes in a compressed can with a nozzle release. According 

to Botinno et al, the spray was applied for one to two seconds and at a distance of 10 mm 

(Bottino et al., 2014). However, Vaderlei et al. did not describe the spray distance, but did 

state the glaze spray was applied twice on the ceramic surface in their study (Vanderlei et 

al., 2014). Based on the results from Vanderlei et al. there was no significant difference in 

the resin bond strength between the use of conventional VITA Akzent glaze and the VITA 

Akzent glaze spray applications (Vanderlei et al., 2014).  
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The glazes used in the studies were either manufactured exclusively for the corresponding 

zirconia as veneering materials by the same manufacturer or by a different manufacturer but 

with similar CTE. For example, a glaze manufactured for lithium disilicate can also be used 

on zirconia if the CTE are similar (Ntala et al., 2010). Most of the overglaze materials consist 

of low-fusing leucite-free porcelains, therefore chemical bonding of resin cement to the 

glaze layered zirconia is viable with silane as a coupling agent (Matinlinna et al., 2004; Lung 

and Matinlinna, 2012). Another factor that needs to be considered for a strong and durable 

resin bond is adequate surface micromechanical retention (Stangel et al., 1987; Jardel et al., 

1999; Kato et al., 2000; Blatz et al., 2003b; Yucel et al., 2012). The superior bond strength 

of leucite and lithium disilicate glass-ceramics to resin is attributed to the embedded 

crystalline structure in a silica matrix, which enables selective dissolution of a glassy matrix 

with hydrofluoric acid, thus creating a surface topography with numerous porosities that 

facilitate formation of resin tags engaging undercut pores (Stangel et al., 1987; Melo et al., 

2007; Brum et al., 2011; Yucel et al., 2012). However, little attention has been given to the 

surface topography of etched glaze materials. 

 

In the context of adhesion, different glass materials have variable susceptibility and 

outcomes when etching with hydrofluoric acid (Chaiyabutr et al., 2008; Cattell et al., 2009). 

Without the reinforcing crystalline structure, an etched single-phase glass does not 

necessarily roughen and produce a surface with sufficient micromechanical retention 

(Cattell et al., 2009; Ntala et al., 2010). The etched surface topography is highly dependent 

on the microstructure and composition (Della Bona and Anusavice, 2002). Therefore, the 

surface topography of the etched glaze layer is an important factor that must not be 

overlooked when considering the use of glaze as an intermediary layer to enhance resin 

bond.   
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 Nominal bond strength test 

1.5.1 Introduction 

The ongoing development of all-ceramic materials entails studying of the existing bonding 

systems or developing new ceramic bonding systems with novel chemical compositions and 

microstructures. As new ceramic bonding systems are being developed, the effectiveness of 

the bond to ceramic and tooth structure has to be evaluated and quantified to provide an 

indication of their clinical performance. Long-term randomised clinical trials is the most 

ideal, however before the results are made available, the technique or the product may have 

become obsolete due to the rapid pace of technology development. For this reason, in vitro 

studies are important for evaluating the bond efficacy (Van Noort et al., 1989). One of the 

most common in vitro studies in evaluating bond performance is shear bond strength testing. 

This test method is cost effective, simple to measure and process the data. The bond strength 

value is derived from the maximum load required to induce bond failure, divided by the 

bond interface cross-sectional area. Additionally, bond strength can be also assessed by 

tensile stress (tensile bond strength test). Both shear and tensile bond strength are also 

referred as the ‘nominal bond strength’ (ISO-Standard, 1994).  

1.5.2 Validity of nominal bond strength test 

Although nominal bond strength tests remain the most common method in assessing bond 

efficacy, the validity of the measured values may be questioned. This is because large 

variations in test results have been observed in many studies, making comparison and 

reproducibility of the data difficult. The data inconsistency has resulted in doubt regarding 

the nature of the test itself (Van Noort et al., 1989; DeHoff et al., 1995) 

 

At the same time, a number of adhesives have been found to fail cohesively at the substrate 

level (Triolo Jr and Swift Jr, 1992; Oilo, 1993). Suggesting that the bond had acquired such 

an exceptional strength that further development of the resin bond systems was not 

necessary (Davidson et al., 1993; Oilo, 1993). These findings caused confusion, since the 

mechanical properties of the adhesive are generally inferior compared to the substrate 

(Versluis et al., 1997).  
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1.5.3 Shear bond strength test 

Amongst the nominal bond strength tests, shear bond strength test has remained one of the 

most widely used in vitro tests for the evaluation of bond efficacy (Figure 1-4) (Fushiki et 

al., 2012; Teng et al., 2012; Yucel et al., 2012; Zhao et al., 2012; Bottino et al., 2014; 

Vanderlei et al., 2014; Sanli et al., 2015; Tanis et al., 2015) because the test protocol is the 

easiest to prepare and test (Oilo, 1993). 

[From Yucel et al. 2012] 

Figure 1-4. Schematic diagram of shear bond test set-up 

 

The value of shear bond strength (MPa) is obtained from the maximum load of failure (Fmax) 

divided by the cross-sectional area (πr2) of the specimen disc’s bonded interface. Below is 

the formula for calculating shear bond strength: 

 

 

Equation 1. Shear bond strength  

where Fmax = load at failure (N) and r = radius of the bonded interface 
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According to the nominal bond strength formula, the bond strength is derived from the 

division of failure load by the entire surface area of the interface, thus assuming the 

interfacial stress distribution is uniform. However this assumption is incorrect as stress can 

be unevenly distributed or focused in some areas of the interface (such as the edge of the 

interface) that could be the determining factor for the final calculated nominal stress value 

(DeHoff et al., 1995). The non-uniform stress distribution can be attributed to the loading 

geometry, the loading configuration, the presence or absence of flash and the material 

properties such as the elastic modulus (Van Noort et al., 1989; Van Noort et al., 1991). 

When these are applied to both the shear and the tensile tests, the effects on the results of 

shear testing are more pronounced (Van Noort et al., 1989). Versluis et al. demonstrated, 

using a finite element analysis model that the failure path in the shear bond strength tests 

had a high tendency to deflect into the dentine due to the brittle nature of the substrate (high 

compressive/tensile strength ratio of the substrate). Therefore the deflection of the crack 

leading to substrate cohesive failure was shown to produce inconsistent results because the 

nominal bond strength formula does not account for the thickness of the adhesive layer and 

the substrate mechanical properties, which are variables that are difficult to control 

experimentally (Versluis et al., 1997). Thus, the calculated shear bond strength value has 

been suggested to be invalid (Versluis et al., 1997). Even if the test procedures were to be 

standardised, this would not address all the issues as the test itself is fundamentally flawed 

(Sudsangiam and van Noort, 1999; Armstrong et al., 2010) 

1.5.4 Microshear bond strength test 

The microshear bond strength test or microbond test has also been used in some studies to 

measure the bond performance (McDonough et al., 2001; Moezizadeh et al., 2012). The 

formula for calculating the microshear bond strength is the same as the shear bond strength 

test formula (Equation 1) (McDonough et al., 2001; Panah et al., 2008). By using finite 

element analysis, Placido et al. have shown that the inherent flaw of the shear bond strength 

test is exacerbated in the microshear bond test (Placido et al., 2007), as the shear bond 

strength values may also vary with specimen geometry, loading configuration and materials 

properties (Van Noort et al., 1989; Versluis et al., 1997). Placido et al. found that the stress 

distribution produced by microshear test configuration is predominantly tensile stress due 

to load application distance being further from the adhesive interface and a relatively thicker 
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adhesive layer as a consequence of the smaller bonded substrate. From a relative size 

perspective, the thickness of the adhesive layer and dimensions of the loading blade or wire 

tend to remain constant despite the reduced dimension of the specimen (Figure 1-5 and 

Figure 1-6). The discrepancy is due to experimental difficulty in controlling the adhesive 

thickness and the loading apparatus (Versluis et al., 1997; Placido et al., 2007). 

 

 

Figure 1-5. Relation of adhesive interface thickness and loading wire dimension to the 

reduced size of bonded substrate 

 

 

Figure 1-6. The potential load path 

1.5.5 Tensile bond strength test 

In the pursuit of a method that produces a uniform stress pattern at the bond interface, studies 

have been conducted to investigate the benefits of the tensile bond strength test (Kitasako 

et al., 1995; Schreiner et al., 1998). Their investigation have shown that the tensile test is 

able to provide a more uniform stress distribution across the interface compared to the shear 

test (Della Bona and van Noort, 1995).  
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1.5.6 Microtensile bond strength test 

To further eliminate non-uniform stress distribution at the adhesive interface and to 

minimise the influence of interfacial defects, Sano et al. introduced the microtensile bond 

strength (µTBS) test (Figure 1-7) (Sano et al., 1994). Compared to its macro counterpart, 

the microtensile test has a reduced testing area (1-2 mm2), so the inherent size and numbers 

of defects will be reduced through selective exclusion of prematurely failed specimens. This 

decreases the risk of bulk cohesive failure and produces more accurate bond strength data 

(Sano et al., 1994; Della Bona and van Noort, 1995; Della Bona, 2009).  

 

[From Sano et al. 1994] 

Figure 1-7. Specimen preparation for the microtensile bond test: (A) flattening of the 

occlusal surface; (B) dentine surface polished with 600 grit silicone carbon paper; (C) 

bonding of composite resin and build-up done on the prepared coronal surface; (D)  

root removed at cervical level; (E,F) thin specimens cut perpendicular to the adhesive 

surface; (G) specimens trimmed and shaped to a gentle curve along the adhesive 

interface (hourglass shape); (H) specimens attached to the testing device with 

cyanoacrylate adhesive and tested at a crosshead speed of 1mm/min 
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The specimen shapes most commonly used are stick, hourglass and dumbbell forms (Figure 

1-8) (Scherrer et al., 2010). Stick and dumbbell forms are preferred because the hourglass 

shape can have an unfavourable stress pattern and is more sensitive to flaws induced at the 

edge during the shaping process compared to the dumbbell shape (Ghassemieh, 2008). 

 

 

[Adapted from Soarers et al. 2008] 

Figure 1-8. Shapes of microtensile test specimens: (A) hourglass, (B) stick, and (C) 

dumbbell 

 

Sano et al. explained that µTBS value is inversely proportional to the tested interface, thus 

theoretically the bond strength value of a smaller specimen should be easily extrapolated to 

a larger specimen with a larger bond interface such as the conventional tensile test. However 

the study showed that as the bonded surface area increased, lower tensile strength values 

were observed (Sano et al., 1994). This phenomenon may be due to the presence of defects 

or stress raisers at the interface or within the substrate (Sano et al., 1994). Sano et al. 

explained that this phenomenon is also correlated to Griffith’s theory of defects where the 

tensile strength reduces as the size of the specimen is increased, hence the larger the 

specimen size, the higher the number of defects within the specimen (Griffith, 1921).  

Microtensile bond strength test also allows measurements to be performed on a small and 

specific region of the tooth structure such as deep dentine, sclerosed dentine, carious dentine 

and dentine with different thicknesses (Sano et al., 1994). On the other hand, such a localised 

regional approach is not possible with the macro-tensile bond test. By considering the 

advantage of testing a small cross sectional area, the sectioned samples can also be 

individually screened using a microscopic evaluation for substrate cohesive failures 

following stress loading. Specimens that show substrate cohesive failure should be 
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discarded as this data does not represent the true interface bond strength, but a mixture of 

mechanical properties of the different materials involved (Scherrer et al., 2010).  

 

The microtensile bond strength test is promising compared with other nominal bond strength 

tests, however further studies are needed to evaluate it as a comparable test method to the 

fracture mechanics approach. Armstrong et al. advocated that the microtensile stress test 

should remain a feasible testing approach; however, the studies must acknowledge the 

inherent shortcomings of nominal bond strength tests (Armstrong et al., 2010).  

 

1.5.7 Discriminative power of nominal bond 
strength tests 

Tantbirojn et al. have demonstrated that the results for shear testing of dentine bonding 

agents are inconsistent compared to the fracture toughness results from the same group 

(Tantbirojn et al., 2000). This inconsistency was explained by the occurrence of dentine pull 

out or dentine cohesive failure in the shear test group. However, this observation was not 

evident in the fracture test group, which is a measurement of bond efficacy using a fracture 

mechanics approach instead. The effects of dentine pull-out were further confirmed by the 

consistent data pattern between groups with moderate adhesive strength, which showed that 

the mode of failure was predominantly adhesive (Tantbirojn et al., 2000). Despite the close 

correlation between the results of the groups with a predominantly adhesive failure mode, 

the incidence of cohesive failure in the shear test suggests the nature of the test set-up may 

contribute to cohesive failure (Versluis et al., 1997). Similarly, microtensile bond strength 

testing has been reported to have lower discriminative power and higher variability 

compared to the interfacial fracture toughness testing (De Munck et al., 2013).  

 

The development of a future generation adhesive is undoubtedly pushing the envelope of 

the bond strength. With the increase in bonding efficacy, the potential for errors in the data 

generated by the nominal bond strength tests increases. The disclosure of flaws in the 

nominal bond tests by some studies indicates that there should be a consensus to adopt a 

reliable in vitro set-up (Van Noort et al., 1989; DeHoff et al., 1995; Versluis et al., 1997; 

Scherrer et al., 2010). 
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1.5.7.1 Recommendation for in vitro bond strength 

tests 

In light of high coefficients of variation and data scattering due to the shortcomings of 

nominal bond strength tests, Scherrer et al. have recommended three approaches for future 

studies based on the in vitro bond strength tests (Scherrer et al., 2010). 

 

1.5.7.1.1 Recommendation 1:  

If nominal bond strength tests are used (shear, microshear, tensile or microtensile), all 

loaded samples must be thoroughly screened using microscopic examination for cohesive, 

adhesive and mixed failures. Those that present with predominantly substrate cohesive 

failure should be excluded from or accounted in data interpretation.  Examples of possible 

failure modes are illustrated for dentine-adhesive-resin systems in Figure 1-9 (Scherrer et 

al., 2010) and ceramic-adhesive-resin systems Figure 1-10 (Della Bona, 2009). 

[From Scherrer et al. 2010] 

Figure 1-9. Possible failure modes in the dentine-resin interface: (a) cohesive (dentine), 

(b) cohesive (resin), (c) adhesive (dentine-adhesive interface), (d) adhesive (adhesive-

resin interface), (e) mixed dentine-adhesive-resin (small portions of dentine or resin 

involved in the fracture surface), (f) mixed dentine-adhesive-resin (large portions of 

dentine or resin involved) 
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[From Della Bona 2009] 

Figure 1-10. Possible failure modes for the microtensile test in the ceramic-resin 

interface: Mode 1: interfacial separation at the ceramic-adhesive resin interface. Mode 

2: failure starts at the ceramic-adhesive interface, goes into the adhesive resin and 

returns to the interface. Mode 3: failure from internal flaw (penny-shape internal 

crack). Mode 4: failure starts at the ceramic-adhesive interface and propagates 

through the adhesive resin. Mode 5: failure starts at the ceramic-adhesive interface, 

goes through the adhesive resin to reach the resin composite-adhesive interface 

 

1.5.7.1.2 Recommendation 2: 

Weibull statistics should be used for all nominal bond strength studies as it is an 

indispensable tool in providing relevant information regarding failure probability in relation 

to the stress level and also the validity of the data.  

 

1.5.7.1.3 Recommendation 3:  

Consider using a fracture mechanics approach for the evaluation of bond strength. Fracture 

toughness (KIC) or the strain energy release rates (GIC) are tests which are more reliable as 

they are confined to measuring the energy required to separate the adhesive from the 

substrates (e.g. dentine or ceramics)   

 

The need for valid methods to assess bond strength has resulted in a group of studies that 

have investigated the fracture mechanics of dental adhesives (Tam and Pilliar, 1993; Lin 

and Douglas, 1994; Tantbirojn et al., 2000; Moharamzadeh et al., 2008; Hooshmand et al., 

2012). Although recent studies that used a fracture mechanics approach to measure adhesion 

are relatively scarce compared to those that have used the bond strength test (Scherrer et al., 
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2010), there is a gradual move towards adopting a fracture mechanics approach for testing 

in the literature (Moharamzadeh et al., 2008; Hooshmand et al., 2012).  

 

1.5.7.2 Fractographic analysis 

Despite adopting to a more valid approach in bond measurement through fracture 

mechanics, “mode of failure” and fractographic analyses remain indispensable tools for 

predicting the clinical performance of adhesive systems (Della Bona et al., 2003; Della 

Bona, 2009). Thus as part of the experiment design in the assessment of adhesion, Della 

Bona suggested that: (1) the definition of the adhesion zone is essential to classify the modes 

of failure, which should be an integral component of all failure analyses, and (2) a careful 

SEM analysis of the fracture surface should be carried out following the principles of 

fractography, with confirmation of surface composition using x-ray diffraction (XRD) 

analysis (Della Bona, 2009). By adhering to the suggested approaches, a more consistent 

and complete description of the fracture initiation, crack propagation, and the modes of 

failure can be achieved. Descriptive analysis also avoids the use of generalised simplistic 

classification such as “cohesive”, “adhesive” or “mixed mode of failure”. Thus, when 

fractography is correctly used to determine the fracture origin, a proper scientific statement 

on the mode of fracture can be formulated (Della Bona, 2009).  

 

With the combination of fractographic analysis and fracture mechanics approach in 

assessing adhesion failure, the bond characteristics can be understood quantitatively and 

qualitatively.   



39 

 

 Fracture mechanics approach 

The assessment of adhesive bond strength using the fracture mechanics approach is achieved 

by measuring the ability of the adhesive material to resist crack propagation. The 

information provided using fracture mechanics within the adhesive interface should account 

for the material strength and the presence of defects. The proposed parameters for assessing 

the fracture toughness are: (1) KIC, the critical stress intensity factor, which is the material’s 

resistance to crack propagation (Tam and Pilliar, 1993) or, (2) GIC, the critical plane strain 

energy release rate, which is the work necessary to separate the adhesive resin from its bond 

to dentine (Lin and Douglas, 1994; Tantbirojn et al., 2000). The tests are performed by 

initiating a crack through the bonded interface and propagating the crack in a stable manner. 

A crack can be initiated by using a chevron notch short rod (Figure 1-11), a bar design 

(Figure 1-12) (Tam and Pilliar, 1993; Lin and Douglas, 1994; Armstrong et al., 1998), a 

modification of the chevron notched short rod known as the Notchless Triangular Prism 

(Figure 1-13) (Ruse et al., 1996), or the single edge notched beam (Khajotia et al., 1997; 

Toparli and Aksoy, 1998). The different specimen geometries are shown in Figure 1-11 to 

Figure 1-13: 

 

 

[From Soderholm 2010] 

Figure 1-11. Chevron notch short rod design by Tam and Pilliar: (A) frontal view and 

(B) side view of the short rod assembly in which the upper and lower components are 

bonded with a chevron notch shaped interface (C) 
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[From Soderholm 2010] 

Figure 1-12. Chevron notch short bar designs by Lin and Douglass (left) and 

Armstrong et al. (right) 

 

[From Soderholm 2010] 

Figure 1-13. Notchless triangular prism designby Ruse et al. 

 

However, the mandatory adherence of relatively complex dimensions when preparing the 

specimens has meant that more time and effort is involved for the preparatory stage and the 

testing stage is more difficult (Soderholm, 2010). For that reason, testing of adhesion 

performance using fracture mechanics has yet to be well received by the nominal bond 

strength test adopters (Scherrer et al., 2010; Soderholm, 2010). Aside from the convenience 

of the prep-less Notchless Triangular Prism method, the test set-up requires an assembly 

consisting of a block mount and custom grip holders (Ruse et al., 1996), which means 
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additional equipment and familiarisation with the set-up is required. A new method has been 

described which does not require such a radical change in the test apparatus. Tantbirojn et 

al. described a modified fracture toughness test using the specimen geometry design of Lin 

and Douglas and produced a design very similar to the shear bond test set-up (Figure 1-14). 

The new design facilitates the adoption by laboratories with a pre-existing shear bond test 

set-up (Tantbirojn et al., 2000). 

 

[Modified from Soderholm 2010, Hooshmand et al. 2012 and Tantbirojn et al. 2000] 

Figure 1-14. Schematic diagrams of: (A) Chevron notch short bar specimen geometry 

used by Lin and Douglas, (B) Modified fracture toughness test specimen geometry by 

Tantbirojn, and (C) the loading configuration of the modified design, which is very 

similar to the shear test 

 

1.6.1 Modified interfacial fracture toughness test 

The differences between a shear bond strength test and a modified interfacial fracture 

toughness test are the distance between the load application point and the adhesive interface 

(Figure 1-15) and adhesive surface configuration (Figure 1-16) (Tantbirojn et al., 2000). 

The bonded cylinder is loaded using a universal testing machine at the far end from the 

adhesive interface until failure occurs. 

A 

B 

C 
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[From Hooshmand et al. 2012] 

Figure 1-15. Schematic diagram of bonded specimen and loading configuration. This 

figure shows the chevron notched adhesive area and the extended distance (L) to load 

point (F).  

 

 

[From Cheng et al. 1999] 

Figure 1-16. Schematic diagram of the chevron shape adhesive area. D = diameter. a0 

= 0.15D θGTH = 90º 

Interfacial critical plane strain energy value is then calculated using the following formula: 

 

 

Equation 2. Critical plane strain energy release rate 

   
6
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Where: Fmax = Load failure (N) 

  L = Distance to loading point (mm) 

  E = Elastic modulus of composite cylinder 

  D = Diameter of the composite cylinder                    [From Cheng et al. 1999] 

 

Although the design of the modified fracture toughness test is very similar to the shear test, 

the failure modes observed at the interface have been reported to be predominantly a mix of 

interfacial and adhesive within the resin for ceramic adhesive studies (Moharamzadeh et al., 

2008; Hooshmand et al., 2012) with a lower incidence of substrate cohesive failures for the 

dentine adhesive studies (Tantbirojn et al., 2000). It should be noted that the critical energy 

GIC is not an average value for the entire cross-sectional area of the interface, but rather 

derived from the failure mechanism locally at the crack front. Crack propagation consists of 

two stages: (1) the stable crack propagation which occurs at an early phase and (2) the 

unstable crack propagation which occurs after the critical crack length when the maximum 

load (Fmax) is reached (Tantbirojn et al., 2000; Moharamzadeh et al., 2008; Hooshmand et 

al., 2012). The critical energy value (GIC) is calculated based on the recorded maximum 

load, hence only the observed adhesive failures during the stable crack phase are taken into 

consideration (Tantbirojn et al., 2000). 
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  Summary of literature review 

Currently, the strongest and most durable dental ceramic available in dentistry is zirconia 

(Seghi and Sorensen, 1995; Tinschert et al., 2000; Tinschert et al., 2001a; Della Bona and 

Kelly, 2008). The excellent physical and mechanical properties of zirconia as a ceramic 

material have made the restoration of posterior teeth with crowns, inlay/onlays and/or 

bridges possible (Della Bona and Kelly, 2008; Gargari et al., 2010). Due to the chemical 

inertness of zirconia however, it is difficult to predictably bond to dentine using 

conventional resin bonding systems (Blatz et al., 2003b; Kern, 2009). Glass-based ceramics 

can be surface treated with hydrofluoric acid-etching and chemically activated with silane 

to promote adhesion of the ceramic to resin cements (Blatz et al., 2003b). Zirconia, in 

contrast, consists predominantly of metal oxides with no glass matrix to respond to acid 

etching (Piconi and Maccauro, 1999).  

 

Recent studies have reported that the application of a thin glass layer to zirconia using a 

porcelain glaze powder can improve the bond strength of zirconia to tooth, compared with 

other contemporary bonding systems (Derand et al., 2005; Kitayama et al., 2009; Kitayama 

et al., 2010a; Cura et al., 2012; Everson et al., 2012; Bottino et al., 2014; Vanderlei et al., 

2014). These results were obtained using a methodology that focused on microtensile and 

shear bond testing. These tests however, are not a true measure of adhesion between two 

surfaces, but are instead a measure of bond strength that assumes uniform stress distribution 

within the adhesive joint (Van Noort et al., 1989; Versluis et al., 1997; Tantbirojn et al., 

2000; Scherrer et al., 2010). The current study instead uses a critical plane strain energy 

release rate (GIC) to measure the adhesion of a resin bonding system to zirconia that has 

been surface treated with a thin layer of glass glaze powder. 

 

To date, bonding to zirconia has remained a challenge in dentistry. Currently available 

bonding systems do not produce a bond that is comparable to the bond achievable to glass-

based ceramics (Kern and Wegner, 1998; Kern, 2009). Some other surface treatment 

methods described in the literature necessitate expensive equipment and machinery that can 

be highly technique sensitive to operate (Derand et al., 2005; Aboushelib et al., 2010; 

Piascik et al., 2012). The application of a thin glass layer to zirconia using a conventional 

porcelain glaze powder may be an effective solution to attain a bond comparable to the 
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glass-based ceramic. This study proposes to investigate whether glazing the surface of a 

zirconia ceramic can improve the adhesive bond strength of zirconia to a resin bonding 

system. If successful this technique could be implemented by dental laboratories by coating 

the fitting surface of zirconia restorations with a thin layer of glaze coating prior to the final 

glaze cycle, during the final stage of manufacturing the prosthesis. A general dental 

practitioner would then be able to use one of the currently available resin bonding systems 

found in everyday dental practice to reliably bond zirconia prostheses to a tooth or teeth.   
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 Hypothesis  

The critical plane strain energy of the glazed zirconia groups will be significantly higher 

than the non-glazed groups using either phosphate monomer-based or non-phosphate 

monomer-based resin adhesive systems. 

 

Primary test objective is glazed versus non-glazed zirconia. 

 

Secondary test objective is phosphate monomer-based versus non-phosphate monomer-

based resins 
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Chapter 2 Surface characterisation 
of glaze ceramics (pilot study) 

 Introduction 

Different glass materials have variable susceptibility and outcomes following etching with 

hydrofluoric acid (Chaiyabutr et al., 2008; Cattell et al., 2009). Without the reinforcing 

crystalline structure, an etched single-phase glass does not necessarily roughen and produce 

a surface with sufficient micromechanical retention (Della Bona and Anusavice, 2002; 

Cattell et al., 2009; Ntala et al., 2010). The etched surface topography is highly dependent 

on the microstructure and composition of the glass (Della Bona and Anusavice, 2002), 

therefore, proper selection of glaze material with an optimal surface topography following 

acid etching is paramount. However, manufacturers often do not disclose the exact 

composition of the available glaze materials, making the selection of appropriate glaze 

materials for bonding an arbitrary decision. A few studies have shown that the bond strength 

of an adhesive resin correlates to the surface topography of etched glaze materials 

(Chaiyabutr et al., 2008; Cattell et al., 2009). Only a small number of different glaze 

materials have been tested with comparative surface characterisations and analyses, thus 

limited conclusive data exists to make an informed selection of a glaze that responds 

optimally to surface etching. In order to validate the methodology of the main study (Chapter 

3), a pilot study was conducted to characterise the acid-etched surface topography of glazed 

ceramics from three different manufacturers using SEM. The glaze with the most favourable 

etched surface will be used to determine its effect to zirconia resin bond efficacy using a 

fracture mechanic approach, (Chapter 3).   
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 Materials and methods 

Ten zirconia plates (20mm x 7mm x 2mm) were sectioned from VITA In-Ceram YZ blocks 

(VITA Zahnfabrik) using a diamond grit blade on a low speed sectioning machine under 

irrigation (Acutom; Struers, Ballerup, Denmark). The zirconia specimens were polished 

under irrigation using 1000-grit silicon carbide abrasive paper (C35P, Riken Corundum Co. 

Ltd, Konosu, Japan) and sintered according to manufacturer instructions (Table 2-1):   

 

Table 2-1. Zirconia sintering parameters 

VITA ZYrcomat preprogramed cycle for VITA In-Ceram YZ 

 

 Duration of the program cycle including cooling down to 200 °C: 

approximately 7.5 hours 

 Rising time: 1.5 hours 

 End temperature: 1530 °C 

 Holding time at end temperature: 2 hours 

 Cooling down to 400 °C with firing chamber being closed 
 

 

The sintered zirconia specimens were air-abraded with 100 µm aluminum oxide particles 

(Al2O3) at a pressure of 2 bar and a distance of 10mm. All specimens were ultrasonically 

cleaned in an acetone bath for 6 minutes to dissolve organic contaminants from handling 

and dried with compressed air.  

 

One of the ten prepared zirconia specimens was randomly selected as a non-glazed control. 

The remaining nine zirconia specimens were divided into three groups of three (n = 3), 

Specimens in each group were coated with glazes from three different manufacturers as 

shown in Figure 2-1. One group (Glaze V group) was coated with Akzent Glaze Spray 

(VITA Zahnfabrik), the second (Glaze W group) was coated with Zenostar Magic Glaze 

FLU spray (Wieland Dental & Technik GmbH & Co. KG) and the third group (Glaze I 

group) was coated with IPS e.max glaze paste (Ivoclar-Vivadent, Schaan, Liechtenstein). 
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Figure 2-1. The glazes used in this pilot study: (a) Zenostar Magic Glaze FLU (Wieland 

Dental & Technik GmbH & Co. KG), (b) IPS e.max Glaze Paste (Ivoclar-Vivadent) 

and (c) Akzent Glaze Spray (VITA Zahnfabrik) 

 

For both Akzent Glaze spray (VITA Zahnfabrik) and Zenostar Magic Glaze FLU spray 

(Wieland), three coats of glaze spray were applied from a distance of 10 cm; each coat was 

applied for one to two seconds. For IPS e.max Glaze Paste (Ivoclar Vivadent), a small 

amount of the pre-mixed paste was dispensed directly from the tube on a brush and coated 

on the zirconia specimen, followed by a light vibration to reduce the uneven surface. 

 

The prepared specimens were then sintered separately in a furnace (Programat P500; Ivoclar 

Vivadent) (Table 2-2) according to the respective manufacturer’s instructions (Figure 2-2). 

Once sintered, the specimens were steam cleaned and dried with oil-free compressed air. 

The glazed specimens were then further divided into three subgroups, so that one specimen 

received no further surface treatment (n = 1), one was etched for 90 seconds according to 

the manufacturer’s instruction (n = 1) and one for 180 seconds (n = 1) with 9% hydrofluoric 

acid (Ultradent Products; South Jordan, UT, USA) (Table 2-3). The etched glazed 

specimens were then rinsed with running water for 1 minute, steam cleaned and air dried. 
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Table 2-2. Firing cycle recommended by manufacturers 

 
Akzent Glaze 

spray 

Zenostar Magic 

Glaze Flu spray 

IPS e.max glaze 

paste 

Preheating 

temperature (°C) 
500 575 403 

Drying time (min) 2 5 6 

Heating rate 

(°C/min) 
80 45 60 

Firing temperature 

(°C) 
900 910 725 

Holding time (min) 1 2 1 

Vacuum V1/V2 (°C) - - 450/724 

 

All specimens were viewed under SEM (JSM 6700 FE-SEM, JEOL, Peabody, USA) to 

characterise the glaze surface topography. The sintered specimens were mounted on an 

aluminium stub and sputter coated with gold-palladium alloy. Each specimen was first 

observed at low magnification (x25) to give an overall view of the glazed surface. Further 

details of the glaze surface topography were examined at higher magnifications (x500 and 

x1000). SEM image that represented the specimen group surface topography were saved at 

x500 magnification and converted into a 1280 x 1024 resolution TIFF file format (Tagged 

Image File Format). 

 



51 

 

 

Figure 2-2. Glaze coated zirconia specimens to be sintered in a furnace 

 

Table 2-3. Overview of surface treatment for the three subgroups of Glaze V, Glaze I 

and Glaze W 

Group name 
No glaze 

(control) 
Glaze V Glaze I Glaze W 

Surface 

treatment 
Air abrasion Air abrasion Air abrasion Air abrasion 

Glaze type None 
VITA Akzent 

Glaze spray 

IPS e.max 

Glaze paste 

Zenostar 

Magic Glaze 

FLU spray 

Hydrofluoric 

acid etch time 

None 

n = 1 

None 

n = 1 

None 

n = 1 

None 

n = 1 

90 seconds 

n = 1 

90 seconds 

n = 1 

90 seconds 

n = 1 

180 seconds 

n = 1 

180 seconds 

n = 1 

180 seconds 

n = 1 
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 SEM surface characterisation of glazes 

Results of the SEM examination revealed the air abraded surface of non-glazed zirconia 

(control) presented a typical, roughened surface (Figure 2-3).  All three of the non-etched 

glazes appeared to have a similar smooth surface. In group Glaze V, small pits and 

embedded crystalline particles were found dispersed on the amorphous glassy surface 

(Figure 2-4). However in groups Glaze W and I, the surface was completely smooth with 

almost no defects and irregularities (Figure 2-7 and Figure 2-8).  

 

The etched surface of Glaze V contained pores, where most were encircled by a shallow 

crater (Figure 2-5). Group Glaze V specimen with 180 seconds etch time was found to have 

deeper and wider pores (Figure 2-6). However, there were no differences in surface 

topography between etched and non-etched specimens in group Glaze W and I, all of which 

appeared uniformly smooth. 

 

 

Figure 2-3. SEM image, 500x, showing air-abraded zirconia surface (non-glazed 

control) treated with 100 µm Al2O3 particles 
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Figure 2-4. SEM image, 500x, Glaze V – no etch, shows a generally smooth surface 

with embedded particle and pit sizes ranged from 2 to 10 µm diameter  

 

 

Figure 2-5. SEM image, 500x, Glaze V – 90 seconds HF etch, shows an increased 

amount of enlarged pits (4 to 6 µm diameter) encircled by a shallow crater  
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Figure 2-6. SEM image, 500x, Glaze V – 180 seconds HF etch, shows a surface 

topography with further increased in size and amount of pits  

 

 

Figure 2-7. SEM image, 500x, Glaze I shows no signs of surface roughening after 180 

seconds HF acid etching 
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Figure 2-8. SEM image, 500x, similar to Glaze I, Glaze W also shows no signs of surface 

roughening after 180 seconds HF acid etching 
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 Discussion 

Based on the SEM observation of the three etched glazes, only Glaze V was effectively 

etched. The pores observed in the etched Glaze V groups were trapped air bubbles within 

the glaze layer that were exposed by the etchants. Similar results were reported by Cattell et 

al. and they suggested that by exposing the spherical shaped porosities with an adjusted 

etching time and etchant concentration is effective in creating micromechanical retention 

for a single phase material like glaze (Cattell et al., 2009). Although 90 seconds etch time 

appeared to produce a surface roughness that provides acceptable surface microretention 

(Chaiyabutr et al., 2008) (Figure 2-5), the doubled recommended etching time of 180 

seconds produced bigger and deeper pores (Naves et al., 2010; Zogheib et al., 2011) that 

would be more favourable for bonding (Figure 2-6) (Guler et al., 2006). However the glaze 

thickness should also be considered with regards to the amount of glaze removed by the 

etchant, as the glaze thickness reported by other studies was in a range of 8 µm to 12 µm 

(Cura et al., 2012; Bottino et al., 2014; Vanderlei et al., 2014). Bottino et al. reported a 12 

µm glaze thickness in their study, but the SEM findings revealed that the 12 µm glaze 

thickness did not completely coat the zirconia substrate (Bottino et al., 2014). Instead a 

partial glaze coating was also found to resemble multiple irregular water droplets while part 

of the zirconia substrate was still exposed. In group Glaze V, the glaze fully covered the 

zirconia substrate and remained fully coated even after etching, suggesting that three layers 

of spray applications at a distance of 10 mm is able to sufficiently cover the substrate 

surface. However, the full coverage of glaze on the zirconia substrate is also an indication 

that there is an increased glaze thickness. Nevertheless, the biggest limitation of glaze 

application for both conventional and spray-on techniques is the lack of control over glaze 

thickness. Further study is needed to determine the influence of application methods on 

glaze thickness, and ideally to establish a more controlled glaze application protocol. 

Therefore a consideration between the amount of glaze thickness and etchant type and 

concentration (Della Bona and Anusavice, 2002) and time (Cattell et al., 2009) should be 

made in order to optimise the surface topography for the purpose of bonding.  

 

Both Glaze I and Glaze W appeared to have no response to 90 and 180 seconds hydrofluoric 

acid etching. The lack of surface change to etching could be attributed to the additional glaze 

thickness and lack of porosities within the glaze layer. Griggs et al. investigated the effect 
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of accelerated aging with acetic acid on a single phase low-fusing glaze Duceram LFC 

(Ducera Dental, Rosbach, Germany) and found that the acid caused a selective dissolution 

of glaze surface irregularities, thus blunting sharp crack tips that were present on the glaze 

surface, resulting in a smoother surface (Griggs et al., 2003). The smoothing effect caused 

by acid dissolution on the glaze ceramic may not provide sufficient microretention for 

effective resin bonding. Different ceramic microstructures and compositions produce unique 

etching patterns (Chaiyabutr et al., 2008) and the effect of hydrofluoric acid etching is less 

pronounced in a single-phase ceramic such as a glaze (Della Bona and Anusavice, 2002). 

Since there is no available information regarding the exact compositions of all three glazes, 

it is prudent to only speculate at this stage that VITA Akzent glaze has microstructures and 

compositions that are conducive to hydrofluoric acid etching, compared to IPS e.max glaze 

and Zenostar Magic Glaze. Further study is needed to characterise the effect of etching on 

glazed zirconia surface topography. Moreover, the respective manufacturer should also 

disclose the composition of the glaze material since the differences in ceramic 

microstructure and composition are the controlling factors in the development of 

microretention produced by etching (Della Bona and Anusavice, 2002). Alternatively, an 

energy dispersive spectroscopy (EDS) analysis could be performed to assess the difference 

in element composition between different glazes.   
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 Conclusion 

Based on a pilot study where glaze surface characterisation following etching was 

investigated using SEM, it was found that not all glazes produce a micromechanically 

retentive surface after hydrofluoric acid etching. VITA Akzent glaze spray produced the 

most favourable etched surface topography on zirconia. This indicates that there is a 

difference in chemical composition and microstructure of the glaze materials, which can 

influence the effect of the hydrofluoric acid etch process. Therefore, the selection of a glaze 

material for resin bonding purpose should be based on the ability of the glaze to be etched 

and produce a favourable microretentive surface. 
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Chapter 3 Critical plane strain 
energy release rate between resin 
bonding systems and glazed zirconia 

 Introduction 

Prior to this study, a pilot study was undertaken to characterise the glaze surface topography 

following etching with 9% hydrofluoric acid. Based on the findings, Akzent Glaze spray 

(VITA) was chosen as the glaze material because of its favourable microretentive surface 

after etching. Although silane treatment alone provides a good bond to silica-based ceramics 

(Blatz et al., 2003a), the use of a silane coupling agent on ceramics without an effective 

microretentive surface has been associated with increased microleakage (Sorensen et al., 

1992) and lower bond strength (Stangel et al., 1987; Kato et al., 2000). Therefore, the 

assessment of resin bond critical plane strain energy for a glaze coating with optimal surface 

roughness provides a more valid comparison between recommended glass and 

polycrystalline ceramic. 
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 Materials and methods 

3.2.1 Zirconia specimens preparation  

Forty rectangular zirconia plates (20mm x 7mm x 2mm) were sectioned under irrigation 

from VITA In-Ceram YZ blocks (VITA Zahnfabrik) with a diamond grit blade on a low 

speed sectioning machine (Acutom; Struers). The zirconia specimens were polished under 

irrigation using 1000-grit silicon carbide abrasive paper (C35P, Riken Corundum Co. Ltd) 

and sintered according to the manufacturer instructions (Table 2-1).  

 

3.2.1.1 Non-glazed zirconia specimens  

Half of the sintered zirconia specimens were air-abraded with 100µm aluminum oxide 

(Al2O3) at a pressure of 2 bar and a distance of 10mm (Group Zr n = 20). All specimens 

were ultrasonically cleaned in an acetone bath for 6 minutes and dried with compressed air. 

No further surface treatments were done on this group. 

 

3.2.1.2 Glazed zirconia specimens  

The other half of the specimens were also air-abraded. They were then glazed with VITA 

Akzent Glaze Spray (VITA Zahnfabrik) as an additional surface treatment (Group GZr n = 

20). Three thin coats of glaze spray were applied at a distance of 10 cm and sintered in a 

furnace (Programat P500; Ivoclar Vivadent) (Figure 2-2) according to the manufacturer’s 

instructions (Table 2-2). The glazed specimens were etched with 9% hydrofluoric (HF) acid 

(Ultradent Products), thoroughly rinsed with running tap water, steam-cleaned (Steamer X3; 

Amann Girrbach, Koblach, Austria) for one minute, and dried with oil-free compressed air. 

Monobond-S (Ivoclar Vivadent) was applied to the prepared glazed surfaces as a silane 

coupling agent for one minute and dried with compressed air. The specimens were grouped 

as shown in Table 3-2.  
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3.2.1.3 Chevron shaped bond surface preparation 

A chevron shaped bond surface was created on the zirconia surfaces by applying a custom 

cut-out sticker made of 50 µm non-stick polymeric transparent PVC film (Grafiprint; 

Houthalen, Belgium) (Figure 3-1). Multiple chevron notch shapes were printed on a single 

sheet of PVC film by a professional printing company (Speedy Signs; Dunedin, New 

Zealand) to ensure dimensional consistency Figure 3-2. The printed outline and cut-out 

chevron notch shape conforms to the specified geometry described by Cheng et al. where 

a0 is 0.15 ratio of the diameter and θGTH is 90º angle (Figure 1-16). The specified geometry 

is independent of the material properties and scale as long as the scaled specimen 

configuration remains constant (Cheng et al., 1999).  

 

The details of the materials used in the study are presented in Table 3-1.  

 

 

Figure 3-1. A peeled non-stick polymeric transparent PVC film with a chevron notch 

cut-out shape 

 

Figure 3-2. Pre-printed/pre-cut stickers ready to be used 
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Table 3-1. Materials used in the present study 

Trade name Chemical composition 
Batch 

number 
Manufacturer 

Monobond-S 
3-methacryloxypropyltrimethoxysilane, 

ethyl alcohol and water 
S39061 

Ivoclar Vivadent; 

Schaan, 

Liechtenstein 

Metal/Zirconia 

Primer 

Solvent, phosphonic acid acrylate, 

ethoxylated Bis-EMA, initiators and 

stabilisers 

T28760 

Ivoclar Vivadent; 

Schaan, 

Liechtenstein 

Variolink II 

Bis-GMA, urethane dimethacrylate, 

triethylene glycol dimethacrylate, 

barium glass, ytterbium trifluoride, Ba-

Al-fluorosilicate glass and spheroid 

mixed oxide 

T04188 

Ivoclar Vivadent; 

Schaan, 

Liechtenstein 

Multilink-Automix 

Dimethacrylate, hydroxyethyl 

methacrylate (HEMA), barium glass, 

ytterbium trifluoride, Ba-Al-

fluorosilicate glass and spheroid mixed 

oxide 

T22247 

Ivoclar Vivadent; 

Schaan, 

Liechtenstein 

VITA In-Ceram 

YZ 

ZrO2 91-94%, Y2O3 4-6%, HfO2 2-4%, 

Al2O3 < 0.1%, SiO2 < 0.1% and Na2O 

< 0.1% 

 

VITA 

Zahnfabrik; Bad 

Sackingen, 

Germany 

VITA Akzent 

glaze spray 
Not available 17620 

VITA 

Zahnfabrik; Bad 

Sackingen, 

Germany 

Ultradent 

Porcelain Etch 
9% buffered hydrofluoric acid B91TZ 

Ultradent 

Products; South 

Jordan, UT, USA 

PYREX brand 

borosilicate glass 

rod 

SiO2 80.9%, Al2O3 2.3%, Fe2O3 0.03%, 

B2O3 12.7%, Na2O 4.03% and K2O 

0.04% 

 

PT. Iwaki Glass; 

Sumedang, 

Indonesia 
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Table 3-2. Overview of the two resin cement subgroups within group Zr and group 

GZr 

Materials 
Zirconia  

N = 40 

Surface 

treatment 

Air abrasion with 100µm Al2O3 

(Zr) 

n = 20 

 Air abrasion with 100µm Al2O3  

+ Glaze + 9% HF + Monobond-S 

(GZr) 

n = 20 

Adhesive 

systems 

Variolink II  

(ZrV) 

n = 10 

Multilink 

Automix + 

Metal/Zirconia 

Primer  

(ZrM) 

n = 10  

Variolink II  

(GZrV) 

n = 10 

Multilink 

Automix + 

Metal/Zirconia 

Primer  

(GZrM) 

n = 10 

 

3.2.2 Glass rods preparation 

The aim of the study is to evaluate the resin bond performance and modes of failure for 

glazed zirconia, thus glass rods were chosen for bonding to the zirconia specimens instead 

of tooth structures. Forty borosilicate glass rods (4 mm diameter x 15 mm) (PYREX Brand; 

Pt. Iwaki Glass, Sumedang, Indonesia) had one end ground flat and the other end bevelled 

with a 200 grit diamond belt. The ground specimens were ultrasonically cleaned in acetone 

for 3 minutes and dried with clean compressed air (Figure 3-3). The ground flat surface was 

etched with 9% HF acid (Ultradent Products) for 180 seconds, followed by rinsing with tap 

water for 1 minute, steam cleaned and air dried, then silanised with Monobond-S following 

the manufacturer’s instructions. 
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Figure 3-3. Prepared glass rod 

 

The glass rods were bonded to the prepared zirconia plates over the chevron-notch cut-out 

stickers, following the manufacturer’s instructions with either the Variolink II (V) (Figure 

3-4) or the Multilink-Automix (M) (Figure 3-6) 

3.2.3 Resin bonding systems 

To investigate the effects of phosphate monomer on the zirconia ceramic, two different 

adhesive systems were used. One is a phosphate monomer based resin cement system 

(Multlink-Automix, Ivoclar Vivadent) and the other is a conventional resin cement 

(Variolink II, Ivoclar Vivadent). 

 

3.2.3.1 Variolink II 

Variolink II is a dual-curing bis-GMA luting resin cement that does not contain a phosphate 

monomer group. The resin cement comes as a base paste and catalyst paste in two individual 

single barrel syringes (Figure 3-4). In using Variolink II as a dual cure cement, the base and 

catalyst pastes are dispensed on a mixing-pad, hand mixed and then delivered to the 

restoration. The setting process of the dual cure paste can be accelerated with further light 

curing. Variolink II can also be used solely as a light curable cement, in which case only the 

base paste is used and light cured directly; this was the technique used in the current study. 
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Figure 3-4. Variolink II base and catalyst 

 

3.2.3.2 Multilink-Automix and Metal/Zirconia Primer 

Multilink-Automix is the latest universal adhesive system from Ivoclar Vivadent that is 

supplied with Multilink Primer (self-etch primer for tooth adhesion) (Figure 3-5), Multilink-

Automix dual-curing resin cement (Figure 3-6) and Monobond Plus (universal coupling 

agent recommended for oxide-based ceramics, glass ceramics and alloy). Multlink-Automix 

is a dimethacrylate and HEMA base resin luting cement. The paste is delivered via a double-

barrel syringe through a self-mixing tip. Similar to Variolink II, the setting process can be 

accelerated with light curing. 

 

Figure 3-5. Multlink Primer A and Primer B 
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Figure 3-6. Multilink-Automix dual curing luting resin cement 

 

Since the design of the experiment involves examining the effect of phosphate monomer on 

zirconia, Monobond Plus was not used in this study because it contains multiple coupling 

agents of 10-MDP, sulphide monomer and silane in a bottle, and was therefore not suitable 

for the current study design. Instead, Metal/Zirconia Primer (Ivoclar Vivadent ) (Figure 3-7) 

was used as it contains only one phosphate monomer group (phosphonic acid) as a coupling 

agent. 

 

Figure 3-7. Metal/Zirconia Primer. A phosphonic acid monomer (6-MHPA) 

containing primer 
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3.2.4 Bonding procedure 

The bonded specimen subgroups are shown in Table 3-2.  

 

Subgroup ZrV and GZrV: Variolink II base paste (Ivoclar Vivadent) cement was applied 

on the exposed chevron surface with a microbrush. The glass rod was bonded to the zirconia 

specimen by carefully positioning the silanised glass rod surface over the cement-coated 

area with minimal pressure applied to ensure even coating of the cement on the adhesive 

area (Figure 3-8). The glass rod was then light-cured at a light intensity of 1200 mW/cm2 

from a distance of 2 mm on the bevelled end for one minute using an LED 

photopolymerisation unit (Bluephase 20i; Ivoclar Vivadent). 

Subgroup ZrM and GZrM: Before isolating the prepared surfaces with chevron shaped 

stickers, a phosphate monomer primer (Metal/Zirconia Primer; Ivoclar Vivadent) was 

applied to the zirconia specimen for three minutes and air-dried thoroughly. Multilink-

Automix base and catalyst pastes were dispensed from a double barrel syringe at 1:1 ratio 

on a pad and mixed for ten seconds as per described by Cura et al. (Cura et al., 2012). 

Application of the resin cement and bonding to a glass rod were done in the same manner 

as in ZrV and GZrV groups.  

All bonded specimens were kept in water at 37 °C for 24 hours, which is the recommended 

time interval and storage condition for baseline values (Heintze, 2013).  

 

 

Figure 3-8. A specimen showing glass rod bonded to zirconia 
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3.2.5 Critical plane strain energy release rate 

Bonded specimens were clamped in a custom-made metal jig to minimise compliance in a 

universal testing machine (Instron, model 3369, Instron Corp. Canton, MA, USA) and 

loaded 10 mm from the bonded interface at  a cross-head speed of 0.5 mm/min (Figure 3-9 

and Figure 3-10). The load at failure (Fmax) was recorded using a 50 N load cell and Instron 

Bluehill 3 software (Instron Corp. Canton, MA, USA). Interfacial critical plane strain energy 

values were calculated using the following formula (Equation 2) (Cheng et al., 1999):  

 

GIC (J/𝑚2) =  
104.5 F2L3

ED6
 

 

Where: 

F = Load at failure (N) 

L = Distance from bonded interface to loading point (10 mm) 

E = Elastic modulus of glass rod (64 GPa) 

D = Diameter of glass rod (4 mm) 

 

 

[Adapted from Cheng et al. 1999] 

Figure 3-9. A schematic illustration of a bonded specimens in load configuration 
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Figure 3-10. Universal testing machine, Instron 3369 (left) and specimen clamped in a 

custom made jig (right) 

 

3.2.6 Failure analysis 

The fractured surfaces of the bonded glass rods and zirconia substrates were examined with 

a light stereoscopic trinocular microscope (SMZ745T, Nikon, Tokyo, Japan) to determine 

the mode of failure for each specimen. The glass rods were mounted with the fractured 

surface facing up on a custom-made putty jig aligning the rod perpendicular to the 

microscope mounting platform. The modes of failure investigated were allocated to one of 

the following classification: adhesive (failure between the resin and zirconia substrate 

interface), predominantly cohesive (failure within the resin in which resin can be observed 

on both glass rod and zirconia substrate), mixed mode (adhesive and cohesive). The 

fractured surface of the specimens were photographed at 2560 x 1920 resolution using a 

discrete digital microscope camera (Digital Sight DS-Fi2-L3, Nikon) and saved in JPEG file 

format (Joint Photographic Experts Group). To further analyse the failure surfaces, selected 

fracture specimens that represent the trends identified were viewed under scanning electron 

microscopy (JSM 6700 FE-SEM, JEOL). The fractured specimens were mounted on an 

aluminium stub and sputter coated with gold-palladium alloy. Each specimen was first 

observed at low magnification (x25) to give an overall view of the fractured surface and 

followed by closer examinations at x100 magnifications for further details. SEM images 

were saved at x25 and/or 100x magnifications and converted into a 1280 x 1024 resolution 

TIFF file format (Tagged Image File Format).  
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3.2.7 Statistical analysis 

Statistical analysis was performed using SPSS Statistics 22.0 software (Microsoft Windows 

8.1) (IBM; New York, USA) with a statistical significance set at p ≤ 0.05; 95% confidence 

level. The effects of different zirconia surface treatments on the critical plane strain energy 

data were analysed using one-way ANOVA followed by examining the interaction between 

the use of glaze and type of cement using post hoc Dunnet-T3 test. Using G*Power software 

(Heinrich-Heine-Universität; Düsseldorf, Germany) a post hoc statistical power analysis 

was also performed for sample size estimation, and confirmed the required N of 40. The 

power was estimated at 0.991 with effect size of f = 0.998, respectively when p = 0.05; CI 

= 95%. The effect size (ES) in this study was considered small to medium using Cohen's 

(1968) criteria, with an alpha = 0.05 and power = 0.80 and effect size (G*Power 3.1). 
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 Results 

3.3.1 Interfacial critical plane strain energy release 
rate 

The mean critical plane strain energy release rates for the groups are presented in Table 3-3. 

Glazed zirconia followed by hydrofluoric acid etching and silanisation (GZrV) significantly 

improved the interfacial critical plane strain energy of the Variolink II resin cement (ZrV) 

(ANOVA, p < 0.05). However, the effect of glazing on the Multilink-Automix group 

(GZrM) did not significantly improve critical plan strain energy compared with non-glazed 

specimens (ZrM) (T3 Test, p > 0.05). In the non-glazed group, the use of the phosphate-

based Multilink-Automix resin in combination with Metal/Zirconia Primer (ZrM) had 

significantly higher critical plane strain energy than the non-phosphate based resin Variolink 

II (ZrV) (T3 Test, p < 0.05). 

 

Table 3-3. Mean critical plane strain energy release data 

Zirconia surface 

treatment 
Bond system Group n Mean (J/m2) 

Standard 

Deviation 

Non-glazed (Zr) 

Variolink II ZrV 10 19.04 6.56 

Multilink-Automix and 

Zirconia/Metal Primer 
ZrM 10 59.40A 28.24 

Glazed, etched and 

silanisaition (GZr) 

Variolink II GZrV 10 202.35 54.93 

Multilink-Automix and 

Zirconia/metal Primer 
GZrM 10 68.51A 26.11 

Values with identical letter indicate no statistically significant difference (p > 0.05) 

 

 

ANOVA 

T-Test 
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3.3.2 Mode of failures 

Table 3-4 presents the modes of failure for each group. Failure analysis with light 

microscope and SEM showed no adhesive failure at the resin-glass rod and zirconia-glaze 

interfaces. Adhesive failure at the zirconia interface was found exclusively in the group with 

the lowest GIC (ZrV) (Figure 3-11), while group GZrV (Figure 3-12) predominantly failed 

cohesively within resin cement. Lastly, mixed mode failures and adhesive failure were 

found in both ZrM (Figure 3-13) and GZrM (Figure 3-14) groups. Figure 3-16 to Figure 

3-19 are scanning electron micrographs of the mode of failures that represent the respective 

group. The classifications of the failure modes are predominantly cohesive failure (fracture 

within resin), mixed failure (fracture within resin and adhesive failure between resin and 

zirconia) and adhesive failure (fracture between zirconia and resin interface).  

 

Examination of groups GZrM and ZrM under SEM revealed presence of large air bubbles 

in resin cement. In group GZrM, a transitional zone between the zirconia and resin interface 

was observed at the critical crack length immediately before the initiation of unstable crack 

within the resin. 

 

Table 3-4. Mode of failure for experimental groups 

Groups ZrV ZrM GZrV GZrM 

Predominantly cohesive failure (resin) 0 0 10 0 

Mixed failure (cohesive in resin and 

adhesive in resin-zirconia interface) 

0 7 0 6 

Adhesive failure (zirconia interface)  10 3 0 4 
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Figure 3-11. Light microscope images of the glass rod and zirconia adhesive surfaces 

representing the predominant mode of failure of group ZrV: Surface (a) showing 

adhesive failure at the resin interface still bonded on the glass rod and surface (b) 

showing the bare zirconia substrate interface 

 

 

 

Figure 3-12. Light microscope images of the glass rod and zirconia adhesive surfaces 

representing the predominant mode of failure of group GZrV: Surface (a) showing 

adhesive failure at resin interface on the chevron notch with a small crack front. An 

‘impression’ of the glaze surface topography can also be observed on surface (a). 

Surface (b) shows cohesive failure within resin in which the fracture resin cement is 

evident on both the glass rod and zirconia substrate. Surface (c) showing the glaze 

interface 

 

a b 

a 

b b 

c 

c 
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Figure 3-13. Light microscope images of the glass rod and zirconia adhesive surfaces 

representing the predominant mode of failure of group ZrM: Surface (a) showing 

adhesive failure at resin interface on the chevron notch with a larger crack front and 

surface (b) showing cohesive failure within resin in which the fracture resin cement is 

evident on both the glass rod and zirconia substrate. Surface (c) showing the bare 

zirconia substrate interface 

 

 

 

Figure 3-14. Light microscope images of the glass rod and zirconia adhesive surfaces 

representing the predominant mode of failure of group GZrM: Surface (a) showing 

adhesive failure at resin interface on the chevron notch with a larger crack front 

similar to group ZrM and surface (b) showing cohesive failure within resin in which 

the fracture resin cement is evident on both the glass rod and zirconia substrate. 

Surface (c) showing the glazed zirconia substrate interface 

 

 

 

 

a 

b b 

c 

a 

b 
b 

c 
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Figure 3-15. SEM image, 100x, of group ZrV (control) showing the adhesively failed 

resin interface of glass rod in Figure 3-11 surface (a) at a higher magnification 

 

 

Figure 3-16. SEM image, 25x, (adhesive failure) representing the predominant mode 

of failure of group ZrV (control). Adhesive failure resin-zirconia interface was found 

exclusively in group ZrV 
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Figure 3-17. SEM images (top – glass rod and bottom – zirconia substrate), 25x, 

(predominantly cohesive failure) representing the predominant mode of failure of 

group GZrV. Homogenous sized air bubbles can be observed within the resin  
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Figure 3-18. SEM images (top – glass rod and bottom – zirconia substrate), 25x, (mixed 

failure) representing the predominant mode of failure of group ZrM. Adhesive failure 

at zirconia-resin interface occurred at the crack front, followed by unstable crack 

propagation. Large voids (shown with red arrows) within resin are evident in all ZrM 

specimens. 
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Figure 3-19. SEM image (top – glass rod and bottom – zirconia substrate), 25x, (mixed 

failure) representing the predominant mode of failure of group GZrM that is similar 

to group ZrM. The white arrows indicate a transitional zone of resin cement at the 

boundary of fractured cement where the unstable crack propagated. Large voids (red 

arrows) are also evident in GZrM specimens 
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Figure 3-20. SEM image, 100x, showing (white arrows) the transitional zone that was 

present in group GZrM at a higher magnification  
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 Discussion  

Air-abraded non-glazed zirconia with non-phosphate resin had the lowest critical plane 

strain energy and failed uniformly at the zirconia-resin interface. Zirconia with phosphate-

monomer resin system showed improved critical plane strain energy, with initial loss of 

adhesion at the zirconia-resin interface followed by crack propagation and cohesive failure 

within the resin cement. However, glazing and silanising the zirconia prior to phosphate 

monomer-based resin application did not enhance adhesion energy. Glazed and silanised 

zirconia with non-phosphate based resin cement showed markedly superior critical plane 

strain energy, with failure predominantly and consistently occurring within the resin. 

Therefore, the hypothesis is partly accepted: glazing improved interfacial critical plane 

strain energy but only with non-phosphate monomer-based resin system.  

 

3.4.1 Comparison of adhesion energy between 
groups 

In this study, the application of a glaze layer followed by hydrofluoric acid etching and 

silanisation with Monobond-S on zirconia significantly increased the interfacial critical 

plane strain energy release rate of Variolink II resin cement (202.35 J/m2). The addition of 

a glaze layer created a surface on zirconia that contains silica, which is conducive to the 

recommended surface treatment protocol for silica-based ceramics (Blatz et al., 2003b). In 

group ZrV (control), the use of Variolink II resin cement alone on air-abraded zirconia 

produced the lowest mean critical plane strain energy value amongst the four groups. 

According to the manufacturer’s technical data, Variolink II resin cement lacks a coupling 

agent that could chemically bond to zirconia, hence the lowest mean critical plane strain 

energy value (19.04 J/m2), which was expected from a control group.  

 

To date, the recommended combination of etching with hydrofluoric acid followed by 

application of a silane coupling agent has been shown to provide the best adhesion to silica-

based ceramics (Sorensen et al., 1991a; Sorensen et al., 1991b; Kupiec et al., 1996; Pameijer 

et al., 1996; Shahverdi et al., 1998; Kato et al., 2000; Hooshmand et al., 2002; 

Moharamzadeh et al., 2008) with good long-term clinical success (Kramer and 
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Frankenberger, 2005; Pol and Kalk, 2011; Beier et al., 2012a; Beier et al., 2012b; 

Murgueitio and Bernal, 2012; Santos et al., 2013). The use of silane as a coupling agent on 

silica-based ceramics and its mechanism of reaction have been well described in the 

scientific literature, which the hydrolysable functional groups react to the surface hydroxyl 

groups of the silica-based substrate and the organic functional groups react with functional 

groups of resin cement (Matinlinna et al., 2004; Lung and Matinlinna, 2012). Due to the 

microstructure of zirconia (Kelly and Denry, 2008), it is a chemically inert material that 

cannot be etched with hydrofluoric acid to create a micromechanically retentive surface for 

effective bonding. Moreover, the lack of silica renders silane an ineffective coupling agent 

for oxide-based ceramics (Thompson et al., 2011; Lung and Matinlinna, 2012). Silane is 

only effective as a wetting agent for resin bonding to zirconia (Blatz et al., 2003b; Thompson 

et al., 2011) and because the bond to zirconia was achieved with mere micromechanical 

retention, it is unstable in the long-term (Kern and Wegner, 1998; Blatz et al., 2004; Blatz 

et al., 2007). Tribochemical surface treatment embeds/coats the zirconia surface with silica 

as well as enhancing micromechanical retention, but does not completely cover the surface 

with silica (Chen et al., 2013a; Amaral et al., 2014); the atomic concentration of silica on 

tribochemically silica coated zirconia was only 11.2% (Matinlinna et al., 2006). In contrast, 

the deposition of silica in this study is achieved by glazing with low-fusing glass, which 

completely covers the surface with a glaze layer; no zirconia substrate was left exposed 

(Figure 2-4). Therefore, the interfacial fracture energy of glazed zirconia is determined 

predominantly by the glaze and resin bond interface, not at the zirconia substrate level as 

with tribochemical silica coating (Chen et al., 2013a).  

 

In group ZrM, the use of Metal/Zirconia Primer on air abraded zirconia significantly 

increased the critical plane strain energy of Multilink-Automix resin cement (59.40 J/m2). 

Mulilink-Automix resin cement does not contain phosphate monomer, the chemical bond is 

achieved with Metal/Zirconia Primer that contains 6-methacryloxyhexyl phosphonoacetate 

(6-MHPA) or phosphonic acid. 6-MHPA, another form of phosphorus-containing 

monomer, and some studies have shown its coupling effect with zirconia and resin cement 

to be effective (Mirmohammadi et al., 2010; Qeblawi et al., 2010), or even comparable to 

10-MDP (10-methacryloyloxydecyl dihydrogenphosphate) (Nothdurft et al., 2009; 

Kitayama et al., 2010b). But overall, the result from group ZrM is corroborated by other 

studies that show phosphonic acid monomers are more effective for resin bonding to 
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zirconia than the control group (ZrV) (Kitayama et al., 2010b; Zhang and Degrange, 2010; 

Cura et al., 2012) and demonstrated the effectiveness of air abrasion and the use of 

phosphate monomer as the current recommended surface treatment regime for bonding resin 

to zirconia (Kern, 2009; Kern, 2015). 

 

3.4.2 The effect of Metal/Zirconia Primer on 
silanised glaze layer 

The cooperative effect of phosphate monomer and silane on silica coated zirconia has been 

known to produce a better bond strength compared to using only silane or MDP alone (Blatz 

et al., 2004; Atsu et al., 2006; Blatz et al., 2007; Tanaka et al., 2008; Kalavacharla et al., 

2015). Tanaka and colleagues (Tanaka et al., 2008) attributed this result to the interaction 

between the two components that resulted in rapid hydrolysation of the silane coupling agent 

due to the presence of phosphate monomer, this promotes the formation of a stronger 

polysiloxane network that is more hydrophobic and resistant to hydrolysis (Miller et al., 

1984). In this study, the mean adhesion energy of group GZrM was not significantly 

different compared to group ZrM and significantly lower than GZrV, indicating the 

combined use of Metal/Zirconia Primer and Monobond-S reduced the silanisation efficacy.  

 

Metal/Zirconia Primer contains bisphenol-A ethoxylated dimethacrylate  (Bis-EMA), which 

is a monomer analogous to Bis-GMA containing two aromatic groups but lacking two 

hydroxyl groups (-OH). Chen et al. reported that the presence of Bis-GMA, a commonly 

used wetting agent for more hydrophobic cements, inhibits water evaporation from the 

condensation reaction of silane and decreases the efficacy of silane coupling effect (Chen et 

al., 2013b). Group GZrM received separate applications of Monobond-S followed by 

Metal/Zirconia Primer. An SEM image (Figure 3-19) of the fractured surface of Group 

GZrM showed a transitional zone at the critical crack length before the unstable crack 

growth (Figure 3-20), which is also the point where the maximum load (Fmax) is reached. It 

should also be noted, that similar to urethane dimethacrylates (UDMA) and 

triethyleneglycol dimethacrylate (TEGDMA), bis-GMA is a commonly used cross-linking 

monomer in self-etch and etch-and-rinse tooth adhesive systems (Van Landuyt et al., 2007). 

Cross-linkers provide mechanical strength to the adhesive system by diffusing through the 
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collagen fibrillar network and once polymerised, create a resin-dentine cross-linked matrix, 

which is also referred as the hybrid layer (Sideridou et al., 2002). The penetration of a 

dentine collagen fibril network with a low viscosity resin monomer to form a hybrid layer 

is currently the accepted primary bonding mechanism of dentine (Stangel et al., 1987; 

Nakabayashi et al., 1991; Koibuchi et al., 2001; Cardoso et al., 2011). Therefore, it can be 

explained that due to the relatively smooth microstructure of etched and silanised glaze 

surface (Figure 3-21) compared to dentine with an exposed collagen fibril network, the 

formation of a similar hybrid layer is not possible between the resin and ceramic interface.  

Additionally, since the phosphonic acid monomer has a limited coupling effect to silica 

(Ikemura et al., 2007; Kitayama et al., 2010b; Ikemura et al., 2011), the unreacted 

Metal/Zirconia Primer may act as an intermediate unfilled resin layer between the glaze and 

Multilink-Automix cement, and therefore be prone to swelling and hydrolysis leading to a 

further reduction in mechanical properties of the unfilled resin layer (El Zohairy et al., 

2004), hence compromising the interfacial energy between the ceramic substrate and resin. 

 

 

Figure 3-21. SEM image, 500x, showing zirconia that was coated with VITA Akzent 

glaze spray and etched with 9% HF acid 
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3.4.3 Mode of failure 

Since the fracture behaviour of an adhesive joint is governed by material properties, 

distribution of defects, stress and environmental effects, bond efficacy should always be 

assessed not only from bond strength data alone, but together with a fractographic analysis 

to better understand and predict bonded interface reliability (Della Bona et al., 2003; Della 

Bona, 2009). The majority of other studies are based on nominal bond strength tests and the 

observed mode of failure from nominal bond strength tests are different to the fracture 

mechanic based tests. This is because the test mechanism of fracture toughness and adhesion 

energy consistently induces a controlled adhesive failure at the crack front and thus the 

modes of failure manifested will either be mixed interfacial (adhesive failure and cohesive 

within resin) or failure at adhesive interface (Tantbirojn et al., 2000; Moharamzadeh et al., 

2008; Hooshmand et al., 2012). It should also be noted that cohesive failure at the substrate 

level is a more common phenomenon in nominal bond strength tests, due to deflection of 

large concentrated stress within the adhesive joint towards the substrate level (Van Noort et 

al., 1991; Versluis et al., 1997). Therefore directly comparing the failure modes of this study 

to other nominal bond strength test based studies will most likely lead to an incorrect 

interpretation. Nevertheless, interpretation of the fracture energy can still be made by 

comparing the failure mode between groups within a study and relating this back to the 

respective group data to assess consistency of failure modes in relation to the adhesion 

energy (Della Bona, 2009). In the present study, group ZrM and GZrM had an inconsistent 

incidence of adhesive and cohesive failures associated with a predominantly larger crack 

front. This can be explained by formation of larger sized air bubble defects from two-paste 

hand mixing, which can be seen in Figure 3-18 and Figure 3-19. On the contrary, group 

GZrV with the highest critical plane strain energy 202.35 J/m2 was found to fail consistently 

within the resin cement, and had a smaller crack front with adhesive failure. As can be seen 

in Figure 3-17, the occurrence of intra-adhesive air bubbles were less and these were 

generally smaller in size because a single phase Variolink II base paste was used. No 

adhesive failure was observed at the interface between the zirconia substrate and the glaze 

layer, which further confirms that the weakest link of the glazed specimens was dictated by 

the fracture toughness and adhesion energy of the resin cement. The interface between the 

glaze and zirconia substrate is an inter-diffusion process with an estimated elemental 2 µm 

transition layer (Durand et al., 2012). Although the bond between zirconia and porcelain 
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was reported to be weaker than the oxide layer in metal-ceramic interface (Choi et al., 2009), 

the glaze was able to consistently resist delamination adhesively and cohesively during 

testing, which indicated the interfacial critical plane strain energy between zirconia and 

glaze was higher than between glaze and resin. 

3.4.4 Fracture mechanic approach 

The present study a modified interfacial fracture toughness test (Cheng et al., 1999), because 

the setup is very similar to the shear bond strength test, which precludes the need to fabricate 

precision custom metal jigs (Ruse et al., 1996) or complex specimen shape preparation (Tam 

and Pilliar, 1993; Lin and Douglas, 1994). The relationship between the elastic energy 

release rate GIC and the critical load was calculated using a formula derived as a function of 

specimen shape and material behaviour (Cheng et al., 1999). Compared to the nominal bond 

strength test, the interfacial fracture toughness test is a more reliable method as it measures 

fracture toughness or critical plane strain energy of the adhesive layer by initiating a 

controlled fracture at the adhesive joint (Soderholm, 2010). The nominal bond strength tests, 

namely shear bond strength test and tensile bond strength test, are not a true measure of 

adhesion between two surfaces, but are instead a measure of bond strength that assumes 

uniform stress distribution within the adhesive joint.  

 

3.4.5 High standard deviation values 

The critical plane strain energy data in the present study had high standard deviation values 

(ZrV – 6.56, ZrM – 28.24, GZrV – 54.93 and GZrM – 26.11) representing considerable 

variation. Similar reports have also been found in other studies that use this modified 

interfacial fracture toughness test (Tantbirojn et al., 2000; Moharamzadeh et al., 2008; 

Hooshmand et al., 2012). The authors of previous studies attributed the large standard 

deviation values to a small sample size, defect driven failure (Moharamzadeh et al., 2008) 

and an imprecise bonding area caused by flash formation and adhesive leakage due to the 

application of Teflon tapes (Tantbirojn et al., 2000). The high standard deviations should 

not be sensitive to sample sizes variation other than for very small sample size. On the other 

hand, the standard error is sample size dependent. Therefore, the high standard deviation is 
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more likely due to other factors. The formula for critical energy GIC was derived according 

to linear-elastic fracture mechanics (Cheng et al., 1999), but in reality the adhesives and 

adherents are known to possess visco-elastic properties. Plastic deformation could occur at 

the crack tip and impact the fracture toughness or energy values (Soderholm, 2010). 

Although Cheng and colleagues proposed the use of an energy concept, critical plane strain 

energy release rate GIC to describe the interfacial properties of a bond strength, the 

measurement of interfacial fracture toughness or energy of adhesion involves heterogeneous 

materials of bi-layer or tri-layer interfaces and this is more complicated than homogenous 

isotropic materials (Soderholm, 2010). In regards to that, the crack propagation within an 

adhesive interface could trigger different modes of failure, which ultimately dictate the final 

fracture toughness value (Soderholm, 2010), thus variable data may occur within the same 

specimen group.  
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 Conclusion 

Within the limitation of this in vitro study, the following conclusions can be established: 

 

1 Glaze coating on zirconia, which has been surface roughened with hydrofluoric acid 

etching and the use of silane as a coupling agent, has significantly higher interfacial 

critical plane energy release rate in resin adhesion than non-glazed zirconia that was 

surface treated with phosphate monomer coupling agent.  

 

2 Metal/Zirconia Primer enhanced bonding to zirconia surfaces that were not glazed 

but weakened the bonding on etched and silanised glazed surfaces.  
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Chapter 4 Hypothesis 

The hypothesis stated in section 1.8 was as follows: 

 

The critical plane strain energy of the glazed zirconia groups will be significantly 

higher than the non-glazed groups using either phosphate monomer-based or non-

phosphate monomer-based resin adhesive systems. 

 

Primary test objective is glazed versus non-glazed zirconia. 

 

Secondary test objective is phosphate monomer-based versus non-phosphate monomer-

based resins 

 

The hypothesis is partially accepted, because the use of a glaze coating on zirconia followed 

by etching and silanisation, has a significant effect on the Variolink II resin interfacial 

critical plane strain energy release rate (primary test objective), but not on Multilink-

Automix adhesive system (secondary test objective).  
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Chapter 5 Future research 

This study identified aspects that could benefit from further research: 

 

1 Since it is known that an adhesion is prone to hydrolysis, which could significantly 

influence the long-term bond efficacy in the oral environment, an in vitro study with 

long-term water storage, artificial saliva storage or thermocycling to artificially age 

the bonded specimens gives a better indication of the intra-oral environment effect 

on the resin bond durability of glazed zirconia.  

 

2 A critical evaluation on the modified interfacial fracture toughness test specimen 

preparation method should also be considered to conform better to specified 

specimen geometry and to assess if the high standard deviation value can be reduced.  

 

3 The microstructure and chemical composition of currently available glazes for dental 

laboratory use should be further studied in order to better understand the effect of 

hydrofluoric acid etching on glaze surface topography.  

 

4 Glaze thickness is perhaps the most crucial factor in determining its clinical use on 

zirconia restoration. There is a need for standardising glaze application technique to 

establish controlled glaze thickness for adhesion purpose, especially on the intaglio 

surface of zirconia restoration.  

 

5 Further study of glaze should also consider including 10-MDP-containing adhesive 

systems as a test group, since 10-MDP is a more widely accepted and studied 

coupling agent than 6-MHPA. The coupling effect of 10-MDP can also be compared 

with 6-MHPA using the fracture mechanic approach.  
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Chapter 6 Clinical significance and 
recommendations 

The use of a glaze coating on zirconia had a significantly higher resin bond critical plane 

strain energy release rate than Metal/Zirconia Primer and has reignited the possibility of 

bonding zirconia like a glass ceramic on a minimally prepared tooth structure. Depending 

on the glaze application method used with zirconia, the glaze thickness can be made below 

20 µm according to some studies. The current zirconia CAD/CAM fabrication technique is 

capable of precisely milling restorations at specified dimension, an additional spacing for 

the glaze layer for resin bonding on the restoration intaglio surface will need to be taken into 

account during the CAD stage. There is a need for a standardised method of glaze 

application with the associated glaze thickness in order to establish precisely the amount of 

intaglio spacing required to accommodate both the luting cement and glaze layer. Until 

further studies have determined the glaze effect on the fit of zirconia restoration, the use of 

air abrasion and phosphate monomer-based adhesive systems will remain the favoured 

bonding technique. In recognition of the relatively lower adhesion energy of Metal/Zirconia 

Primer, tooth preparation with good resistance and retention form is also recommended to 

ensure lower risk of debonding zirconia restorations. 
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