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Y-TZP Yttria-stabilized tetragonal zirconia polycrystals 

wt.% Weight percentage   

mol% Mole percentage  

t→m Tetragonal change to monoclinic phase  

Al2O3 Aluminum oxide 

LTD Low temperature degradation 

ZrO2 Zirconium dioxide  

Ra Surface roughness parameter (the average roughness of a surface) 

Rz Surface roughness parameter (the arithmetic mean value) 

3Y-TZP 3 mol% Yttria-stabilized tetragonal zirconia polycrystals 

s Second  

min Minute 

XRD  X-ray diffraction 

° Degree  

BFS  Biaxial flexural strength  

TBS  Tensile bond strength  

Y2O3 Yttrium oxide 

vol.% Monoclinic phase ratio  
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1. Introduction 

 

1.1. Zirconia restorations 

All-ceramic dental materials became the first choice restorative materials for many 

dentists because of their superior biocompatibility and esthetic appearance. However, brittle 

behavior with their extreme sensitivity to microcrack-like defects limits their use to relatively 

low stress-bearing areas.  

Nowadays, 3Y-TZP ceramics (3 mol% yttria-stabilized tetragonal zirconia polycrystals) 

are the strongest alternative biomedical dental materials for all-ceramic dental restorations 

because of their esthetic, durability, and availability [2, 4, 41]. In addition, they are more 

biocompatible than other ceramics, titanium, and metal alloys, particularly when it is in direct 

contact to the gingival tissues [93]. Zirconia has three crystalline phases: monoclinic, tetragonal 

and cubic [93]. The monoclinic phase is stable from room temperature to 1170 ºC, then it 

transforms to a tetragonal phase 1170 ºC to 2370 ºC. The structure becomes cubic above 2370 

ºC and up to melting point. A transformation of tetragonal to monoclinic occurs while cooling 

down to the temperature of 1170 ºC, this is associated with a volume expansion of 3% to 5% 

[28, 93]. Stabilizing oxides such as calcium oxide, magnesium oxide, cerium oxide and yttrium 

oxide were added to prevent this transformation upon cooling. Yttrium is added to stabilize 

zirconia at room temperature in the tetragonal phase [72], accordingly this transformation is 

responsible for its high mechanical properties [5]. 

Monolithic zirconia ceramics used as full-contour ceramic restorations, overcome the 

problems of veneering porcelain chipping [16, 17, 81], and have the advantages of restorations 

requiring less invasive tooth preparations and providing high mechanical and esthetic properties 

[35]. The translucency of zirconia has a strong relationship with its microstructure and chemical 

composition [21]. Previous studies showed that the translucency of zirconia influenced by grain 

size of Y-TZP ceramics, grain boundary structures and phase composition [6, 54, 78]. Different 

dental manufacturers eliminated or reduced the alumina amount or increased the yttria content 

to improve the translucency of dental Y-TZP ceramics [126]. Increasing the content of yttria in 

the new-generations zirconia influences negatively the mechanical properties of zirconia [70]. 

The amount of yttrium oxide stabilizer was focused in an effort to fully stabilize the material 

and enhance its optical properties to optimize the characteristic of full-contour monolithic 

restorations [108].  

The first generation of translucent zirconia was based on conventional Y-TZP ceramic, 

containing 3 mol% Y2O3 which reported high opacity, high resistance, toughness and enhanced 
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mechanical properties. The second generation also consisted of 3Y-TZP with a reduction in the 

grain size; this small change in the materials composition enhanced light transmission and 

optical/esthetic properties, maintaining their characteristics (toughening mechanism) [106]. The 

third and fourth generation had the important change of increasing the percentage of Y2O3 

stabilizer (4 mol% or 5 mol%), which resulted in significant amount of cubic zirconia phase [57]. 

The optical/esthetic properties were improved, although it was expected that the mechanical 

properties would be somewhat compromised [126] (Table 1). Recently some literature reported 

that the co-doping of 0.2 mol% lanthanum oxide and 0.1- 0.25 wt.% Al2O3 in 3Y-TPZ zirconia 

resulted in a high translucent zirconia with improved mechanical properties [126, 127].  

 

Table 1. Generations of translucent zirconia 

(3Y-TZP) (5Y-TZP) (4Y-TZP) 

(1st and 2nd generation) (3rd generation) 

Y2O3 (4.5 - 5.6 wt.%) Y2O3 (< 10 wt.%) Y2O3 (< 8 wt.%) 

Highest mechanical properties Lower mechanical properties  High mechanical properties 

Lowest translucency Highest translucency High translucency 

Mainly tetragonal phase More cubic, less tetragonal phase Tetragonal and cubic phases 

 

1.2. Aging and surface treatments of dental zirconia 

Aging or LTD of zirconia has a great interest from the researchers in medical and dental 

fields, as it affects many properties of zirconia such as strength and hardness. The mechanical 

behavior of Y-TZP zirconia might be deteriorated by a spontaneous transformation of the 

tetragonal phase to monoclinic phase (t→m) when triggered by external stresses such as 

grinding [47, 69] particle air-abrasion [44, 48] and hydrothermal aging [66, 87] which is defined as a 

hydrothermal degradation or low temperature degradation [67]. 

LTD initially occurs at the superficial grains, where water is incorporated into zirconia 

grains by filling oxygen vacancies, and later spreads to the surface increasing its roughness [101, 

125]. Afterwards, LTD proceeds into the bulk material [125] and affects negatively the density and 

mechanical properties of Y-TZP structures [15, 41, 50, 74].  LTD can be induced by steam autoclave 

treatments at increased temperatures (120-140 ○C), whereby phase transformation of Y-TZP 

crystals might occur in the presence of water or steam [15, 20, 25]. 

Many studies reported that the real influence of aging of zirconia in an autoclave is not 

clear; it may positively or negatively influence the mechanical properties of Y-TZP ceramics. 

First the aging leads to an increase in the mechanical properties, through the transformation 
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toughening mechanism [5, 49], then it results in a mechanical deterioration of the material [22, 41, 

67]. The improvement of mechanical properties of zirconia by LTD was revealed in several 

studies [44, 87, 104], while other studies [88, 89] showed that LTD had no effect on the mechanical 

properties of zirconia.  

Additionally, when studying adhesion to zirconia as received from the dental laboratory, 

it is clinically relevant to evaluate adhesion to aged zirconia, because of the need to repair 

fractured restorations which had been exposed to the oral environment. To date, the influence 

of aging and surface treatment on high translucent zirconia have not been investigated in detail. 

A previous study showed that aging of a 3Y-TZP zirconia for 5 hours at 134 °C under a pressure 

of  2 bar resulted in a reduction of microtensile bond strength after 24 hours of storage, when 

the specimens of zirconia were bonded with the resin RelyX Unicem [86]. Whereby in this study 

the specimens did not undergo any thermocycling and also the long-term resin bond strength 

was not evaluated. 

Surface treatment of dental materials is considered as an important procedure to increase 

the surface roughness and surface energy, resulting in an improved wettability for bonding 

procedures [75]. Zirconia undergoes several different treatments during fabrication procedures 

in the laboratory and sometimes during clinical adjustments such as particle air-abrasion with 

Al2O3, silica coating, acid etching or combinations of any of these methods. 

It has been reported that surface treatments might influence the mechanical properties 

of dental zirconia [18, 19, 118]. Some studies showed that different surface treatments such as 

grinding, might influence the strength of zirconia ceramic negatively [69, 76, 119, 128]. The different 

surface damages, which were caused by the surface treatments, act as stress concentration areas 

which later on act as a potential site of crack initiation and propagation [1]. On the other hand, 

many studies reported an increase in the strength of zirconia with particle air-abrasion treatment 

due to the created compressive stresses induced by the tetragonal-monoclinic transformation on 

the surface of zirconia [47, 52, 69]. 

Some studies [3, 53] reported that tested polishing systems were not able to induce a 

tetragonal-monoclinic transformation. While another study [52] showed a significant t→m 

transformation which resulted in an increase in the biaxial flexural strength of Y-TZP with the 

polishing treatment. Many surface treatments are provided either replacing the classic method 

with new surface roughening procedures, or combining it with other methods such as laser 

treatment and surface modifications that induce chemical bonding between zirconia and resin 

[105, 110]. 
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Alumina particle air-abrasion is an important procedure to increase the adhesion of 

luting resin to zirconia ceramic restorations [99, 116]. In addition, some studies showed that air-

borne particle abrasion followed by an appropriate chemical bonding process resulted in long-

term durable bonding to zirconia [65]. On the other side, some studies reported that the presence 

of MDP in luting resin create a stable and strong bond to particle air-abrasion abraded zirconia 

before and after thermocycling [65, 77]. These finding were confirmed by a recently published 

systematic review including laboratory tests and clinical outcome revealing a strong clinical 

evidence that particle air-abrasion at a moderate pressure with alumina particles in combination 

with a phosphate monomer containing primer and/or luting resin provides long-term durable 

bonding to zirconia ceramic under stressful oral conditions  [63].  

The following factors are reported to affect the susceptibility of zirconia to LTD:  

1. Density [27] 

2. Stabilizer type and content [26, 101] 

3. Grain size [59, 71] 

4. Processing characteristics (homogeneity, manufacturing , preparation) [27] 

5. Presence of residual stress [36, 74] 

 

1.3. Surface roughness 

Many parameters are used to characterize the roughness of the materials. Surface 

roughness Ra and Rz are mostly used in the literature. Ra is a measure of the texture of a surface. 

It is defined as the arithmetical mean of the absolute values of peaks and valleys measured from 

a medium plane. While the Rz parameter is defined as the mean value of the single roughness 

depths of consecutive sampling lengths. Z is the sum of the height of the highest peaks and the 

lowest valley depth within a sampling length. Rz is a more sensitive parameter to occasional 

high peeks or deep valleys than the Ra roughness. Rough surfaces usually wear more quickly 

and have higher friction coefficients than smooth surfaces. Surface irregularities act as potential 

sites for crack initiation and propagation leading to a reduction in the strength of ceramic 

restoration [28, 30, 47]. Contrarily to promote the adhesion and subsequently the bond strength of 

resin to ceramic restorations, roughness is highly recommended to get a good adhesion [9]. 

Ceramic restorations are subjected to different fabrication procedures in the laboratory and 

sometimes must be clinically adjusted to get a proper fit or occlusion. These processes are more 

likely to initiate subcritical flaws which, with clinical loading and/or presence of moisture may 
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grow leading to catastrophic failure. Polishing of dental ceramics is also highly recommended 

to reduce the wear of opposing enamel [40, 82].  

The following factors are reported to affect the surface roughness of zirconia: 

1. Milling technique [115] 

2. Surface treatment performed [34, 83] 

3. Polishing procedure [61, 96, 113] 

 

1.4. Biaxial flexural strength   

Strength is one of the most investigated parameters to understand the clinical potential 

and limitations of a dental material [46]. Brittle materials such as ceramics are much weaker in 

tension than in compression, therefore the flexural strength is used to evaluate the strength of 

these materials. Furthermore, failure stresses of brittle materials are statistically distributed as 

a function of the flaw size distribution in the material [32].  

The flexural strength of a material is its ability to bend before it breaks [7]. Flexural 

forces are the result of masticatory forces generated under clinical conditions where dental 

materials need to withstand repeated flexing, bending, and twisting. Materials with high flexural 

strength provide restorations with less susceptibility to bulk fracture.[1] 

The following factors are reported to affect the biaxial flexural strength of zirconia: 

1. Type of zirconia [23, 103] 

2. Surface treatment performed [60, 83, 87] 

3. Polishing procedure [84] 

4. Dipping time in coloring liquid [51] 

5. Aging [87] 

 

1.5. Surface hardness  

Hardness is defined as the resistance to permanent surface indentation or penetration. It 

is measured as a force per unit area of indentation. Hardness is a very important property of 

dental materials due to its direct correlation to ease of cutting, finishing, polishing and resistance 

to scratch of the material. The Vickers hardness test is considered as one of most common 

methods of hardness testing especially of ceramics, utilizing a square-based diamond indenter 

which is forced into the material with a definite load application. [97] 
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1.6. Luting resins 

In recent years, the demand of using all-ceramic restorations as an esthetic material 

increased and led to the development of ceramic materials with improved mechanical properties 

and good esthetics. These ceramics are used widely in clinical applications, such as posts, fixed 

dental prostheses, implant abutments and even adhesive resin-bonded fixed dental prostheses. 

The successful clinical outcome of this dental material depends strongly on the adhesion to 

natural teeth, alloys, and other dental materials [80]. 

Demands of esthetic materials in dentistry require the use of luting resins to bond a 

restoration to the tooth structure. Luting resins have superior properties in comparison to 

conventional lutings including higher strength, lower wear and improved esthetics [8, 13, 55, 91]. 

Adhesive resins enhance  the long-term fracture and fatigue resistance of the restored tooth in 

the oral environment through a strong bond between the adhesive dental restoration and 

remaining tooth structures [62, 110].  

Adding the phosphate ester monomer 10-methacryloyloxydecyl dihydrogen phosphate 

(MDP) to the bonding agent (primer or resin) appears to produce a durable resin zirconia 

bonding, because P-O-Zr chemical bonds are formed between MDP and zirconia [24]. These 

findings were confirmed also in the related clinical trials [100, 109]. Self-adhesive resins are 

expected to bond to zirconia similarly to other phosphate-based adhesive material [79]. MDP-

based primers are available to promote chemical adhesion between resin materials and hydroxyl 

group present on the zirconia surface and increase its surface wettability [56, 124].  

A strong and durable bond of dental zirconia can be achieved through adequate cleaning 

of bonding surfaces, micromechanical roughening through particle air-abrasion and/or chemical 

activation using phosphate monomers such as MDP containing primers and/or luting resins [62, 

92, 110].  

The following factors are reported to affect the bond strength of luting resin to ceramics: 

1. Adequate cleaning of bonding surfaces [92] 

2. Pretreatment procedures: 

a. Micromechanical retention and/or chemical activation [63, 92, 99] 

b. Increasing the wettability of bonding surfaces [117] 

3. The depth of cure and degree of polymerization of the luting resin 
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1.7. The rationale of the study 

Various previous studies showed a conflicting effect of aging and various surface 

treatments on the mechanical properties and the bonding durability of zirconia on the long-term. 

Teeth and dental restorations are subjected intraorally to different mechanical, thermal and 

chemical challenges [27, 39, 58, 114]. These challenges collectively could induce aging (LTD) and 

fatigue of restorative materials and lead to restorative failure [27, 67, 90]. The real influence of 

zirconia aging on the mechanical properties of Y-TZP zirconia in an autoclave is not clear. 

Some reported a positive [104], some a negative [43] and others no effect [42]. Additionally, the 

evaluation of adhesion of luting resin to aged zirconia on the long-term has a clinical relevance 

especially in cases of repair of fractured restorations.  

Up to date there are limited data, which evaluated the influence of aging and different 

surface treatments on the mechanical properties, such as BFS, hardness and  the bonding 

durability of 3Y-TZP translucent zirconia, when various surface conditioning methods, such as 

alumina particle air-abrasion with different pressure and priming, have been applied.  
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2. Purpose of the study 

 

In the oral environment there are many destructive stimuli affecting the dental 

restorations and the bonding durability of zirconia as force of mastication, the effect of water 

and the change of temperatures.  

Currently, there are limited data concerning the influence of aging and different surface 

treatments on the mechanical properties of translucent 3Y-TZP monolithic zirconia and the 

bonding durability which play an important role during the repair of zirconia in the case of 

chipping or partial fractures under clinical conditions. 

Therefore, the aim of this study was to evaluate the influence of aging and surface 

treatment on biaxial flexural strength (BFS), Vickers hardness and the tensile bond strength 

(TBS) of a 3Y-TZP high translucent dental zirconia.   

The null hypotheses were that there is no influence of both, aging and different surface 

treatments, on BFS and Vickers hardness of a 3Y-TZP high translucent dental zirconia, as well 

as on the resin-3Y-TZP zirconia ceramic bonding durability, when two different pressures are 

applied during alumina particle air-abrasion, and two different luting resin systems are used. 
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3. Material and methods 

 

3.1. Specimen preparations 

A high translucent 3Y-TZP dental zirconia (Katana HT10), with a translucency of 30% 

according to the manufacturer’s information was used in this study. For the BFS, eighty disc-

shaped specimens with a final diameter of 12 mm and a final thickness of 1.2 mm were used. 

While for the TBS test, one hundred ninety two disc-shaped specimens, with a final dimension 

of 8 mm diameter and 3.2 mm thickness were used. All specimens were sintered in a sintering 

oven (Nabertherm GmbH, Bremen, Germany) according to the manufacturer’s instructions 

(1500 °C, holding time: 2 h). After that, the top side of each disc was polished down to 1 µm 

grit for the BFS test, while with rotating carbide paper down to 600 grit for the TBS test. 

Afterwards, all specimens were divided according to aging procedures into two main groups, 

aged (group A) and non-aged (group N).  

Furthermore, both main groups were subdivided, according to the applied surface 

treatment as shown in Tables 2 and 3.  

 

3.2. Aging  

After sintering, aging was performed on half of zirconia discs (n=136) using an 

autoclave (CS, WEBECO, Bad Schwartau, Germany) according to ISO standard 13356, at 134 

°C, under 2 bar, over a period of 20 h. Then the specimens were cleaned in 99% isopropanol 

ultrasonic bath for 3 min.  

  

3.3. Surface treatment 

For the BFS test, all specimens aged or non-aged were subdivided into four sub-groups 

(n=10), according to the surface treatments applied on the bottom side: 

a. Group SIN: As-sintered (control). 

No treatment was applied after sintering. 

b. Group 1B: Particle air-abrasion treatment using 1 bar. 

Particle air-abrasion was done using 50 µm Al2O3 particles at 1 bar for 15 s at a distance 

of 10 mm, with nozzle motion in both lateral directions. Particle air-abrasion was performed 

using spot blasting unit (P-G 400 K Spot Fine Blasting Unit, Harnish+Rieth, Winterbach, 

Germany). Afterwards all specimens were cleaned ultrasonically for 3 min in 99% isopropanol. 

c. Group 2.5B: Particle air-abrasion treatment using 2.5 bar. 

Same parameters as in 1B group except the pressure used was 2.5 bar. 
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d. Group POL: Polishing down to 1 µm 

Specimens were polished under cooling water with a diamond grinding disc (Apex 

CGD, yellow, Buehler, Düsseldorf, Germany) for 10 min to produce a parallel surface, then 

1200 and 2500 grit silicon carbide paper (CarbiMet, Buehler, Düsseldorf, Germany) for 140-

150 min followed by 3 µm and 1 µm diamond suspensions (MetaDi, Buehler, Düsseldorf, 

Germany) for 5 min for each. The polishing was performed using a polishing machine (AutoMet 

250 and EcoMet 250, Buehler, Düsseldorf, Germany). All specimens were cleaned 

ultrasonically as described above. 

 

Table 2. Design of the study for the evaluation of the biaxial flexural strength 
High translucent zirconia discs, n= 80 

Aged (A), 

n=10 
(autoclave: 

20 h at 2 bar 

and 134 °C) 

Non-

aged (N), 

n=10 

Aged (A), 

n=10 
(Autoclave: 

20 h at 2 bar 

and 134 °C) 

Non-

aged 

(N), 

n=10 

Aged (A), 

n=10 
(Autoclave: 

20 h at 2 bar 

and 134 °C) 

Non-

aged (N), 

n=10 

Aged (A), 

n=10 
(Autoclave: 

20 h at 2 

bar and 134 

°C) 

Non-

aged (N), 

n=10 

Without surface 

treatment  

(SIN) 

Polishing up till 1µm 

(POL) 

Particle air-abrasion: 50 

µm Al2O3 at 1 bar 

(1B) 

Particle air-abrasion: 50 

µm Al2O3 at 2.5 bar 

(2.5B) 
A-SIN 
n=10 

N-SIN 
n=10 

A-POL 
n=10 

N-POL 
n=10 

A-1B 
n=10 

N-1B 
n=10 

A-2.5B 
n=10 

N-2.5B 
n=10 

 

3.4. Phase analysis 

Three specimens were selected from each group for X-ray diffraction (XRD) surface 

analysis to detect the available amount of tetragonal and monoclinic phases. Each specimen 

was analyzed in a diffractometer (Seifert XRD 3000 PTS, GE GmbH, Munich, Germany) using 

Cu Kα radiation recorded within the range of 20–40°, a step size of 0.04° and a scanning time 

per step of 10 s. Voltage and current were 40 kV and 40 mA, respectively. Integrated intensities 

of the relevant peaks of the diffraction patterns were evaluated using the software Peakfit v4.12 

(Systat Software GmbH, Erkrath, Germany).  

The amount of monoclinic phase (Xm) was calculated using the method developed by Garvie 

and Nicholson as follows [45]: 

𝑋𝑚 =
(𝐼𝑀(111) + 𝐼𝑀(111) −

𝐼𝑀(111) + 𝐼𝑀(111) − + 𝐼𝑇(111)
⁄  

where M(111) and M(111-) represent the intensities of the monoclinic peaks, and T(111) 

indicates the intensity of tetragonal peak. IT and IM represent the integrated area under the peaks 
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of the tetragonal (111) and monoclinic (111) and monoclinic (111- ) peaks around 30º, 31º and 

28º, respectively. The volumetric fraction Vm was calculated using the following equation [112]: 

𝑉𝑚 =
(1.311 × 𝑋𝑚 )

(1 + 0.311 × 𝑋𝑚 )⁄  

 

3.5. Surface roughness  

A 3D laser scanning microscope (Keyence VK-X100, Keyence GmbH, Neu-Isenburg, 

Germany) was used to measure the average roughness value of the surface (Ra) and the mean 

roughness depth (Rz) for all groups. For each subgroup, three specimens were selected. The 

measurements were done using a wavelength of 658 nm. The used length for the measured line 

was 1180 µm and the distance between the separate scans was 0.27 µm.  

 

3.6. Biaxial flexural strength  

Ten specimens from each subgroup were subjected to biaxial flexural strength test using 

piston-on-three balls technique in a universal testing machine (Zwick Z010, Zwick, Ulm, 

Germany). Each disc was placed centrally on three of 3.2 mm diameter steal balls positioned 

equidistant from each other on a metallic platform with a diameter of 10 mm (Figure 1). Each 

specimens was loaded by a piston of 1.4 mm diameter at 0.5 mm/min crosshead speed using 

the universal testing machine as shown in Figure 2. 

 

 

Figure 1: Metallic platform with steel balls 
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Figure 2: View of metallic platform, disc, and piston 

during the biaxial flexural strength test 

 

 

The biaxial flexural strength was calculated using the following equation [88, 121]: 

𝑆 = −0.2387 × 𝑃 × [(𝑋 − 𝑌) (𝑑2 )]⁄  

where S is the biaxial flexural strength (MPa); P is the fracture load (N); d is the specimen disc 

thickness (mm).  X and Y were determined as follows: 

𝑋 = (1 + 𝜐) ∫[
𝑟2

𝑟3⁄ ]2 + [
(1 − 𝜐)

2⁄ ][
𝑟2

𝑟3  ⁄ ]2  

𝑌 = (1 + 𝜐) ⟦1 + ∫(
𝑟1

𝑟3⁄ )2 ⟧ + (1 − 𝜐)(
𝑟1

𝑟3⁄ )2  

where υ is Poisson's ratio (0.25), r1 is the radius of support circle, r2 is the radius of loaded area, 

r3 is the radius of specimen. 

 

3.7. Vickers hardness  

An indentation tester (ZHV10, Zwick, Ulm, Germany) was used to measure the Vickers 

hardness (Figure 3). A piece from each broken specimen from group SIN and group POL (aged 

or non-aged) was randomly selected. All particle air-abrasion groups (1 or 2.5 bar) did not 

undergo hardness test as it is clinically not applicable and the measurements of rougher surfaces 

were not reliable. The rougher surfaces make it difficult to identify the exact margins of the 

indentations and to obtain reliable results, as observed with the SIN group measurements. An 
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indentation was made on each specimen on the bottom side using a loading mass of 5 kg and 

dwell time of 10 s (Figure 4). The measurements of Vickers hardness number were repeated 4 

times at different points, the distance between each point and the other was at least 2 mm. The 

hardness was computed using the following equation [37, 94]: 

 

𝑉𝐻𝑁 = 0.1891 (𝐹
𝑑2

⁄ ) 

 

where VHN is the Vickers hardness number, F is the applied load expressed in N, and d is the 

mean length of the two diagonals of the indentation (mm). 

 

3.8. Fracture pattern 

One typical sample of each group was selected and coated with a gold layer of 30 nm. 

Then the fracture pattern was examined using a scanning electron microscope (SEM, XL 30 

CP, Philips, Surrey, UK) with an acceleration voltage of 15 kV. 

 

 

 

 

Figure 3: Vickers hardness testing machine 
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Figure 4: Vickers hardness indenter 

 

 

3.9. Surface treatment and bonding 

For each group, a different surface treatment was applied: no surface treatment was 

applied after sintering (group SIN), particle air-abrasion either with 1 bar (group 1B), or 2.5 bar 

(group 2.5B).  

Particle air-abrasion was done using 50 µm Al2O3 particles at 1 or 2.5 bar for 15 s at a 

distance of 10 mm, with nozzle motion in both lateral directions. Particle air-abrasion was 

performed using spot blasting unit (P-G 400 K Spot Fine Blasting Unit, Harnish+Rieth, 

Winterbach, Germany). All specimens were cleaned in 99% isopropanol ultrasonic bath for 3 

min. Three discs will be selected from each group to be examined in XRD to evaluate the phase 

transformation of zirconia. 

Plexiglas tubes with standard diameter (3.2 mm) were filled with self-polymerizing 

restorative composite resin (Clearfil FII New Bond, Kuraray Noritake, Okayama, Japan) (n= 

16/group). The self-polymerizing restorative composite resin polymerized within 10 min. Every 

group allocated into 2 subgroups (n=16/subgroup) according to the used luting resin, group V5 

and group SA. For group V5, discs were conditioned with a universal ceramic primer (Clearfil 

ceramic primer plus; Kuraray Noritake). The primer was distributed on the bonding surface by 

brush for 10 s and left to dry. Subsequently, the entire adherent surface was dried by using mild 

oil-free air flow. After that, the dual-polymerizing luting resin (Panavia V5; Kuraray Noritake) 
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was applied. For group SA; the specimens were bonded with dual-curing adhesive luting resin 

(Panavia SA Cement Plus Automix; Kuraray Noritake). After that, the filled tubes were bonded 

to the surfaces of zirconia using alignment apparatus (Figure 5) under a load of 7.4 N [12, 73, 122].  

 

 

 

Figure 5: Alignment apparatus for bonding 

 

 

 

The apparatus ensured that the tube axis was perpendicular to the zirconia bonded 

surface. Excess luting resin was removed by sponge pellet and Oxygen-inhibiting gel 

(Oxyguard II; Kuraray Noritake) was applied around the bonding surface. The bonded margins 

were light-polymerized for 20 s from two opposite sides using LED polymerizing unit 

(SmartLite TM PS, DENTSPLY) with a light intensity of 900-1200 mW/cm2 followed by 

further polymerization for 90 s in a light-polymerizing unit (Heraflah, Heraeus Kulzer, 

Germany). Scheme of the groups is illustrated in Table 3.  

 

 

 

 



16 
 

Table 3. Scheme of the study design for evaluation of tensile bond strength 
High translucent  zirconia discs, n=192 

Aged (A), 

n=32 
steam 

autoclave: 20 h 

at 2 bar and 

134 °C 

Non-aged (N), 

n=32 

Aged (A), n=32 

steam 

autoclave: 20 h 

at 2 bar and 134 

°C 

Non-aged (N), 

n=32 

Aged (A), 

n=32 
steam 

autoclave: 20 h 

at 2 bar and 

134 °C 

Non-aged (N), 

n=32 

Without surface treatment 

(SIN) 

Particle air-abrasion: 50 µm 

Al2O3 at 1 bar (1B) 

Particle air-abrasion: 50 µm 

Al2O3 at 2.5 bar (2.5B) 

A-

SIN-

SA 

n=16 

N-

AIN-

SA 

n=16 

A-

SIN-

V5 

n=16 

N-

SIN-

V5 

n=16 

A-1B-

SA 

n=16 

N-1B-

SA 

n=16 

A-1B-

V5 

n=16 

N-1B-

V5 

n=16 

A-

2.5B-

SA 

n=16 

N- A-

2.5B-

SA 

n=16 

A-

2.5B-

V5 

n=16 

N-

2.5B-

V5 

n=16 

Panavia SA 

Plus Automix 

(SA) 

Clearfil 

ceramic 

primer plus + 

Panavia V5 

(V5) 

Panavia SA 

Plus Automix 

(SA) 

Clearfil 

ceramic  

primer plus + 

Panavia V5 

(V5) 

Panavia SA 

Plus Automix 

(SA) 

Clearfil 

ceramic  

primer plus + 

Panavia V5 

(V5) 

 

 

Eight specimens from each group were stored in a distilled water bath at 37 ○C for 3 

days without thermal cycling to record the initial bond strength, and the remaining 8 specimens 

were stored for 150 days in 37 ○C distilled water interrupted by thermal cycling for 150 days 

between 5 °C and 55 °C with a dwell time of 30 sec for 37,500 cycles before recording the 

tensile bond strength after thermal cycling [10, 64, 122, 123]. 

 

3.10. Tensile bond strength and failure mode 

After the different storage conditions, tensile bond strength was tested with a universal 

testing machine (Zwick Z010; ZwickRoell Group, Ulm, Germany), at cross-head speed 2 

mm/min using a self-aligning chain loop attachment [11, 12, 122, 123] (Figure 6). 

The fracture interface of zirconia specimens were examined with a light microscope 

(Wild Makroskop M 420; Wild Heerburgg, Switzerland) at a 35x magnification. Debonded 

surfaces were assigned to cohesive failure within luting resin or composite resin, adhesive at 

zirconia/luting resin interface or mixed adhesive/cohesive modes. Failure areas of each mode 

were calculated and expressed as a percentage of the total bonding surface area for each test 

group. Representative samples were examined in a scanning electron microscope (SEM, XL 30 

CP, Philips, Kassel, Germany) with an acceleration voltage of 15 kV after sputtering using a 

gold alloy conductive layer of approximately 30 nm [12, 122, 123]. 



17 
 

 

Figure 6: Self-aligning chain loop attachment 

 

 

 

3.11. Statistical analysis  

Shapiro-Wilk test verified normal distribution of the collected data and then the data 

were analyzed to determine the effect of aging and surface treatment on the tested variables. 

One-way analysis of variance (ANOVA) followed by t-test were used for the BFS analysis. In 

addition, Kruskal-Wallis and Mann-Whitney-U tests were used to analyze the hardness 

measurements and the TBS.   

The significance level was set to p ≤ 0.05. All calculations were made with statistical software 

(IBM SPSS FOR Windows; Version 20.0, IBM SPSS, Inc., Chicago, IL, USA). 
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4. Results 
 

4.1. Aging and phase analysis 

XRD analysis showed that both aging and different surface treatments result in different 

amounts of monoclinic phase. The highest values of the monoclinic phase ratio (vol.%) were 

found within groups A-SIN, A-1B, and A-2.5B. While groups N-1B and N-2.5B showed a 

lower monoclinic phase ratio. Both polished groups (N-POL and A-POL) and group N-SIN 

exhibited almost no monoclinic phase (Table 4). Typical XRD spectra for all groups are shown 

in Figures 7 and 8. 

 

 

 

Table 4. Mean and standard deviation (SD) of monoclinic phase ratio of the zirconia measured 

by XRD and roughness measured by laser scanning microscopy 

Group Aging 

Monoclinic Phase 

Ratio 

Mean ± SD (vol.%) 

Ra Mean ± SD 

(µm) 

Rz Mean ± SD 

(µm) 

SIN 
Non-aged (N) 0.0 ± 0.0 0.449 ± 0.096 2.321 ± 0.422 

Aged (A) 39.9 ± 0.7 0.502 ± 0.055 2.434 ± 0.221 

1B 
Non-aged (N) 7.5 ± 2.4 0.531 ± 0.051 2.738 ± 0.176 

Aged (A) 41.5 ± 0.3 0.434 ± 0.032 2.241 ± 0.136 

2.5B 
Non-aged (N) 10.4 ± 1.5 0.528 ± 0.020 2.845 ± 0.092 

Aged (N) 38.5 ± 2.8 0.485 ± 0.044 2.480 ± 0.150 

POL 
Non-aged (N) 2.1 ± 0.6 0.006 ± 0.001 0.034 ± 0.012 

Aged (A) 2.1 ± 0.5 0.002 ± 0.001 0.014 ± 0.003 
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Figure 7. Representative XRD spectra of all non-aged groups with different surface 

(1B);  1 barat  3O2Alabrasion with 50 µm -airparticle treatments. As sintered (SIN); 

and polished down to 1 µm  (2.5B), 2.5 bar at 3O2Alabrasion with 50 µm -airparticle 

(POL) 

 

Figure 8. Representative XRD spectra of all aged groups with different surface 

treatments. As sintered (SIN); particle air-abrasion with 50 µm Al2O3 at 1 bar (1B); 

particle air-abrasion with 50 µm Al2O3 at 2.5 bar (2.5B), and polished down to 1 µm 

(POL) 
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4.2. Surface roughness  

The polishing groups either aged or non-aged represented the lowest mean Ra and Rz 

values. The descriptive statistics is shown in Table 4. 

 

4.3. Biaxial flexural strength  

The mean BFS values increased with aging and particle air-abrasion, as shown in groups 

A-SIN, N-1B and N-2.5B. Likewise, both groups A-1B and A-2.5B showed comparable BFS 

mean values. While the BFS mean value decreased within both polished groups either aged or 

non-aged as well as in N-SIN group (Table 5). 

 

 

Table 5. Mean and standard deviation of BFS (MPa) of all test groups 

Groups 

Aging 

Non-aged groups Aged groups 

Mean ± SD Mean ± SD 

SIN 720  ± 37 C, α 1064 ± 27 A, β 

1B 1153 ± 92 A, α 1110 ± 76 A, α 

2.5B 1137 ± 89 A, α 1105 ± 74 A, α 

POL 894 ± 96 B, α 888 ± 86 B, α 
Within the same column, mean with the same capital letter are not statistically different (p>0.05). Within 

the same row, mean with the same Greek letter are not statistically different p>0.05. 

 

 

4.4. Vickers hardness  

The Vickers hardness ranged from 1346 HV5 (A-POL) to 1446 HV5 (N-SIN). The 

aging had no effect on the Vickers hardness. Likewise, with the polishing treatment both 

polished groups (N-POL and A-POL) reported a lower hardness than both as-sintered groups 

(N-SIN and A-SIN), as shown in Table 6. 

 

 

Table 6. Median, mean and standard deviation of hardness (HV5) 

Groups 

Aging 

Non-aged groups Aged groups 

Median  Mean ± SD Median  Mean ± SD 

SIN 1446 Aα 1413 ± 127  1436 Aα 1428 ± 98  

POL 1347 Bα 1340 ± 21  1346 Bα 1346 ± 18  
Within the same column, mean with the same capital letter are not statistically different (p>0.05). 

Within the same row, mean with the same Greek letter are not statistically different p>0.05. 
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4.5. Fracture pattern 

SEM micrographs of typical samples of each group are shown in Figure 9. In most cases, 

failure of these samples was initiated from a surface crack. Within the particle air-abrasion 

treated specimens either aged or not and A-SIN, the SEM micrographs showed many subsurface 

cracks connected with the surface cracks. 

 

 

   

   

  

 

Figure 9. Representative SEM micrographs of typically fractured specimens; (a) and (b) as-

sintered specimens; (c) and (d) particle air-abrasion with 50 µm Al2O3 at 1 bar; (e) and (f) 

particle air-abrasion with 50 µm Al2O3 at 2.5 bar; (g) and (h) polished down to 1 µm, exhibiting 

the origin of failure (yellow arrow on the treated surface). Thin white arrows follow the hackle 

lines in the direction of crack propagation. In most specimens, the failure was initiated from a 

surface crack then going deeper through the connected subsurface cracks. 
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4.6. Tensile bond strength and failure mode  

The medians of tensile bond strength (TBS) for all groups are shown in Table 7. After 

3 days of water storage, 20 hours aging showed no effect on the TBS except for group A-SIN-

SA, in which TBS decreased significantly in comparison to the non-aged groups. The particle 

air-abrasion cause a significant increase in TBS for all test groups. However, the used different 

pressure showed no statistical significant effect, group N-1B-V5 showed a lower statistically 

significant effect in TBS compared to group N-2.5B-V5. Groups N-1B-SA and A-1B-SA 

showed no statistical significance before and after the thermocycling, although most of the 

groups showed a significant decrease in TBS after long-term storage in water with thermal 

cycling. So specimens of group V5 which were abraded with 1 bar showed a significant 

decrease in TBS in comparison with 2.5 bar after thermocycling. Figures 10 and 11 show a 

boxplot for TBS after 3 days storage and 150 days storage with thermocycling. 

 

 

Table 7. Tensile bond strength of groups in MPa, medians, (n=8). Statistically different medians 

(p≤0.05) are indicated by different upper case letter (within a column for the same grouping 

factor), or by different lower case letter (within a column for the same surface treatment), or by 

different greek letters (within a row)  

  3 Days 150 Days 

Main group Group with Code Median Median 

Panavia SA, No-aging 

(Gr factor 1) 

N-SIN-SA      10.8 B, a, α 0.0 B, a, β 

N-1B-SA      29.5 A, a, α 25.1 A, ab, α  

N-2.5B-SA 37.0 A, a, α 27.0 A, a, β 

Panavia V5, No-aging 

(Gr factor 2) 

N-SIN-V5      12.6 C, a, α 0.0 C, a, β 

N-1B-V5      27.3 B, a, α 11.7 B, c, β 

N-2.5B-V5 38.7 A, a, α 22.8 A, ab, β 

Panavia SA, 20 h Aging 

(Gr factor 3) 

A-SIN-SA      6.4 B, b, α 0.0 B, a, β 

A-1B-SA 32.5 A, a, α 27.7 A, a, α 

A-2.5B-SA 32.4 A, a, α 23.2 A, ab, β 

Panavia V5, 20 h Aging 

(Gr factor 4) 

A-SIN-V5      7.5 B, ab, α 0.0 B, a, β 

A-1B-V5 29.5 A, a, α 15.4 A, bc, β  

A-2.5B-V5 34.0 A, a, α 20.1 A, b, β 
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Figure 10: Boxplot of TBS after 3 days of storage 

 

 

Figure 11: Boxplot of TBS after 150 days of storage with thermocycling 
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The mode of failure of all test groups is illustrated in Figures 12 and 13. Most specimens 

tested after 3 days storage showed a predominantly cohesive failure within the luting and tube 

resin except for aged groups, which received no surface treatment. These groups showed almost 

complete adhesive failure. After thermal cycling, groups A-1B-V5 and N-1B-SA shifted from 

cohesive to adhesive failure, while the other groups except all SIN groups, still had a 

predominantly cohesive mode of failure. All SIN groups debonded spontaneously during 

thermal cycling with a pure adhesive mode of failure, as shown in the SEM representative 

photographs (Figures 14-16). 

 

 

 

 

 

Figure 12: Type of bonding failure mode as identified with a light microscope at 30x 

magnification and calculation in % of bonding area for all test groups bonded with Panavia SA 

Plus 
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Figure13: Type of bonding failure mode as identified with a light microscope at 30x 

magnification and calculation in % of bonding area for all test groups bonded with Panavia V5 
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Fig. 14a. SEM of representative sample of 

subgroup N-Sin-SA after 150 days of storage 

with thermocycling presenting a complete 

adhesive failure 

 

 
Fig. 14b. Detailed magnification of Fig. 

1a, showed a complete adhesive failure 

at the zirconia surface  

 
Fig. 15a. SEM of representative sample of 

subgroup N-1b-V5 after 3 days of storage 

presenting a predominantly cohesive failure 

mode. Only a small of area at the top failed 

adhesively 
 

Fig. 15b. Detailed magnification of Fig. 

2a. A, a small area of adhesive failure at 

the zirconia surface; C1, cohesive failure 

in Panavia V5 luting resin; C2, cohesive 

failure in the tube resin  

 
Fig. 16a. SEM of representative sample of 

subgroup N-1b-SA after 150 days of storage 

presenting a predominantly cohesive failure 

mode. Only a small of area at the right side 

failed adhesively 

 
Fig. 16b. Detailed magnification of Fig. 

3a. A, a small area of adhesive failure at 

the zirconia surface; C1, cohesive failure 

in Panavia SA plus luting resin; C2, 

cohesive failure in the tube resin 
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5. Discussion  

 

Many studies have been performed to predict the behavior of dental zirconia ceramics 

in the oral environment regarding the aging ability as well as the mechanical properties [5, 41, 90]. 

In this concern, the literature shows conflicting results of the effect of aging and surface 

treatment on the mechanical properties of zirconia. For that reasons the current study was 

carried out to evaluate the influence of aging and surface treatment on the biaxial flexural 

strength, measuring the hardness and the tensile bond strength to a high translucent dental 

zirconia. 

The aging protocol used in this study was in an autoclave at 134 °C, under 2 bar, over a 

period of 20 h, which was consistent with previous studies [27, 58]. These studies showed that this 

protocol promotes an extensive t→m phase transformation. Thus the aging performed in our 

study should be sufficient to observe significant changes induced by different surface 

treatments.  

In the current study, XRD analysis showed a different percentage of phase 

transformation. The highest monoclinic phase ratio (38.5 ± 2.8 vol.% to 41.5 ± 0.3 vol.%) was 

found within groups A-1B, A-2.5B and A-SIN. These findings show that both aging and 

alumina particle air-abrasion produced a significant t→m phase transformation. These results 

are consistent with other studies [44, 47, 89, 90]. In contrast, both non-aged specimens with 1 or 2.5 

bar particle air-abrasion showed a lower monoclinic phase ratio (7.5 ± 2.4 vol.% to 10.4 ± 1.5 

vol.%). These results indicate that the differing pressures during particle air-abrasion treatment 

produced a comparable amount of monoclinic phase on the surface of zirconia. In addition, both 

polished groups (N-POL and A-POL) and group N-SIN showed almost no vol.% of monoclinic 

phase ratio revealing almost no t→m phase transformation on zirconia surface. These results 

may have been due to that neither sintering nor polishing treatment probably promote any 

monoclinic phase transformation as shown with groups N-SIN and N-POL. These findings also 

confirm other studies, which showed that polishing produced no t→m phase transformation [3, 

53, 85]. It can be assumed that the previously transformed monoclinic layer (20 µm thicknesses) 

caused by aging on the surface of zirconia within group A-POL was removed during the 

polishing procedure.  

BFS data demonstrated that groups with monoclinic phase ratio ranging from 7.5 ± 2.4 

vol.% to 41.5 ± 0.3 vol.% showed the highest mean BFS. However, this increase in the BFS 

was independent on the percentage of the phase transformation. The increase in the BFS might 

be explained by the toughening mechanism, as the t→m phase transformation lead to volumetric 
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expansion at a localized area around the superficial defects resulting in compressive stresses 

concentrated around these defects and consequently stopping crack propagation [5, 45, 87], 

requiring more force to bring a sample to fracture. The SEM micrographs show many 

subsurface cracks connected with the surface cracks within the particle air-abrasion groups. 

This indicates, that there were already some microcracks inside the material, which were 

stopped by phase transformation. This phase transformation induced some compressive stress 

resulting in a higher BFS as described above. Groups with a lower BFS do not show these many 

subsurface cracks as there were no microcracks that were stopped by phase transformation. In 

contrast to the current study, other studies showed that neither aging nor particle air-abrasion 

affected the strength of 3Y-TZP zirconia [39, 42, 88, 121].  

Regarding the effect of the different used pressures during the particle air-abrasion on 

the strength of zirconia, the current results revealed no significant differences in BFS. In this 

regard, another study also concluded that there were no significant differences in the BFS of 

zirconia after particle air-abrasion treatment at different pressures [14]. Likewise, both polished 

groups (aged or non-aged) and group N-SIN showed a reduced BFS, which might be a result of 

no monoclinic phase on the surface of zirconia. In addition, group N-SIN showed a lower BFS 

in comparison to both polished groups either aged or non-aged. These results may have been 

due to the different surface roughness of the as-sintered and polished specimens. As the as-

sintered specimens showed a rougher surface than the polished specimens, and the surface 

defects and flaws might later on act as a stress concentration sites, which led to a significant 

decrease in the strength of zirconia [76, 119].  

Hardness results of the current study showed that the aging had no effect on the hardness 

which is in consent to the finding of others [31]. In contrast, some studies showed a strong 

correlation between the reduction of hardness and the increase of monoclinic phase. They 

reported 41% hardness reduction in femoral head of zirconia with 78% monoclinic phase 

content [29] and 30% hardness reduction with 48 ± 1 wt.% monoclinic phase fraction [22]. 

However, in the current study the monoclinic phase content was 39.9 ± 0.7 vol.% with the as-

sintered aged specimens, which showed no effect on the hardness. One explanation for this 

might be that the t→m phase transformation percentage was lower than that in previous studies. 

Likewise, the findings concerning the effect of polishing treatment on hardness, both 

as-sintered groups (aged or non-aged) showed a lower hardness than the polished groups (aged 

or non-aged), which might be an artefact of the measurement, as the rougher surface of the as-

sintered samples makes it difficult to identify the exact margins of the indentations and to obtain 
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reliable results. However, the null hypothesis concerning the hardness is confirmed by the 

results of the study. 

TBS between the luting resin and zirconia in this study was measured with universal 

testing machine. TBS test was chosen due to its uniform stress distribution and to avoid the 

inaccurate complex forces outcome that is produced by shear tests [33]. It was also chosen over 

a microtensile bond test to avoid its technique sensitivity and exclude all the micro/movements 

and vibrations produced during specimen preparation [98]. Regarding the weak point of the 

tensile bond test which is the adjustment of the composite tubes on the ceramic specimens, it 

had been solved using a paralleling bonding device that ensures their perfect adjustment in 90° 

on the ceramic surface [111].  

According to the ISO specification thermocycling should be done between 5 °C and 55 

°C, with a minimum of 500 cycles and a dwell time more than 20 s. However, several scientific 

studies proposed more cycles or longer dwell times to simulate more time in the oral cavity. In 

this study the thermocycling protocol chosen was adopted by several studies before testing TBS 

of luting resin to zirconia. This protocol was applied as it uses the largest number of cycles 

(37,500 cycles) in the literature therefore simulating more time in the oral cavity and it ensures 

complete water saturation of the bonded specimens [10, 38, 65].  

Our results showed that 20 hours aging in an autoclave significantly decreased TBS only 

for group A-SIN-SA in comparison to the non-aged groups after 3 days storage. A previous 

study [86] showed that aging of a 3Y-TZP zirconia for 5 hours in an autoclave decreased 

significantly the bond strength after 24 hour storage in distilled water at 37° C without  

thermocycling. These specimens were received no surface treatment and were bonded with 

RelyX Unicem resin and conditioned with MDP-containing primer. These results considered 

clinically not reliable as the tested TBS was only for short period of storage and without 

thermocycling.   

Alumina particle air-abrasion caused a significant increase in TBS for all test groups; 

these findings are consistence with several previous studies [99, 107, 116].  However, the used 

different pressure showed no statistical difference, the group N-1B-V5 showed a significantly 

lower TBS in comparison to group N-2.5B-V5. These finding are in concent with a previous 

study [107], which showed that  the bond strength increased significantly within the groups using 

a pressure more than 1 bar during particle air-abrasion. In contrast, another study [68] reported 

that there was no significant differences in the bond strength at different used pressure when 

either 1, 2, 4 or 6 bar were used. The specimens which were abraded with 1 bar and bonded 

with Panavia V5 cement (group V5), showed a reduced bond strength in comparison to Panavia 
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SA plus (group SA). No bond strength reduction was observed for specimens abraded with 2.5 

bar. These results are in a good accordance with a recent study [108], which showed that the TBS 

of Panavia V5 groups increased with an increased pressure during particle air-abrasion for 

short-term water storage conditions (1 day and 30 days, without thermocycling), while Panavia 

SA plus groups did not vary with the used pressure. That might be due to the effect of primer 

which applied before luting might has enhanced the bond strength to a greater extend, which 

might be same case in our study. In general increasing the pressure during particle air-abrasion 

treatment results in an increased surface roughness and bonding surface area, which enhances 

the surface wettability and enhance the bond strength.  

In the current study, most groups showed a significant decrease in bond strength after 

long-term storage in water with thermocycling compared with only 3 days water storage. 

Similar results were reported in several previous studies [38, 65, 120]. A previous study [86] 

investigated the effect of aging in autoclave for 5 hours on the resin bond strength to zirconia 

without thermocycling. That is in contrast to the current study, where the specimens were 

subjected to 150 days of thermocycling. Furthermore, some studies [56, 102, 110] showed that 

pretreatment of surface zirconia with an MDP-containing primer enhances the bond strength 

and its durability. Groups N-1B-SA and A-1B-SA showed no significant decrease in TBS. This 

finding was in a good accordance with previous studies [65, 120, 129], which showed that because 

of MDP containing luting resin there was no reduction in bond strength due to water storage.  

In the present study, it was also observed that after 3 days storage most test groups 

showed a predominantly cohesive failure. These finding were previously observed in other 

studies [38, 95]. In addition, it was also observed that after long-term storage in water with thermal 

cycling most test groups still had a predominantly cohesive failure mode except groups which 

received no surface treatment. These groups debonded spontaneously during thermocycling 

with an almost completely adhesive mode of failure. These findings are in a good accordance 

with previous studies [38, 65, 123]. It can also be seen from our results that particle air-abrasion 

treatment which lead to formations of micro irregularities are essential to achieve a durable 

bond strength to luting resin as shown with the as-sintered groups, which completely debonded 

during thermal cycling. This was also consistence with previous studies [62, 65, 123].  

Translucent 3Y-TZP zirconia showed promising results concerning the effect of aging 

and surface treatment on the mechanical behavior and on the bonding durability. The durability 

of resin bonding to aged zirconia plays an important role during repair of a fractured restoration. 

Both aging and alumina particle air-abrasion caused a significant increase in BFS, while the 

hardness was not affected. The used pressure during the alumina particle air-abrasion did not 
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affect BFS and hardness of zirconia significantly. Regarding the TBS, 20 hours aging revealed 

almost no effect on the TBS even with long-term storage in water with thermocycling. That is 

in contrast to the results of a previous study [86], which showed that the 5 hours aging of a 3Y-

TZP zirconia without thermocycling decreased the TBS significantly. This reduction of bond 

strength of aged zirconia might be as a result of the presence of monoclinic phase on zirconia 

surface, which might result in surface alteration that compromise the bond durability. In general 

in this study alumina particle air-abrasion improved TBS, while the used pressures reported 

variable results depending on the type of used bonding system.  

Although the current study showed promising results regarding the mechanical behavior 

of 3Y-TZP ceramics, it should be considered that the fatigue behavior of this zirconia needs to 

be investigated under thermal and mechanical loading in aqueous environment over long time 

periods. Also for confirming the bond strength results, specimens should be subjected to 

mechanical fatigue in addition to the thermal stress. This would better simulate the mechanical 

loading and thermal conditions in the oral environment, which were not applied in the current 

study. These and other aspects should be considered in future studies. 
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6. Conclusions  

 

Within the limitations of this laboratory study the following conclusions are drawn: 

 

1- Both aging and particle air-abrasion demonstrated a significant t→m phase 

transformation which leads to a significant increase in BFS of high translucent 3Y-

zirconia, while polishing caused no significant monoclinic phase transformation.  

2- Aging leading to a ratio up to 40 vol.% of monoclinic phase seems to have no effect on 

the hardness. 

3- The varied pressures during particle air-abrasion had no influence on the tested 

mechanical and crystallographic properties. 

4- The positive response of this zirconia to aging and surface treatment seems to provide 

promising mechanical properties of this material during the repair in case of chipping 

or partial fractures under clinical conditions. 

5- Twenty hours of aging in the autoclave has almost no influence on the resin bond 

strength. 

6- For Panavia V5 luting resin (primer/resin system) a higher pressure during particle air-

abrasion might be necessary to optimize the surface area of zirconia for bonding and to 

achieve a long-term durable bond strength to zirconia.  
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7. Summary 

 

The aim of this study was to evaluate the influence of aging and surface treatment on biaxial 

flexural strength (BFS), Vickers hardness (VHN) and the tensile bond strength (TBS) of high 

translucent dental zirconia. 

For the BFS test, one surface of 80 disc-shaped zirconia specimens (1.2 mm thickness and 12 

mm diameter) was polished down to 1µm. Half of the specimens were aged in an autoclave at 

134 °C, under 2 bar (group A) for 20 h, the other half were not aged (group N). The specimens 

of each group were randomly distributed according to the surface treatment: no treatment (SIN), 

particle air-abrasion with 50 µm alumina particles at 1 bar (1B) or 2.5 bar (2.5B) or polishing 

down to 1 µm (POL). The phase transformation, surface roughness, BFS and VHN were 

evaluated using X-ray diffraction, a laser scanning microscope, a universal testing machine and 

an indentation tester, respectively. For the TBS test, half of 192 disc-shaped zirconia specimens 

(3.2 mm thickness and 8 mm diameter) were aged in an autoclave for 20 h (134 °C, 2 bar). For 

each group, a different surface treatment was applied: as-sintered (group SIN), alumina particle 

air-abrasion either with 1 bar (group 1B), or 2.5 bar (group 2.5B). Discs were later bonded to 

Plexiglas tubes filled with composite resin using two different luting resins, one with included 

phosphate monomer in the resin itself, one with a separate phosphate monomer containing 

primer. All specimens subjected to tensile bond strength test before and after thermocycling.  

No monoclinic phase was detected for three groups (N-SIN, N-POL, and A-POL). Other groups 

showed monoclinic phase ratio ranging from 7.5 ± 2.4 vol.% (N-1B) to 41.5 ± 0.3 vol.% (A-

1B). BFS increased significantly with aging and particle air-abrasion, ranging from 720 ± 37 

MPa (N-SIN) to 1153 ± 92 MPa (N-1B). Aging had no significant effect on the hardness. It 

ranged from 1346 HV5 (A-POL) to 1446 HV5 (N-SIN). Before thermocycling, 20 hours aging 

showed no effect on the TBS except for group A-SIN-SA, in which TBS decreased 

significantly. Alumina particle air-abrasion caused a significant increase in TBS for all test 

groups. A variation in pressure showed no statistical effect, except for the use of phosphate 

monomer containing primer, where TBS after particle air-abrasion with 1 bar was lower than 

after using 2.5 bar. After thermocycling, TBS of most groups decreased significantly. 

Specimens of the primer group which were abraded at 1 bar, showed a significant decrease in 

TBS in comparison with particle air-abrasion at 2.5 bar.  

A certain amount of monoclinic phase at the surface strengthened the high translucent dental 

zirconia ceramic, while hardness and roughness were not influenced. The used pressure during 

particle air-abrasion did not influence significantly the evaluated properties. Twenty hours 
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aging in the autoclave had almost no influence on the bond strength of the test groups. For the 

primer/resin bonding system higher pressure during particle air-abrasion might be 

advantageous to obtain a higher and more durable bond strength to zirconia ceramic. 
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Zusammenfassung: 

Ziel dieser Studie war es, den Einfluss der Alterung und Oberflächenbehandlung auf die 

biaxiale Biegefestigkeit (BFS), die Vickers-Härte (VHN) und den Klebeverbund zwischen  

Kompositkunststoff und hochtransluzentem Zirkoniumoxid zu untersuchen. 

Für den BFS-Test wurde eine Oberfläche von 80 scheibenförmigen Zirkoniumoxidproben (1,2 

mm Dicke und 12 mm Durchmesser) auf 1 µm poliert. Die Hälfte der Proben wurde in einem 

Autoklaven bei 134ºC unter 2 bar (Gruppe A) 20 Stunden lang gealtert, die andere Hälfte wurde 

nicht gealtert (Gruppe N). Die Proben jeder Gruppe wurden gemäß der Behandlung der zweiten 

Oberfläche zufällig verteilt: keine Behandlung (SIN), Korundstrahlen mit 50 µm 

Aluminiumoxidpartikeln bei 1 bar (1B) oder 2,5 bar (2,5B) oder Polieren auf 1 µm (POL). Die 

Phasenumwandlung, Oberflächenrauheit, BFS und VHN wurden unter Verwendung von 

Röntgenbeugung (XRD), einem Laser-Scanning-Mikroskop, einer Universalprüfmaschine 

bzw. einem Härteprüfgerät evaluiert. Für den Test des Klebeverbundes wurde die Hälfte von 

192 scheibenförmigen Zirkoniumoxidproben (3,2 mm Dicke und 8 mm Durchmesser) in einem 

Autoklaven 20 h lang (134 ° C, 2 bar) gealtert. Für jede Gruppe wurde eine andere 

Oberflächenbehandlung angewendet: gesintert (Gruppe SIN), Korundstrahlen entweder mit 1 

bar (Gruppe 1B) oder 2,5 bar (Gruppe 2,5B). Die Scheiben wurden dann unter Verwendung 

zweier Adhäsivsysteme mit Plexiglasröhren verklebt, die mit Kompositkunststoff gefüllt 

waren. Ein Adhäsivsystem beinhaltete ein Phosphatmonomer direkt im Kompositkleber, 

während das andere Adhäsivsystem einen zusätzlichen Primer mit Phosphatmonomer aufwies. 

Bei allen Proben wurden vor und nach dem Thermocycling der Klebeverbund mittels 

Zugfestigkeitstest evaluiert.  

Bei drei Gruppen (N-SIN, N-POL, und A-POL) wurde keine monokline Phase entdeckt. Andere 

Gruppen zeigten ein monoklines Phasenverhältnis im Bereich von 7.5 ± 2.4 vol.% (N-1B) bis 

41.5 ± 0.3 vol.% (A-1B). Die BFS stieg signifikant mit Alterung und Korundstrahlen im 

Bereich von 720 ± 37 MPa (N-SIN) bis 1153 ± 92 MPa (N-1B). Die Alterung hatte keinen 

signifikanten Einfluss auf die Härte, die zwischen 1346 HV5 (A-POL) bis 1446 HV5 (N-SIN) 

betrug. Ohne Thermocycling zeigten die 20 Stunden Alterung keinen signifikanten Einfluss auf 

den Klebeverbund außer bei der A-SIN-SA Gruppe, wo der Klebeverbund signifikant reduziert 

war.  Das Korundstrahlen bewirkte eine signifikante Steigerung des Klebeverbundes für alle 

geprüften Gruppen. Die verschiedenen verwendeten Strahldrücke wiesen keinen statistisch 

signifikanten Einfluss auf den Klebeverbund auf außer bei Verwendung des Primer haltigen 

Adhäsivsystems, wo der Klebeverbund bei einem Strahldruck von 1 bar signifikant geringer 

war als bei Verwendung eines Strahldrucks von 2.5 bar. Die meisten Gruppen zeigten nach dem 
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Thermocycling einen signifikanten Abfall des Klebeverbunds. Die Proben der mit Primer 

haltigen Adhäsivsystem verklebten Proben zeigten nach Abstrahlen mit 1 bar einen 

signifikanten Abfall des Klebeverbunds im Vergleich zu den mit 2.5 bar gestrahlten Proben.    

Eine gewisse Menge von monokliner Phase an der Oberfläche verstärkte die hochtransluzente 

Zirkonoxidkeramik, während Härte und Rauheit nicht beeinflusst wurden. Der verwendete 

Druck während des Korundstrahlens hatte keinen signifikanten Einfluss auf die untersuchten 

Eigenschaften. Zwanzig Stunden Alterung im Autoklaven hatte fast keine Auswirkung auf die 

Haftfestigkeit der Testgruppen. Für das Primer enthaltende Adhäsivsystem scheint ein höherer 

Druck während des Korundstrahlens vorteilhalt zu sein, um einen hohen und dauerhaften 

Klebeverbund zu Zirkonoxid-Keramik zu erzielen.   

 

 

  



37 
 

8. References  

 

[1]  Aboushelib M.N., de Jager N., Kleverlaan C.J., Feilzer A.J. Effect of loading method on 

the fracture mechanics of two layered all-ceramic restorative systems. Dent Mater 

2007; 23: 952-9. 

[2]  Agustín-Panadero R., León Martínez R., Solá-Ruíz M.F., Fons-Font A., García Engra G., 

Fernández-Estevan L. Are metal-free monolithic crowns the present of prosthesis? 

Study of mechanical behaviour. Mater 2019; 12: 3663. 

[3]  Al-Haj Husain N., Camilleri J., Ozcan M. Effect of polishing instruments and polishing 

regimens on surface topography and phase transformation of monolithic zirconia: An 

evaluation with XPS and XRD analysis. J Mech Behav Biomed Mater 2016; 64: 104-

12. 

[4]  Almazdi A.A., Khajah H.M., Monaco E.A., Kim H. Applying microwave technology to 

sintering dental zirconia. J Prosthet Dent 2012; 108: 304-9. 

[5]  Amaral M., Valandro L.F., Bottino M.A., Souza R.O. Low-temperature degradation of a 

Y-TZP ceramic after surface treatments. J of Biomed Mater Res Part B Appl Biomater 

2013; 101: 1387-92. 

[6]  Anselmi‐Tamburini U., Woolman J.N., Munir Z.A. Transparent nanometric cubic and 

tetragonal zirconia obtained by high‐pressure pulsed electric current sintering. Adv 

Funct Mater 2007; 17: 3267-73. 

[7]  Anusavice K.J. Recent developments in restorative dental ceramics. J Am Dent Assoc 

1993; 124: 72-4, 6-8, 80-4. 

[8]  Attar N., Tam L.E., McComb D. Mechanical and physical properties of contemporary 

dental luting agents. J Prosthet Dent 2003; 89: 127-34. 

[9]  Attia A. Bond strength of three luting agents to zirconia ceramic-influence of surface 

treatment and thermocycling. J Appl Oral Sci 2011; 19: 388-95. 



38 
 

[10]  Attia A., Kern M. Long-term resin bonding to zirconia ceramic with a new universal 

primer. J Prosthet Dent 2011; 106: 319-27. 

[11]  Attia A., Lehmann F., Kern M. Influence of surface conditioning and cleaning methods 

on resin bonding to zirconia ceramic. Dent Mater 2011; 27: 207-13. 

[12]  Azimian F., Klosa K., Kern M. Evaluation of a new universal primer for ceramics and 

alloys. J Adhes Dent 2012; 14: 275-82. 

[13]  Ban S., Hasegawa J., Anusavice K. Effect of loading conditions on bi-axial flexure 

strength of dental cements. Dent Mater 1992; 8: 100-4. 

[14]  Ban S., Sato H., Suehiro Y., Nakanishi H., Nawa M. Effect of sandblasting and heat 

treatment on biaxial flexure strength of the zirconia/alumina nanocomposite. Key Eng 

Mater 2007; 330: 353-6. 

[15]  Ban S., Sato H., Suehiro Y., Nakanishi H., Nawa M. Biaxial flexure strength and low 

temperature degradation of Ce‐TZP/Al2O3 nanocomposite and Y‐TZP as dental 

restoratives. J Biomed Mater Res Part B Appl Biomater 2008; 87: 492-8. 

[16]  Beuer F., Schweiger J., Eichberger M., Kappert H.F., Gernet W., Edelhoff D. High-

strength CAD/CAM-fabricated veneering material sintered to zirconia copings—a 

new fabrication mode for all-ceramic restorations. Dent Mater 2009; 25: 121-8. 

[17]  Beuer F., Stimmelmayr M., Gueth J.-F., Edelhoff D., Naumann M. In vitro performance 

of full-contour zirconia single crowns. Dent Mater 2012; 28: 449-56. 

[18]  Blatz M.B., Sadan A., Arch G.H., Lang B.R. In vitro evaluation of long-term bonding of 

Procera AllCeram alumina restorations with a modified resin luting agent. J Prosthet 

Dent 2003; 89: 381-7. 

[19]  Blatz M.B., Sadan A., Kern M. Resin-ceramic bonding: a review of the literature. J 

Prosthet Dent 2003; 89: 268-74. 



39 
 

[20]  Borchers L., Stiesch M., Bach F.W., Buhl J.C., Hubsch C., Kellner T., Kohorst P., 

Jendras M. Influence of hydrothermal and mechanical conditions on the strength of 

zirconia. Acta Biomater 2010; 6: 4547-52. 

[21]  Brodbelt R., O'brien W., Fan P. Translucency of dental porcelains. J Dent Res 1980; 59: 

70-5. 

[22]  Cattani-Lorente M., Scherrer S.S., Ammann P., Jobin M., Wiskott H.A. Low 

temperature degradation of a Y-TZP dental ceramic. Acta Biomater 2011; 7: 858-65. 

[23]  Chai J., Chu F., Chow T.W., Liang B.M. Chemical solubility and flexural strength of 

zirconia-based ceramics. Int J Prosthodont 2007; 20. 

[24]  Chen L., Suh B.I., Brown D., Chen X. Bonding of primed zirconia ceramics: evidence of 

chemical bonding and improved bond strengths. Am J Dent 2012; 25: 103-8. 

[25]  Chevalier J., Cales B., Drouin J.M. Low‐temperature aging of Y‐TZP ceramics. J Am 

Ceram Soc 1999; 82: 2150-4. 

[26]  Chevalier J., Deville S., Münch E., Jullian R., Lair F. Critical effect of cubic phase on 

aging in 3 mol% yttria-stabilized zirconia ceramics for hip replacement prosthesis. 

Biomaterials 2004; 25: 5539-45. 

[27]  Chevalier J., Gremillard L., Deville S. Low-temperature degradation of zirconia and 

implications for biomedical implants. Annu Rev Mater Res 2007; 37: 1-32. 

[28]  Chintapalli R.K., Marro F.G., Jimenez-Pique E., Anglada M. Phase transformation and 

subsurface damage in 3Y-TZP after sandblasting. Biomaterials 2013; 29: 566-72. 

[29]  Chowdhury S., Vohra Y.K., Lemons J.E., Ueno M., Ikeda J. Accelerating aging of 

zirconia femoral head implants: change of surface structure and mechanical properties. 

J Biomed Mater Res Part B Appl Biomater 2007; 81: 486-92. 

[30]  De Jager N., Feilzer A., Davidson C. The influence of surface roughness on porcelain 

strength. Dent Mater 2000; 16: 381-8. 



40 
 

[31]  De Souza G.M., Zykus A., Ghahnavyeh R.R., Lawrence S.K., Bahr D.F. Effect of 

accelerated aging on dental zirconia-based materials. J Mech Behav Biomed Mater 

2017; 65: 256-63. 

[32]  Della Bona A., Anusavice K.J., DeHoff P.H. Weibull analysis and flexural strength of 

hot-pressed core and veneered ceramic structures. Dent Mater 2003; 19: 662-9. 

[33]  Della Bona A., Van Noort R. Shear vs. tensile bond strength of resin composite bonded 

to ceramic. J Dent Res 1995; 74: 1591-6. 

[34]  Demir N., Subaşı M.G., Ozturk A.N. Surface roughness and morphologic changes of 

zirconia following different surface treatments. Photomed Laser Surg 2012; 30: 339-

45. 

[35]  Denry I., Kelly J. Emerging ceramic-based materials for dentistry. J Dent Res 2014; 93: 

1235-42. 

[36]  Deville S., Chevalier J., Gremillard L. Influence of surface finish and residual stresses 

on the ageing sensitivity of biomedical grade zirconia. Biomater 2006; 27: 2186-92. 

[37]  Ebeid K., Wille S., Hamdy A., Salah T., El-Etreby A., Kern M. Effect of changes in 

sintering parameters on monolithic translucent zirconia. Dent Mater 2014; 30: e419-

24. 

[38]  Ebeid K., Wille S., Salah T., Wahsh M., Zohdy M., Kern M. Bond strength of resin 

cement to zirconia treated in pre-sintered stage. J Mech Behav Biomed Mater 2018; 

86: 84-8. 

[39]  Egilmez F., Ergun G., Cekic-Nagas I., Vallittu P.K., Lassila L.V. Factors affecting the 

mechanical behavior of Y-TZP. J Mech Behav Biomed Mater 2014; 37: 78-87. 

[40]  Elmaria A., Goldstein G., Vijayaraghavan T., Legeros R.Z., Hittelman E.L. An 

evaluation of wear when enamel is opposed by various ceramic materials and gold. J 

Prosthet Dent 2006; 96: 345-53. 



41 
 

[41]  Flinn B.D., deGroot D.A., Mancl L.A., Raigrodski A.J. Accelerated aging characteristics 

of three yttria-stabilized tetragonal zirconia polycrystalline dental materials. J Prosthet 

Dent 2012; 108: 223-30. 

[42]  Flinn B.D., Raigrodski A.J., Mancl L.A., Toivola R., Kuykendall T. Influence of aging 

on flexural strength of translucent zirconia for monolithic restorations. J Prosthet Dent 

2017; 117: 303-9. 

[43]  Flinn B.D., Raigrodski A.J., Singh A., Mancl L.A. Effect of hydrothermal degradation 

on three types of zirconias for dental application. J Prosthet Dent 2014; 112: 1377-84. 

[44]  Fonseca R.G., de Oliveira Abi-Rached F., Reis J.M.d.S.N., Rambaldi E., Baldissara P. 

Effect of particle size on the flexural strength and phase transformation of an airborne-

particle abraded yttria-stabilized tetragonal zirconia polycrystal ceramic. J Prosthet 

Dent 2013; 110: 510-4. 

[45]  Garvie R.C., Nicholson P.S. Phase analysis in zirconia systems. J Am Ceram Soc 1972; 

55: 303-5. 

[46]  Guazzato M., Albakry M., Swain M.V., Ironside J. Mechanical properties of In-Ceram 

Alumina and In-Ceram Zirconia. Int J Prosthodont 2002; 15: 339-46. 

[47]  Guazzato M., Quach L., Albakry M., Swain M.V. Influence of surface and heat 

treatments on the flexural strength of Y-TZP dental ceramic. J Dent 2005; 33: 9-18. 

[48]  Güngör M.B., Yılmaz H., Nemli S.K., Bal B.T., Aydın C. Effect of surface treatments 

on the biaxial flexural strength, phase transformation, and surface roughness of 

bilayered porcelain/zirconia dental ceramics. J Prosthet Dent 2015; 113: 585-95. 

[49]  Hannink R.H., Kelly P.M., Muddle B.C. Transformation toughening in zirconia‐

containing ceramics. J Am Ceram Soc 2000; 83: 461-87. 

[50]  Hirano M. Inhibition of Low temperature degradation of tetragonal zirconia ceramics a 

review. Br Ceram Trans J 1992; 91: 139-47. 



42 
 

[51]  Hjerppe J., Närhi T., Fröberg K., Vallittu P.K., Lassila L.V. Effect of shading the 

zirconia framework on biaxial strength and surface microhardness. Acta Odontol 

Scand 2008; 66: 262-7. 

[52]  Hjerppe J., Närhi T.O., Vallittu P.K., Lassila L.V. Surface roughness and the flexural 

and bend strength of zirconia after different surface treatments. J Prosthet Dent 2016; 

116: 577-83. 

[53]  Huh Y.-H., Park C.-J., Cho L.-R. Evaluation of various polishing systems and the phase 

transformation of monolithic zirconia. J Prosthet Dent 2016; 116: 440-9. 

[54]  Hwang S.L., Chen I.W. Grain size control of tetragonal zirconia polycrystals using the 

space charge concept. J Am Ceram Soc 1990; 73: 3269-77. 

[55]  Ilie N., Simon A. Effect of curing mode on the micro-mechanical properties of dual-

cured self-adhesive resin cements. Clin Oral Invest 2012; 16: 505-12. 

[56]  Inokoshi M., De Munck J., Minakuchi S., Van Meerbeek B. Meta-analysis of bonding 

effectiveness to zirconia ceramics. J Dent Res 2014; 93: 329-34. 

[57]  Inokoshi M., Shimizu H., Nozaki K., Takagaki T., Yoshihara K., Nagaoka N., Zhang F., 

Vleugels J., Van Meerbeek B., Minakuchi S. Crystallographic and morphological 

analysis of sandblasted highly translucent dental zirconia. Dent Mater 2018; 34: 508-

18. 

[58]  Inokoshi M., Vanmeensel K., Zhang F., De Munck J., Eliades G., Minakuchi S., Naert 

I., Van Meerbeek B., Vleugels J. Aging resistance of surface-treated dental zirconia. 

Dent Mater 2015; 31: 182-94. 

[59]  Inokoshi M., Zhang F., De Munck J., Minakuchi S., Naert I., Vleugels J., Van Meerbeek 

B., Vanmeensel K. Influence of sintering conditions on low-temperature degradation 

of dental zirconia. Dent Mater 2014; 30: 669-78. 

[60]  İşeri U., Özkurt Z., Yalnız A., Kazazoğlu E. Comparison of different grinding 

procedures on the flexural strength of zirconia. J Prosthet Dent 2012; 107: 309-15. 



43 
 

[61]  Janyavula S., Lawson N., Cakir D., Beck P., Ramp L.C., Burgess J.O. The wear of 

polished and glazed zirconia against enamel. J Prosthet Dent 2013; 109: 22-9. 

[62]  Kern M. Resin bonding to oxide ceramics for dental restorations. J Adhes Sci Technol 

2009; 23: 1097-111. 

[63]  Kern M. Bonding to oxide ceramics—laboratory testing versus clinical outcome. Dent 

Mater 2015; 31: 8-14. 

[64]  Kern M., Barloi A., Yang B. Surface conditioning influences zirconia ceramic bonding. 

J Dent Res 2009; 88: 817-22. 

[65]  Kern M., Wegner S.M. Bonding to zirconia ceramic: adhesion methods and their 

durability. Dent Mater 1998; 14: 64-71. 

[66]  Kim J.-W., Covel N., Guess P., Rekow E., Zhang Y. Concerns of hydrothermal 

degradation in CAD/CAM zirconia. J Dent Res 2010; 89: 91-5. 

[67]  Kobayashi K., Kuwajima H., Masaki T. Phase change and mechanical properties of 

ZrO2-Y2O3 solid electrolyte after ageing. Solid State Ionics 1981; 3: 489-93. 

[68]  Komine F., Fushiki R., Koizuka M., Taguchi K., Kamio S., Matsumura H. Effect of 

surface treatment on bond strength between an indirect composite material and a 

zirconia framework. J Oral Sci 2012; 54: 39-46. 

[69]  Kosmač T., Oblak C., Jevnikar P., Funduk N., Marion L. The effect of surface grinding 

and sandblasting on flexural strength and reliability of Y-TZP zirconia ceramic. Dent 

Mater 1999; 15: 426-33. 

[70]  Kwon S.J., Lawson N.C., McLaren E.E., Nejat A.H., Burgess J.O. Comparison of the 

mechanical properties of translucent zirconia and lithium disilicate. J Prosthet Dent 

2018; 120: 132-7. 

[71]  Lawson S. Environmental degradation of zirconia ceramics. J Eur Ceram Soc 1995; 15: 

485-502. 



44 
 

[72]  Lazar D.R., Bottino M.C., Özcan M., Valandro L.F., Amaral R., Ussui V., Bressiani 

A.H. Y-TZP ceramic processing from coprecipitated powders: a comparative study 

with three commercial dental ceramics. Dent Mater 2008; 24: 1676-85. 

[73]  Lehmann F., Kern M. Durability of resin bonding to zirconia ceramic using different 

primers. J Adhes Dent 2009; 11: 479-83. 

[74]  Lughi V., Sergo V. Low temperature degradation -aging- of zirconia: A critical review 

of the relevant aspects in dentistry. Dent Mater 2010; 26: 807-20. 

[75]  Lung C.Y.K., Matinlinna J.P. Aspects of silane coupling agents and surface conditioning 

in dentistry: an overview. Dent Mater 2012; 28: 467-77. 

[76]  Luthardt R., Holzhüter M., Sandkuhl O., Herold V., Schnapp J., Kuhlisch E., Walter M. 

Reliability and properties of ground Y-TZP-zirconia ceramics. J Dent Res 2002; 81: 

487-91. 

[77]  Lüthy H., Loeffel O., Hammerle C.H.F. Effect of thermocycling on bond strength of 

luting cements to zirconia ceramic. Dent Mater 2006; 22: 195-200. 

[78]  Matsui K., Yoshida H., Ikuhara Y. Grain-boundary structure and microstructure 

development mechanism in 2–8 mol% yttria-stabilized zirconia polycrystals. Acta 

Mater 2008; 56: 1315-25. 

[79]  Mirmohammadi H., Aboushelib M.N., Salameh Z., Feilzer A.J., Kleverlaan C. 

Innovations in bonding to zirconia based ceramics: Part III. Phosphate monomer resin 

cements. Dent Mater 2010; 26: 786-92. 

[80]  Miyazaki T., Nakamura T., Matsumura H., Ban S., Kobayashi T. Current status of 

zirconia restoration. J Prosthodont Res 2013; 57: 236-61. 

[81]  Nakamura K., Harada A., Kanno T., Inagaki R., Niwano Y., Milleding P., Örtengren U. 

The influence of low-temperature degradation and cyclic loading on the fracture 

resistance of monolithic zirconia molar crowns. J Mech Behav Biomed Mater 2015; 

47: 49-56. 



45 
 

[82]  Olivera A.B., Matson E., Marques M.M. The effect of glazed and polished ceramics on 

human enamel wear. Int J Prosthodont 2006; 19. 

[83]  Özcan M., Melo R.M., Souza R.O., Machado J.P., Valandro L.F., Botttino M.A. Effect 

of air-particle abrasion protocols on the biaxial flexural strength, surface 

characteristics and phase transformation of zirconia after cyclic loading. J Mech 

Behav Biomed Mater 2013; 20: 19-28. 

[84]  Papanagiotou H.P., Morgano S.M., Giordano R.A., Pober R. In vitro evaluation of low-

temperature aging effects and finishing procedures on the flexural strength and 

structural stability of Y-TZP dental ceramics. J Prosthet Dent 2006; 96: 154-64. 

[85]  Park C., Vang M.-S., Park S.-W., Lim H.-P. Effect of various polishing systems on the 

surface roughness and phase transformation of zirconia and the durability of the 

polishing systems. J Prosthet Dent 2017; 117: 430-7. 

[86]  Perdigão J., Fernandes S., Pinto A., Oliveira F. Effect of artificial aging and surface 

treatment on bond strengths to dental zirconia. Oper Dent 2013; 38: 168-76. 

[87]  Pereira G., Amaral M., Cesar P., Bottino M., Kleverlaan C., Valandro L. Effect of low-

temperature aging on the mechanical behavior of ground Y-TZP. J Mech Behav 

Biomed Mater 2015; 45: 183-92. 

[88]  Pereira G., Muller C., Wandscher V., Rippe M., Kleverlaan C., Valandro L. Comparison 

of different low-temperature aging protocols: its effects on the mechanical behavior of 

Y-TZP ceramics. J Mech Behav Biomed Mater 2016; 60: 324-30. 

[89]  Pereira G., Silvestri T., Amaral M., Rippe M., Kleverlaan C., Valandro L. Fatigue limit 

of polycrystalline zirconium oxide ceramics: Effect of grinding and low-temperature 

aging. J Mech Behav Biomed Mater 2016; 61: 45-54. 

[90]  Pereira G.K.R., Venturini A.B., Silvestri T., Dapieve K.S., Montagner A.F., Soares 

F.Z.M., Valandro L.F. Low-temperature degradation of Y-TZP ceramics: A systematic 

review and meta-analysis. J Mech Behav Biomed Mater 2015; 55: 151-63. 



46 
 

[91]  Peutzfeldt A. Dual-cure resin ceme: in vitro wear and effect of quantity of remaining 

double bonds, filler volume, and light curing. Acta Odontol Scand 1995; 53: 29-34. 

[92]  Phark J.-H., Duarte Jr S., Kahn H., Blatz M.B., Sadan A. Influence of contamination and 

cleaning on bond strength to modified zirconia. Dent Mater 2009; 25: 1541-50. 

[93]  Piconi C., Maccauro G. Zirconia as a ceramic biomaterial. Biomater 1999; 20: 1-25. 

[94]  Pittayachawan P., McDonald A., Petrie A., Knowles J.C. The biaxial flexural strength 

and fatigue property of Lava™ Y-TZP dental ceramic. Dent Mater 2007; 23: 1018-29. 

[95]  Quaas A., Yang B., Kern M. Panavia F 2.0 bonding to contaminated zirconia ceramic 

after different cleaning procedures. Dent Mater 2007; 23: 506-12. 

[96]  Sabrah A.H., Cook N.B., Luangruangrong P., Hara A.T., Bottino M.C. Full-contour Y-

TZP ceramic surface roughness effect on synthetic hydroxyapatite wear. Dent Mater 

2013; 29: 666-73. 

[97]  Sakaguchi R.L., Powers J.M. Craig's restorative dental materials-e-book: Elsevier Health 

Sciences; 2012. 

[98]  Sano H., Shono T., Sonoda H., Takatsu T., Ciucchi B., Carvalho R., Pashley D.H. 

Relationship between surface area for adhesion and tensile bond strength—evaluation 

of a micro-tensile bond test. Dent Mater 1994; 10: 236-40. 

[99]  Sarmento H.R., Campos F., Sousa R.S., Machado J.P., Souza R.O., Bottino M.A., Özcan 

M. Influence of air-particle deposition protocols on the surface topography and 

adhesion of resin cement to zirconia. Acta Odontol Scand 2014; 72: 346-53. 

[100]  Sasse M., Kern M. CAD/CAM single retainer zirconia-ceramic resin-bonded fixed 

dental prostheses: clinical outcome after 5 years. Int J Comput Dent 2013; 16: 109-18. 

[101]  Sato T., Shimada M. Transformation of ceria-doped tetragonal zirconia polycrystals by 

annealing in water. J Am Ceram Soc 1985; 68: 356–9. 

[102]  Seto K.B., McLaren E.A., Caputo A.A., White S.N. Fatigue behavior of the resinous 

cement to zirconia bond. J Prosthodont 2013; 22: 523-8. 



47 
 

[103]  Siarampi E., Kontonasaki E., Papadopoulou L., Kantiranis N., Zorba T., 

Paraskevopoulos K.M., Koidis P. Flexural strength and the probability of failure of 

cold isostatic pressed zirconia core ceramics. J Prosthet Dent 2012; 108: 84-95. 

[104]  Song J.-Y., Park S.-W., Lee K., Yun K.-D., Lim H.-P. Fracture strength and 

microstructure of Y-TZP zirconia after different surface treatments. J Prosthet Dent 

2013; 110: 274-80. 

[105]  Spohr A.M., Borges G.A., Júnior L.H.B., Mota E.G., Oshima H.M.S. Surface 

modification of In-Ceram Zirconia ceramic by Nd: YAG laser, Rocatec system, or 

aluminum oxide sandblasting and its bond strength to a resin cement. Photomed Laser 

Surg 2008; 26: 203-8. 

[106]  Stawarczyk B., Keul C., Eichberger M., Figge D., Edelhoff D., Lümkemann N. Three 

generations of zirconia: From veneered to monolithic. Part I. Quintessence Int 2017; 

48. 

[107]  Su N., Yue L., Liao Y., Liu W., Zhang H., Li X., Wang H., Shen J. The effect of 

various sandblasting conditions on surface changes of dental zirconia and shear bond 

strength between zirconia core and indirect composite resin. J Adv Prosthodont 2015; 

7: 214-23. 

[108]  Takagaki T., Lyann S.K., Ikeda M., Inokoshi M., Sadr A., Nikaido T., Tagami J. 

Effects of alumina-blasting pressure on the bonding to super/ultra-translucent zirconia. 

Dent Mater 2019; 35: 730-9. 

[109]  Tara M.A., Eschbach S., Wolfart S., Kern M. Zirconia ceramic inlay-retained fixed 

dental prostheses–first clinical results with a new design. J Dent 2011; 39: 208-11. 

[110]  Thompson J.Y., Stoner B.R., Piascik J.R., Smith R. Adhesion/cementation to zirconia 

and other non-silicate ceramics: where are we now? Dent Mater 2011; 27: 71-82. 

[111]  Tian T., Tsoi J.K.-H., Matinlinna J.P., Burrow M.F. Aspects of bonding between resin 

luting cements and glass ceramic materials. Dent Mater 2014; 30: e147-e62. 



48 
 

[112]  Toraya H., Yoshimura M., Somiya S. Calibration curve for quantitative analysis of the 

monoclinic‐tetragonal ZrO2 system by X‐ray diffraction. J Am Ceram Soc 1984; 67: 

119-21. 

[113]  Traini T., Gherlone E., Parabita S.F., Caputi S., Piattelli A. Fracture toughness and 

hardness of a Y-TZP dental ceramic after mechanical surface treatments. Clin Oral 

Investig 2014; 18: 707-14. 

[114]  Turp V., Tuncelli B., Sen D., Goller G. Evaluation of hardness and fracture toughness, 

coupled with microstructural analysis, of zirconia ceramics stored in environments 

with different pH values. Dent Mater J 2012; 31: 891-902. 

[115]  Vagkopoulou T., Koutayas S.O., Koidis P., Strub J.R. Zirconia in dentistry: Part 1. 

Discovering the nature of an upcoming bioceramic. Eur J Esthet Dent 2009; 4. 

[116]  Valandro L.F., Özcan M., Bottino M.C., Bottino M.A., Scotti R., Bona A.D. Bond 

strength of a resin cement to high-alumina and zirconia-reinforced ceramics: the effect 

of surface conditioning. J Adhes Dent 2006; 8: 175-81. 

[117]  Valverde G.B., Coelho P.G., Janal M.N., Lorenzoni F.C., Carvalho R.M., Thompson 

V.P., Weltemann K.-D., Silva N.R. Surface characterisation and bonding of Y-TZP 

following non-thermal plasma treatment. J Dent 2013; 41: 51-9. 

[118]  Vargas M.A., Bergeron C., Diaz-Arnold A. Cementing all-ceramic restorations: 

recommendations for success. J Am Dent Assoc 2011; 142: 20S-4S. 

[119]  Wang H., Aboushelib M.N., Feilzer A.J. Strength influencing variables on CAD/CAM 

zirconia frameworks. Dent Mater 2008; 24: 633-8. 

[120]  Wegner S.M., Gerdes W., Kern M. Effect of different artificial aging conditions on 

ceramic-composite bond strength. Int J Prosthodont 2002; 15: 267-72. 

[121]  Wille S., Zumstrull P., Kaidas V., Jessen L.K., Kern M. Low temperature degradation 

of single layers of multilayered zirconia in comparison to conventional unshaded 



49 
 

zirconia: Phase transformation and flexural strength. J Mech Behav Biomed Mater 

2018; 77: 171-5. 

[122]  Wolfart M., Lehmann F., Wolfart S., Kern M. Durability of the resin bond strength to 

zirconia ceramic after using different surface conditioning methods. Dent Mater 2007; 

23: 45-50. 

[123]  Yang B., Barloi A., Kern M. Influence of air-abrasion on zirconia ceramic bonding 

using an adhesive composite resin. Dent Mater 2010; 26: 44-50. 

[124]  Yoshida K., Tsuo Y., Atsuta M. Bonding of dual‐cured resin cement to zirconia 

ceramic using phosphate acid ester monomer and zirconate coupler. J Biomed Mater 

Res Part B Appl Biomater 2006; 77: 28-33. 

[125]  Yoshimura M., Noma T., Kawabata K., Sōmiya S. Role of H2O on the degradation 

process of Y-TZP. J Mater Sci Lett 1987; 6: 465-7. 

[126]  Zhang F., Inokoshi M., Batuk M., Hadermann J., Naert I., Van Meerbeek B., Vleugels 

J. Strength, toughness and aging stability of highly-translucent Y-TZP ceramics for 

dental restorations. Dent Mater 2016; 32: e327-e37. 

[127]  Zhang F., Vanmeensel K., Batuk M., Hadermann J., Inokoshi M., Van Meerbeek B., 

Naert I., Vleugels J. Highly-translucent, strong and aging-resistant 3Y-TZP ceramics 

for dental restoration by grain boundary segregation. Acta Biomater 2015; 16: 215-22. 

[128]  Zhang Y., Lawn B.R., Rekow E.D., Thompson V.P. Effect of sandblasting on the long‐

term performance of dental ceramics. J Biomed Mater Res Part B Appl Biomater 

2004; 71: 381-6. 

[129]  Zhao L., Jian Y.-T., Wang X.-D., Zhao K. Bond strength of primer/cement systems to 

zirconia subjected to artificial aging. J Prosthet Dent 2016; 116: 790-6. 

  



50 
 

9. Aknowledgement 

 

I would like to express my deepest thanks, appreciation and gratitude to Prof. Dr. 

Matthias Kern, chairman of the Department of Prosthodontics, Propaedeutics and Dental 

Materials, Christian-Albrechts University at Kiel, for meticulous supervision, constructive 

guidance and his valuable time to make this thesis possible.  

I take the opportunity to send my honest thankful to Dr. Sebastian Wille, in the 

Department of Prosthodontics, Propaedeutics and Dental Materials, Christian-Albrechts 

University at Kiel, for his kind suggestions, counseling, cooperation and scientific supervision 

during this study. 

I would like to thank all staff members at the Department of Prosthodontics, 

Propaedeutics and Dental Materials, Christian-Albrechts University at Kiel who supported 

me. In particular I would like to express my gratitude to Dipl-Ing. Frank Lehmann for his 

guidance and helpful discussion, Mr. Detlev Gostomsky for helping with documentation, and 

Mr. Rüdiger Möller for his great help through the steps of specimen preparation. I would like 

to express gratitude to Dr. Majed Al-Akhali for his valuable help. 

Last but not the least; I would like to gratefully acknowledge Prof. Klaus Rätzke from 

the Institute of Material Science, at the Technical Faculty of the University of Kiel and 

Matthias Dietze from the Institute for Materials and Surface Technology at University of 

Applied Sciences in Kiel for their support with the introduction into the XRD measurements 

and possibility to use the equipment.  

Finally, I would like to also gratefully acknowledge Kuraray Noritake for donating the 

study materials. 

 

  



51 
 

10. Appendix  

Material compositions 

 

 

  

Name   Lot.No. Composition  Manufacture  

Katana HT10  

DPQAY (BFS) 

DLUTX/DMRFH 

(TBS) 

ZrO2 + HfO2 + Y2O3) > 99.0%, 

yttrium oxide (Y2O3) > 4.5%– ≤ 

6.0%, hafnium oxide (HfO2) ≤ 

5.0%, and other oxides ≤ 1.0%  

Kuraray 

Noritake, 

Tokyo, Japan 

Clearfil FII 

New Bond 

Base paste 

 

2F0016 

 

Bisphenol A 

diglycidylmethacrylate <18%, 

hydrophobic aliphatic 

dimethacrylate, silanated silica 

filler, colloidal silica, accelerators, 

pigments 

Catalyst past 2A0015 

Bisphenol A 

diglycidylmethacrylate 5-25%, 

triethylene glycol dimethacrylate 

<7%, silanated silica filler, 

colloidal silica, catalysts, pigments 

Panavia V5 

 

990010 

Bisphenol A 

diglycidylmethacrylate 5-15%, 

triethylene glycol dimethacrylate 

<5%, silanated barium glass filler, 

silanated fluoroalminosilicate glass 

filler, colloidal silica, surface 

treated aluminum oxide filler, 

hydrophobic aromatic 

dimethacrylate, hydrophilic 

aliphatic dimethacrylate, dl 

camphorquinone, initiators, 

accelerators and pigments 

Clearfil 

ceramic 

primer plus 

 

9B0006 

Ethanol>80%,3-

trimethoxysilylpropyl methacrylate 

<5% and 10- 

Methacryloyloxydecyl dihydrogen 

phosphate (MDP) 

Panavia SA 

plus 

 

7U0058 

MDP, Bis-GMA, TEGDMA, 

Hydrophobic aromatic 

dimethacrylate, HEMA, Silanated 

barium glass filler, Silanated 

colloidal silica, dl, 

Camphorquinone, Peroxide, 

Catalysts, Pigments, Hydrophobic 

aliphatic  

dimethacrylate, Surface treated 

sodium fluoride, Accelerators 

Oxyguard II 

 

1B0039 

Glycerol 50-70% , 

polyethyleneglycol, catalysts, 

accelerators,dyes 
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