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For the past 40 years, the metal-ceramic restoration has been used as a reliable 

treatment option for prosthodontic restorations. However, patients and dentists have 

demonstrated an increased interest in and demand for esthetic and biocompatible 

restorative materials. Therefore, all-ceramic restorations have gained popularity. Since 

the introduction of computer- aided design/computer aided machining/milling 

(CAD/CAM) technology into the dental market, the use of yttria-partially stabilized 

tetragonal zirconia polycrystal (Y-TZP) has become more popular for dental applications. 

Y-TZP has excellent mechanical properties. An in-vitro study demonstrated a flexural 

strength of 900 MPa to 1200 MPa and a fracture toughness of 9 MPa to 10 MPa m
1/2 1

. Y-

TZP can be used as a coping material for all-ceramic restorations and fixed partial 

dentures and is further layered with veneering porcelain (VP) to optimize the esthetic 

outcome.  

Long-term clinical results for Y-TZP all-ceramic restorations are not available at 

present. Several studies have evaluated Y-TZP all-ceramic restorations in short and 

medium terms. As a result, a high success rate for all-ceramic restorations has been 

reported when Y-TZP is used as a coping material.
2-7

 However, chipping or cracking of 

the veneering porcelain was reported as the most common complication. Specifically, a 

relatively high rate (13.0 percent and 15.2 percent) of chipping or cracking failure has 

been observed in posterior Y-TZP all-ceramic restorations after 3-year and 5-year 

observation periods.
3,4,8

 On the other hand, the rate of VP fracture on metal ceramic 

restorations has been reported as 2.5 percent after 5 years.
9
 Therefore, the mechanical 
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integrity and bonding strength between the VP and Y-TZP coping is thought to be a key 

factor in making Y-TZP all-ceramic restorations as reliable as metal-ceramic 

restorations.
10,11

 

Several studies have investigated the cause of increased chipping or cracking of 

VP on Y-TZP copings compared with metal copings. The cause of chipping or cracking 

of VP was reported to be multifactorial.
1,10,12

  

A significant difference between the Y-TZP coping and metal coping is the 

adhesion mechanism of zirconia and metal coping materials to VP. While mechanical and 

chemical bonds resulting from suitable metal oxidation and interdiffusion of ions play the 

important role in the metal coping and VP interface, the bonding mechanism of VP to Y-

TZP coping is not well understood.
1
  

The bond strength can be compromised by residual stresses resulting from a 

mismatch of coefficient of thermal expansion (CTE) between the VP and coping.
13

  VP 

with a slightly lower CTE than that of the metal coping is used in metal ceramic 

restorations because the slightly lower CTE generates compressive stresses in the 

veneering porcelain, a material that is weaker against tensile stress.
13

 Likewise, this 

concept has been discussed in numerous studies concerning the VP and Y-TZP coping 

material.
1,10,14,15

 Moreover, to generate acceptable residual stresses within the VP, dental 

manufacturers have made efforts to develop low-fusing veneering porcelain with similar 

CTE to the Y-TZP coping material. Saito et al.
14

  demonstrated in an in-vitro study that 

the bond of VP to a Y-TZP coping can be similar to that of a metal ceramic system with 

matching CTEs. Therefore, similar clinical behavior can be expected for Y-TZP all-
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ceramic restorations when VP with a slightly lower coefficient of thermal expansion, 

compared with that of Y-TZP is used.  

The thermal compatibility is another important factor.
16,17

 Whereas dental metal 

alloys used in metal ceramic restorations have a high thermal conductivity (in the range 

of 300 W m
-1

 K
-1 

for noble alloys), thermal conductivity of the Y-TZP coping materials 

exhibit 2-2.2 W m
-1

K
-1

. Feldspathic VP is in the same range as Y-TZP with a thermal 

conductivity of 2.39 W m
-1

K
-1

.
1
  The difference retards the porcelain cooling rate at the 

interface between VP and Y-TZP coping materials, changing the impact of CTE and 

resulting residual thermal stresses. Guazzato et al.
16

 concluded that crack incidence 

increased with increased porcelain veneer thickness and faster cooling rates in nominally 

compatible porcelain/zirconia systems in the geometrically configured specimens tested. 

Therefore, the design of the framework and the thickness of the VP should be considered 

as important factors of success in Y-TZP all-ceramic restorations during the fabrication 

of bilayered restorations.  

Pure zirconia has three different crystal structures depending on temperature. 

From room temperature to 1170
o
C, the crystal structure is monoclinic; the structure is 

tetragonal between 1170
o
C and 2370

o
C, and cubic above 2370 

o
C up to the melting point. 

Yttrium oxide is a stabilizing oxide added to pure zirconia to stabilize it at room 

temperature and to generate a multiphase material known as partially stabilized zirconia 

(Y-TZP). The high initial strength and fracture toughness of zirconium oxide results from 

a physical property of Y-TZP known as transformation toughening.
3
   

According to Aboushelib et al.
18

 even though the pressable veneer porcelain has 

excellent wetting and bonding strength with the coping material when manifested by a 
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continuous crystalline phase, Y-TZP all-ceramic restorations demonstrated a higher 

percentage of interfacial failure, which showed voids and imperfect connection of 

crystallized phases. The authors suggested that the presence of a monoclinic phase of 

zirconium oxide at the core-veneer interface may be the cause of micro-spaces found at 

the interface.  

In addition, Guazzato et al.
19

 described the tetragonal-monoclinic transformation 

to be accompanied by a generation of localized stresses, which may nucleate microcracks 

in the glass phase of the veneer. Y-TZP all-ceramic restorations are subjected to 

mastication forces in the oral environment. The mastication forces are not static and high, 

but low and repetitive. The fatigue behavior may act on residual stresses leading to not 

only crack propagation but also generation of tetragonal-monoclinic transformation in Y-

TZP. Moreover, stress-generating surface treatments, such as grinding or sandblasting, 

and firing the VP over the Y-TZP coping, are able to trigger the tetragonal to monoclinic 

transformation.
19

 Some studies have mentioned that little monoclinic phase was detected 

in Y-TZP with heat treatment at approximately 900°C after airborne-particle 

abrasion.
20,21

 De Kler concluded
21

 that sintered tetragonal structure was converted to 

monoclinic up to a depth of 27 μm after airborne abrasion, and reversed back to 

tetragonal after porcelain veneering. In other words, heat treatment and the firing process 

caused reverse transformation and release of the compressive stresses. In fact, Doi et al.
20

 

concluded that there is significantly higher debonding/crack-initiation strength with heat 

treatment after airborne-particle abrasion than without. However, Fischer et al.
11

 

concluded that heat treatment significantly decreased the shear strength of both polished 

and sandblasted surfaces. 
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Several studies have reported that the bond strength between Y-TZP coping and 

veneering porcelain is significantly affected by some surface treatments such as air-borne 

particle abrasion, heat treatment, and use of liner porcelain.
11,18,22-24

 However, the 

influence of different surface treatments on the bond strength of veneering porcelain to 

zirconia coping is not clear.  

Another factor to consider is fatigue strength because a fatigue process can be 

started in localized surface areas, leading to monoclinic transformation and resulting in 

microcracks and surface expansion. Moreover, strength values obtained from a 

measurement of the failure load may be quite misleading if they are used to design a 

structure that is subjected to repeated or cyclic loading.
13

 The chipping or cracking of VP 

on Y-TZP copings may develop progressively over many stress cycles after initiation of a 

crack from a flaw or surface condition on the Y-TZP coping. The overall objective of this 

study was to investigate the influence of different surface treatments on veneering 

porcelain shear bond strength to Y-TZP with and without cyclic loading. 

 

PURPOSE OF THIS STUDY 

The goals of this study were: 1) To investigate the influence of surface treatments 

on VP bond strength to Y-TZP, and 2) To investigate the influence of cyclic loading on 

the shear bond strength between Y-TZP and VP. 

 

HYPOTHESES  

         The null hypotheses for this study were: 1) Shear bond strength between Y-TZP 

and veneering porcelain would not be influenced by heat-treatment, airborne-particle 
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abrasion, and heat-treatment after airborne-particle abrasion, and 2) Cyclic loading would 

not affect the shear bond strength between Y-TZP and VP. 

       The alternative hypotheses for this study were: 1) Shear bond strength between Y-

TZP and VP would be increased by surface treatment using heat, airborne-particle 

abrasion, and heat after airborne-particle abrasion, and 2) Cyclic loading would decrease 

the shear bond strength between Y-TZP and VP. 
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YTTRIA-PARTIALLY STABILIZED TETRAGONAL  

ZIRCONIA POLYCRYSTAL (Y-TZP)  

 

Pure zirconia is a polymorphic material and has three different crystal structures 

depending on temperature. From room temperature to 1170
o
C, the crystal structure is 

monoclinic; the structure is tetragonal between 1170 
o
C and 2370 

o
C, and then cubic 

above 2370 
o
C up to the melting point. Yttrium oxide is a stabilizing oxide added to pure 

zirconia to stabilize it at room temperature to control the tetragonal to monoclinic phase 

transformation, which is accompanied by a 3-percent to 4-percent volumetric expansion 

leading to compressive stresses.
25

 Tensile stresses at a crack tip will transform the 

tetragonal phase to the monoclinic phase, and the volumetric expansion creates 

compressive stresses at the crack tip that counteract the external tensile stresses. This 

phenomenon retards crack propagation and is known as transformation toughening.
26

 

Initially, Y-TZP was developed for orthopedic total hip replacement because of 

the excellent mechanical and biocompatibility properties.
27

 In the early 1990s, Y-TZP 

was introduced to dentistry for things such as all-ceramic restoration copings and 

framework materials for implant superstructures.
28,29

 According to both in-vitro and in- 

vivo studies,
30-32

 the excellent mechanical properties allow Y-TZP copings of fixed partial 

dentures to require a relatively small connector area ranging between 7 mm
2
 and 16 mm

2
, 

which is smaller than other all-ceramic core materials, including glass-infiltrated alumina 

with 35-percent zirconia, and lithium disilicate,.  Moreover, it is not necessary to use 

adhesive cementation, and conventional cements such as glass ionomer cements, resin 
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modified glass ionomer cements, and composite resin luting cements are available 

options.
33

  

Y-TZP has a radiopacity comparable to metal copings, which enhances 

radiographic evaluation of marginal integrity, excess cement removal, and recurrent 

decay.
33

 In addition, whereas a small percentage of the patient population is 

hypersensitive to dental alloy containing both noble and base metals, such as palladium 

and nickel, no study has reported local or systemic adverse effects from Y-TZP 

material.
34-36

 Therefore, Y-TZP is thought to be attractive for restorative dentistry 

because of its chemical stability and biocompatibility. 

On the other hand, a disadvantage of Y-TZP compared with any other all-ceramic 

material is its color, white or opaque, which may limit its indications from an esthetic 

stand point. In clinical situations, zirconia copings sometimes require a liner porcelain to 

mask the underlying coping color to improve the esthetics. The liner porcelain reduces 

veneering porcelain thickness, and some studies have reported that liner porcelain may 

decrease the bond strength between Y-TZP coping and VP.
6, 22

 Several zirconia systems, 

such as Cercon (Dentsply Ceramco, York, PA) and Lava (3M ESPE, St. Paul, MN), have 

developed relative translucence and different shades to allow the restorations to be more 

natural.
26

 However, Aboushelib et al.
24

 concluded that mean VP SBS values on colored 

zirconia is lower than on white zirconia. They stated that the addition of coloring 

pigments to zirconia cores resulted in structural changes that require different surface 

treatment before veneering. 
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THE HISTORY OF DENTAL CAD/CAM SYSTEMS 

 According to Miyazaki et al.,
37

 the dental CAD/CAM system has progressed 

through four generations of development. In the early 1970s, Duret et al.
38

 introduced the 

first generation of the dental CAD/CAM system. The intraoral abutment was scanned by 

an intraoral digitizer to create an optical impression. The digital data were collected as 3-

D graphic information. The final crown was designed virtually on the monitor and 

fabricated by milling a block, using a numerically controlled machine. However, the 

system was not widely used because the digitizing, the computer power, and the material 

were not accurate enough to be applied in dentistry. Next, Mormann et al.
39

 developed 

the CEREC system to produce a ceramic inlay restoration using computer-assisted 

technology. A compact intraoral camera was used at the chairside after the inlay 

preparation. Inlay preparation imaging is technically less difficult compared with crown 

abutments. Therefore, the CEREC system has been successful and has led to the technical 

term of CAD/CAM gaining popularity in dentistry. Some studies have reported 

satisfactory long term results of restorations fabricated with the CEREC system.
40,41

 

  In the second generation of dental CAD/CAM systems, manufacturers made 

much effort to fabricate a crown with an anatomical occlusal surface. To improve the 

accuracy, they developed different digitizer systems such as a contact probe,
42

 laser beam 

with a Position Sensitive Detector (PSD), and a laser with a CCD camera.
43

 Additionally, 

the conventional stone model was scanned in the second generation of the dental 

CAD/CAM system by newly developed digitizers instead of a direct intraoral scanner. 

Due to the development, both metallic and ceramic restorations could be fabricated in the 

second generation.
44
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 The Procera system (Nobel Biocare AB, Göteforg, and Sandvik Hard Materials 

AB, Stockholm, Sweden) is a representative third-generation system. This was the first 

application of CAD/CAM in a specialized procedure as part of a total processing system, 

which networked with satellite digitizers worldwide for the fabrication of all-ceramic 

frameworks using industrial dense-sintered polycrystalline alumina.
45

 In this system, the 

working model or wax up on the model was digitized in the dental laboratory. The 

information was sent to a processing center, and the coping was designed and milled on 

the computer.  Subsequently, the milled coping was sent back to the dental laboratory and 

the final restoration was completed. Such networked production systems were innovative 

in dentistry.
46

   

 Thus, prosthetic restorations became a popular application for Y-TZP ceramic due 

to the development of the dental CAD/CAM system. Now, new technology is enhancing 

the use of Y-TZP in the clinic and the ability to obtain accurate intraoral digitizers. In 

fact, some products are now available on the market as the fourth generation of dental 

CAD/CAM system with improved technology.
37

 However, information supporting them 

is still limited. Further investigation is required regarding the accuracy and long-term 

clincial performance.  

 

DESIGN AND MANUFACTURE OF Y-TZP COPINGS 

 Y-TZP copings are designed by either a conventional wax-up technique or 

computer-assisted designing software and can be fabricated with two different materials, 

partially presintered or fully sintered Y-TZP.
30,33,47

 Partially presintered Y-TZP is easy to 

mill or to shape, but must be sintered after milling to achieve the final strength. The 

milled size should be increased to compensate for the prospective shrinkage (20 percent 



13 
 

to 25 percent) that occurs during the final sintering.
30-32

 The milling process is faster, and 

the wear and tear on the milling machine is less than that of fully sintered Y-TZP.
30-32

  In 

contrast, fully sintered Y-TZP is milled to the final dimensions because no final sintering 

is required.
47

 This fully sintered Y-TZP has a lower volume fraction of pores, greater 

strength, and improved resistance to hydrothermal aging.
48

 For example, Lava (3M 

ESPE, St. Paul, MN) uses partially presintered Y-TZP. A die is scanned by a contact-free 

optical process, and the CAD software designs an enlarged coping.
49

 Cercon (Dentsply 

Ceramco, York, PA) requires scanning of a conventional wax-up to design the Y-TZP 

coping made of presintered Y-TZP.
33

 On the other hand, DCS Precident (DCS Dental 

AG, Allschwil, Switzerland) uses fully sintered DC Zircon ceramic.
33,50

 Raigorodski
33

 

reported that proponents of partial sintering believe microcracks could be introduced to 

the copings during the milling procedure for a fully sintered blank; on the other hand, 

advocates of full sintering assert the marginal fits is superior, because no shrinkage is 

involved in the milling process.  

According to Kohorst et al.
48

 when comparing in vitro the load-bearing capacity 

of posterior four-unit fixed partial dentures (FPDs) made with two different Y-TZP 

ceramics, presintered or fully sintered, FPDs made from fully sintered Y-TZP had a 

significantly higher fracture resistance compared with FPDs made from presintered Y-

TZP. However, Kohorst concluded that both types of Y-TZP could be suitable for 

posterior four-unit all-ceramic FPDs, because FPDs made from both materials were 

capable of withstanding occlusal forces as reported in the literature. 
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SURVIVAL RATE AND COMPLICATION OF Y-TZP 

FIXED PARTIAL DENTURES (FPDS)  

 

Long-term clinical results for Y-TZP all-ceramic restorations are not available at 

the present time. Such restorations have been evaluated in short-and medium-term 

studies. The typical survival rates for Y-TZP FPDs range from 73.9 percent to 100 

percent after 3 years to 5 years in service.
2-7

  As a result, a high success rate for all-

ceramic restorations has been reported when Y-TZP is used as a coping material. On the 

other hand, numerous studies have reported the survival rate and complications of metal 

ceramic FPDs for long-term clinical results.
51-55

 Two meta-analysis studies regarding 

metal ceramic FPDs have been reported.
9,56

 According to Scurria et al.
9
 the survival rates 

of metal ceramic FPDs are 92 percent and 75 percent at 10 years and 15 years, when 

failure was defined as FPD removal. When a broader definition of failure was used to 

include FPDs that are removed or that fail, the survival rates are 87 percent and 69 

percent at 10 years and 15 years, respectively.  

However, comparing these data is challenging because of discrepancies in the 

classification or definition of failure and the variability of the materials and systems 

present.
26

 To compare Y-TZP FPDs and metal ceramic FPDs, further investigation is 

required with a more comprehensive definition of failure or a critical assessment of Y-

TZP restorations.  

The most common minor complication among Y-TZP FPDs that did not require 

remaking of the restoration was chipping or cracking limited to VP.
3,4,7,8

  These 

complications obviously differ from metal-ceramic FPDs that fail primarily due to tooth 

fracture and caries. A randomized controlled clinical trial of short-term performance of 

Y-TZP FPDs and metal ceramic FPDs in posterior areas is available.
7
 VP fracture, 
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including chipping, was found in 33.4 percent of the Y-TZP restorations compared with 

19.4 percent of the metal ceramic FPDs. Additionally, Raigrodski
3
 described a 

prospective clinical study of posterior three-unit Y-TZP FPDs over three years. This 

author found the survival rate of Y-TZP FPDs was 100 percent, but that five minor 

chippings of VP were detected among 16 samples, which was approximately 33 percent 

of all of the samples. Another five-year prospective study stated that 15.2 percent of 57 

posterior Y-TZP FPDs showed chipping of the veneering porcelain after five years of 

clinical observation.
4
 It was found that Y-TZP offers sufficient stability as a coping 

material, and that the success rate of Y-TZP copings was 97.8 percent. However, VP 

should be improved to prevent chipping complications.  

On the other hand, the rate of VP fracture on metal ceramic restorations has been 

reported as 2.5 percent after five years.
9
 Therefore, the mechanical integrity and bonding 

strength between the VP and Y-TZP coping are thought to be key factors in making Y-

TZP all-ceramic restorations as reliable as metal-ceramic restorations.
10,11

 

 

INFLUENCE OF SURFACE TREATMENT ON BOND STRENGTH 

 

 Several studies have reported that the bond strength between Y-TZP copings and 

VP is significantly affected by some surface treatments such as air-borne particle 

abrasion, heat treatment, and use of liner porcelain.
11,18,22-24

 However, the influence of 

different surface treatments on the bond strength of veneering porcelain on zirconia 

copings is not clear.  

 In terms of application of liner porcelain, Aboushelib
10

 reported that the 

microtensile bond strength of the Cercon coping with VP was significantly weaker if 

liner porcelain was not applied. On the other hand, Kim et al.
22

 stated that the liner 
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porcelain application significantly decreases the shear bond strength compared with 

airborne particle abrasion. Tinschert et al.
6
 stated the liner porcelain application can 

significantly weaken bond strength and increase the percentage of interfacial failures 

between coping and pressable veneer ceramic. Moreover, some studies concluded the 

influence of liner porcelain application on bond strength is dependent upon the zirconia 

material used.
18,23

 

Airborne particle abrasion is used to increase surface roughness and the wetting 

ability of Y-TZP to enhance the bond strength.
23

 Some studies have reported that air-

borne particle abrasion was found to decrease the percentage of interfacial failure 

pattern.
10,22

 On the other hand, Fischer et al.
11

 suggested that airborne particle abrasion 

was not an essential surface pretreatment to enhance bond strength. Aboushelib et al.
18

 

suggested that the presence of a monoclinic phase of zirconium oxide at the core-veneer 

interface resulting from stress-generating surface treatments, such as grinding or 

sandblasting, may be the cause of microspaces found at the interface. In addition, 

Guazzato et al.
19

 found that tetragonal-monoclinic transformation is accompanied by a 

generation of localized stresses, which may nucleate microcracks in the glass phase of the 

veneer.   

Some studies have investigated the effect of heat treatment after airborne particle 

abrasion on the Y-TZP surface area.
11,20,21 

They stated the heat treatment at 

approximately 900°C and the firing process caused reverse transformation and release of 

the compressive stresses,  so that phase transformation resulting from airborne particle 

abrasion does not affect the bond strength between Y-TZP copings and veneering 

porcelain. In fact, Doi et al. concluded
20

 that there is significantly higher 
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debonding/crack-initiation strength with heat treatment after airborne-particle abrasion 

than without. However, Fischer et al.
11

 concluded that heat treatment significantly 

decreased the shear strength of both polished and sandblasted surfaces. 

Of additional interest is the influence of airborne particle abrasion on mechanical 

strength of Y-TZP. Numerous studies have investigated this influence.
19,47,57

 Most of the 

studies describe that even though airborne particle abrasion can initiate some defects or 

microcracks on the Y-TZP coping resulting in influence on the mechanical strength, it is 

thought to be a process that can induce phase transformation that results in transformation 

toughening without the use of high temperatures or the creation of severe surface damage 

of the coping.
23,25,47
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In this study, shear bond  testing was performed, investigating the influence of 

different surface treatments on the Y-TZP-VP bonding with or without cyclic loading.    

Forty-eight yttrium-stabilized tetragonal zirconia polycrystal ceramic specimens 

(Diazir
TM

 Full Contour Zirconia, Ivoclar Vivadent, Amherst, NY) (TABLE I) were 

manufactured using a CAD/CAM machine (Sirona InLab MC XL, Sirona Dental Systems 

LLC, Charolotte, NC). The zirconia material was supplied by the manufacturer in large 

disk-shaped blocks. Small zirconia blocks (10 × 10 × 10 mm
3
) were prepared using a 

band saw. Next, the samples were placed in a furnace (Pyro oven, HD Justi Co., Oxnard, 

CA) at 135°C for 30 minutes to remove moisture. The zirconia samples were then milled 

to the required shape and dimensions (6 mm in diameter and 4 mm in height) (Figure 1, 

Figure 2). Subsequently, the specimens were sintered in a high-temperature furnace 

(Programat S1, Ivoclar-Vivadent, Buffalo, NY) at 1500˚C for 8 hours. The material is 

known to experience 19.264-percent shrinkage during sintering. The computer software 

compensates for this shrinkage during milling to produce finished specimens of the 

proper size. In addition, all the materials were ground on one side with a #320 diamond 

paper while water-cooling in order to produce a condition similar to that of milled 

zirconia coping (Figure 3). The specimens were cleaned in an ultrasonic bath containing 

acetone for 15 minutes (Figure 4). 

The specimens were divided into four groups containing 12 specimens each  

according to surface treatment. As a control group (C), no further treatment was applied 

to the specimens after grinding. Group H was heat-treated in the furnace (Cerampress 
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QEX, Dentsply Prosth, York, PA) with an increasing rate of 55°C/min from 650°C to 

1000°C as a pretreatment according to the manufacturer’s recommendations (Figure 5, 

Figure 6). Group S was airborne-particle abraded with 50-µm alumina (Al2O3) particles 

under a pressure of 0.4 MPa for 10 seconds in a direction perpendicular to the surface and 

at a distance of 10 mm using an airborne-particle abrasion device (Sandstorm Expert, 

Vaniman Co, Fallbrook, CA) moved over the surface to abrade it as evenly as possible 

(Figure 7, Figure 8). In the group SH, the heat-treatment was performed after the 

airborne-particle abrasion. All specimens were cleaned in an ultrasonic bath containing 

acetone for 15 minutes.  

On the prepared surface of each specimen, a veneering porcelain cylinder was 

applied using a custom-made split silicone mold (Figure 9, Figure 10). Porcelain powder 

(Vintage ZR, Shofu, Japan) (Table I) was mixed with the appropriate amount of distilled 

water and added to build a cylinder 2.4 mm in diameter and 2 mm in height (Figure 11 to 

Figure 14). Excess water was removed with tissue paper. Firing was performed in a 

calibrated porcelain furnace with an increasing rate of 45°C/min from 650°C to 910°C 

according to the manufacturer’s recommendations. A second firing was required to 

compensate for the porcelain shrinkage that occurred during the first firing (Figure 15, 

Figure 16).  

Each specimen was embedded in an acrylic resin mold with type 4 stone. For an 

adequate positioning perpendicular to horizontal plane, the specimens were set up, using 

a custom-made plastic plate (0.5-mm thickness) and a special device (Figure 17 to Figure 

20). The 12 specimens for each group were randomly divided into two subgroups of six 

specimens, either with or without cyclic loading, before the shear bond strength test. The 
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cyclic loading subgroup was subjected to fatigue testing under cyclic loading in a 

mechanical cycling machine (Electropuls 3000, Instron, Norwood, MA) (Figure 21). The 

specimens were securely mounted in a steel-supporting vice and a custom-made acrylic 

resin mold (Figure 22). A cylindrical loading jig with a 10-mm diameter axially induced 

10 N loads for 10,000 cycles with a frequency of 1.0 Hz. The cycling was conducted at 

room conditions (Figure 23, Figure 24). 

 

SHEAR BOND STRENGTH TEST  

All specimens were mounted and placed in a shear-testing device with a 

semicircular loading surface (2.4 mm in diameter). The shear bond strength was 

determined using a screw-driven universal testing machine (Sintech ReNew 1123, MTS, 

Shakopee, MN) at a crosshead speed of 0.5 mm/min (Figure 25 through Figure 27). The 

shear bond strength was calculated using the following formula: Shear bond strength 

(MPa) = Load (N)/area (mm
2
).  

 

The Mode of Failure 

Failure mode was observed and classified into three categories: interfacial failure 

(at the interface between VP and Y-TZP coping), cohesive failure (within the VP), and 

combination failure (interfacial and cohesive failures). The observation was made with an 

optical microscope (Measurescope UM-2, Nikon, Japan) at X40 magnification after shear 

bond strength testing.  

 

Statistical Analyses 

Summary statistics (mean, standard deviation, standard error, median, 1
st
 and 3

rd
 

quartiles, minimum, and maximum) were calculated for the shear bond strength data for 
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each of the four surface treatment groups with and without cyclic loading. The effects of 

heat treatment, particle abrasion, and cyclic loading on shear bond strength were 

evaluated using three-way ANOVA, followed by pair-wise group comparisons using the 

Sidak multiple comparisons procedure at an overall 5-percent significance level. Due to 

the non-normal distribution of the bond strength measurements, the ANOVA was 

performed using the ranks of the data. 

 

Sample Size Justification 

Based on previous studies,
1,11,14

 the standard deviations were expected to be 4 

MPa for shear bond strength. With a sample size of six specimens per surface treatment 

group with and without cyclic loading, the study was designed to have 80-percent power 

to detect a difference of 9.8 MPa between any two surface treatments with and without 

cyclic loading, assuming two-sided tests conducted at an overall 5-percent significance 

level. 
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The original mean values for each of the four surface treatment groups with and 

without cyclic loading are presented in Table II. There were some outliers in every group, 

so Table III shows the adjusted values using the ranks of data due to the non-normal 

distribution of the bond strength measurements. The highest mean shear bond strength 

was recorded for the air-particle abrasion group without cyclic loading (34.1 ± 10 MPa). 

The lowest mean shear bond strength was for the air-particle abrasion group with cyclic 

loading (10.7 ± 15.4 MPa). Two specimens in the air-particle abrasion group with cyclic 

loading showed complete delamination of VP during the fatigue loading, and the shear 

bond strength of these specimens were calculated as 0.0 MPa.  

 The ranks of data in the ANOVA were used to treat it essentially as a 

nonparametric analysis. The three-way ANOVA showed no statistically significant effect 

of surface treatment and cyclic loading on shear bond strength. Sidak multiple 

comparisons procedure was performed to make all pair-wise group comparisons among 

the eight subgroups in the present study (Table IV, Table V). There was no significant 

effect of air-particle abrasion overall (p = 0.39) or for any heat treatment or cyclic loading 

combination (p > 0.26). There was no significant effect of heat treatment overall (p = 

0.28) or for any cyclic loading or air-particle abrasion combination (p > 0.06). Cyclic 

loading specimens had significantly lower shear bond strength than non-cyclic loading 

specimens after air-particle abrasion without heat treatment (p = 0.0126). Cyclic loading 

had no effect for any other heat treatment or air-particle abrasion combination (p  > 0.40).  



25 
 

 The results of failure mode were classified into three categories, interfacial, 

cohesive, and combination. All the specimens showed a combination of interfacial and 

cohesive failure independent of the surface treatment and with or without cyclic loading.  
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TABLE I 

Materials used in this study 

Material  Brand Name Manufacturer Component 

Zirconia  Diazir
TM

 Full 

Contour Zirconia 

Ivoclar vivadent, 

Amherst, NY 

ZrO2 (>94%),  

Y2O3 (5.15%) 

Al2O3 (<0.1%) 

HfO2 (<3.0%) 

Veneering 

porcelain 

Vintage ZR Shofu, Japan, SiO2, Al2O3, K2O, 

Na2O, CaO, B2O3, 

Pigment, and 

Fluorescence 
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TABLE II 

Means of shear bond strength  

Fatigue Heat Particles N Mean (SD) Min Q1 Median Q3 Max 

n n n 6 31.2 (14.5) 8.8 24.5 31.9 37.9 51.9 

n n y 6 42.8 (6.6) 36.8 37.6 40.25 50.4 51.2 

n y n 6 37.4 (15.2) 17.5 18.9 43.45 48.3 52.5 

n y y 6 28.8 (13.3) 2.6 28.8 33.35 35.4 39.3 

y n n 6 34.0 (9.6) 16.5 29.7 38.1 40.1 41.6 

y n y 6 12.2 (18.5) 0 0 2 24.3 44.7 

y y n 6 37.4 (11.0) 18.6 33.3 38.3 46.8 49 

y y y 6 36.0 (13.0) 9.8 37.6 41.2 43 43.3 

*Q1 is the 1
st
 quartile (25% of the data are less than Q1). Q3 is the 3

rd
 quartile (75% of 

the data are less than Q3). 

 

 

TABLE III 

Means of shear bond strength – ranks of bond strength measurements  

Fatigue Heat Particles N Mean (SD) Min Q1 Median Q3 Max 

n n N 6 21.3 (14.6) 6 13 17 28 47 

n n y 6 34.1 (10.0) 24 25.5 32 45 46 

n y n 6 31.2 (16.9) 9 11 38 43 48 

n y y 6 17.5 (8.2) 4 15 18 21 29 

y n n 6 23.8 (10.2) 8 16 27 31 34 

y n y 6 10.7 (15.4) 1.5 1.5 4 12 41 

y y n 6 28.2 (13.7) 10 18 27.5 42 44 

y y y 6 29.3 (12.0) 7 25.5 33 38 39 

*Q1 is the 1
st
 quartile (25% of the data are less than Q1). Q3 is the 3

rd
 quartile (75% of 

the data are less than Q3). 
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TABLE IV 

The three-way ANOVA  

Effect Num DF Den DF F Value p-value 

Fatigue 1 40 0.67 0.4194 

Heat 1 40 1.18 0.2848 

fatigue*heat 1 40 3.96 0.0535 

Particles 1 40 0.76 0.3885 

fatigue*particles 1 40 0.56 0.4583 

heat*particles 1 40 0.67 0.4194 

fatigue*heat*particles 1 40 7.44 0.0094 
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TABLE V 

      Pair-wise group comparisons 

      for fatigue, heat and particles  

   

 

 

 

Heat Particles p-value 

n n 0.9954 

n y 0.0126 

y n 0.9907 

y y 0.4082 

 

Fatigue Particles p-value 

all all 0.2848 

n all 0.7750 

y all 0.0702 

all n 0.3385 

all y 0.9777 

n n 0.5794 

n y 0.1214 

y n 0.9640 

y y 0.0660 

 

Fatigue Heat p-value 

all all 0.3885 

n all 0.9953 

y all 0.4503 

all n 0.9990 

all y 0.4220 

n n 0.3292 

n y 0.2655 

y n 0.2991 

y y 0.9998 
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FIGURE 1. Macrophotograph of Y-TZP specimens. 

 

 

 

 

FIGURE 2. Illustration of Y-TZP specimen surface. 
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FIGURE 3. Demonstration of polishing of Y-TZP specimens 

with water cooling.  

  

 

 

     FIGURE 4. Illustration of cleaning of specimens in an ultrasonic bath containing 

acetone. 
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FIGURE 5. Cerampress QEX, (Dentsply Prosth) 

used for firing VP and heat treatment. 

 

 

 

 

FIGURE 6. Illustration of heat treatment of Y-TZP specimens. 
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FIGURE 7. Illustration of customized plastic box 

to abrade Y-TZP as evenly as possible. 

 

 

 

FIGURE  8. Illustration of air borne particle abrasion of Y-TZP 

with the customized plastic box. 
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FIGURE 10. Illustration of a custom-made split silicone mold. 

 

 

Custom-made split 

silicone mold 

Y-TZP 

FIGURE 9.  Veneering porcelain by custom-made split silicone mold. 
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FIGURE 11.  Illustration of veneering porcelain (Vintage ZR, Shofu)  

mixed with the appropriate amount of distilled water.                               

 

 

 

 

FIGURE 12.  Illustration of applying of veneering porcelain with the split silicone mold.  
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FIGURE 13. Illustration of building up of veneering porcelain. 

 

 

 

 

FIGURE 14.  Illustration of veneering porcelain cylinder. 

                                                 on the Y-TZP specimen. 
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FIGURE 15. Illustration of firing the veneering porcelain.  

 

 

 

 

FIGURE 16. Illustration of fired veneering porcelain on the Y-TZP. 
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FIGURE 17. Illustrations of perpendicular positioning, using custom-made plastic 

plate.  (A) Setting of specimen on the foundation, (B) Setting of the 

plastic plate, (C) Setting of the acrylic resin mold on the plastic plate. 

 

  

(A) 

(B) 

(C) 
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FIGURE 18. Illustrations of mounting of specimens in the acrylic resin mold by 

using a paralleling device. (A) Setting the specimen on the special device. 

(B) Mounting of the specimen. 

 

   

 

(A) 

(B) 
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FIGURE 19. Illustration of the specimen embedded  

                             in the acrylic resin mold with type 4 stone. 

 

                               

 

FIGURE 20. Macrophotograph of horizontal view of embedded specimen. 
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FIGURE 21. Illustration of mechanical cycling machine (Electropuls 3000, Instron). 

 

 

                                 

 

FIGURE 22. Illustration of mounted specimens secured in a custom-made acrylic resin.  
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FIGURE 23.  Illustration of a steel supporting vice  

                     on the mechanical cycling machine. 

 

 

 

FIGURE 24. Illustration of a cylindrical loading jig.  
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FIGURE 25. Illustration of universal testing machine (Sintech ReNew 1123, MTS)  

with mounted specimen. 

 

 

 

  

FIGURE 26.  Macrophotograph of specimen placed in a shear testing device 

with a semicylindrical loading surface.  
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Acrylic resin 

mold 

Type 4 

stone 

 Semicylindrical jig 

Veneering porcelain 

FIGURE 27. Shear bond strength test. 
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DISCUSSION 
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SHEAR BOND STRENGTH 

Adequate bond strength between veneering porcelain and metal coping of metal 

ceramic restorations has been considered to be greater than 25 MPa.
58

 The bond strength 

measurement was determined by the Organization of Standardization by using three-point 

bending tests and the mean debonding strength/crack initiation strength.
59

 However, the 

test setup cannot be applied to all ceramic restorations due to the brittleness of the all 

ceramic coping.
60

 There are several tests to measure the bond strength of all ceramic 

restorations in the literature, such as the shear bond strength test, the Schmitz-Schulmeyer 

test, three- and four-point loading tests, the biaxial flexure strength test, and the 

microtensile bond strength test.
1,10-12,14,18,22,61

 However, each test method has its 

advantages and disadvantages, and a common limitation of those tests is the difficulty of 

applying failure load to the specimen surface in the specific test setup. As a result, the 

standardized test for bond strength and adequate bond strength of all ceramic restorations 

has not been determined. In the present study, the shear bond strength test was selected 

because this test is relatively simple, easy to perform, and can simulate shear stresses, 

which are significant contributors to deterioration and bonding failure of restorative 

materials.
61

 However, some aspects should be considered including storage conditions, 

types of substrate, specimen preparation, rate of load application, cross-section surface 

area, and experience of the researcher.
12

  

In comparison with other studies
12,14

 using the same test design and surface 

conditions to measure the shear bond strength, bond-strength values obtained in the 
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present study for the air-particle abrasion group and the heat treatment group without 

cyclic loading are in the same range as those reported previously. However, Kim et al.
22

 

reported the mean shear bond strength of VP to Y-TZP zirconia coping ground on the Y-

TZP surface with a #320 diamond paper was 32.08 MPa, which was significantly higher 

than the control group shear bond strength obtained in this study. In the present study, 

different manufactured products of Y-TZP and VP were used, yttrium-stabilized full-

contour zirconia  (Diazir
TM

 Full Contour Zirconia, Ivoclar Vivadent, Amherst, NY) and 

porcelain powder (Vintage ZR, Shofu, Tokyo). The CTE of the Y-TZP coping (10.6 × 

10
-6

/°C) was slightly higher that of the VP (9.4 × 10
-6

/°C). An acceptable CTE of VP was 

reported to be approximately 1.0 × 10
-6

/°C below the CTE of the Y-TZP.
62,63

 In addition, 

Saito et al. stated that there was no correlation of shear bond strength with CTE mismatch 

between Y-TZP coping and five VP for zirconia used in the range of 1.0-1.7 × 10
-6

/°C.
14

 

Therefore, the combination of VP and Y-TZP products used in the present study is in 

agreement with those results of previous studies in terms of the CTE difference. 

However, the correlation between the VP and Y-TZP used in the present study with 

microstructural composition or properties is not clear. 

The Y-TZP specimen size and shape used in a previous study were different from 

that of the present study, e.g. previously used square-shaped (5 × 10 × 10 mm
3
) 

specimens versus cylindrical-shaped (6 mm in diameter and 4 mm in height) blocks in the 

present study. The volume of Y-TZP coping used in the cited study was four times larger 

than the one in this study, so that the greater volume of the Y-TZP coping may slow 

down the sintering process and the cooling of the VP because of the greater heat capacity. 

The thickness ratio of the Y-TZP coping and VP was reported as one of key factors to 
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prevent the failure in the development of thermal residual stresses.
64

 Considering that the 

nominal Y-TZP/VP thickness ratio of fixed restorations in clinical situations is 0.5 mm to 

1.0 mm, the ratio used in this study may be more relevant clinically for cooling-rate 

differences.   

According to a literature review by Denry,
65

 it is clear that one physical factor 

plays a significant role in the mechanism of chipping fracture, mainly residual stresses. 

There are three effects that are key contributors to the development of the residual 

stresses: 1) CTE mismatch, 2) Cooling rate, 3) a stress induced phase transformation of 

Y-TZP. Nevertheless, it was reported that an optimal Y-TZP/VP thickness ratio is 

difficult to establish owing to the complex geometry of Y-TZP restorations.
66

 Therefore, 

the author concluded that further investigations of microstructural analyses of the 

interface between VP and Y-TZP coping are required to better establish the role of pre-

existing proper stresses induced from the thermal expansion due to the phase 

transformation, as well as intergranular stresses on the transformability of Y-TZP.
65

  The 

effect of microstructural composition and property of Y-TZP and VP should be 

considered. 

 

SURFACE TREATMENT 

The first hypothesis, that shear bond strength between Y-TZP and VP would be 

increased by zirconia surface treatment using airborne-particle abrasion, heat treatment, 

and heat treatment after airborne-particle abrasion, was rejected, because there was no 

statistically significant effect for the shear bond strength according to the surface 

treatment in this study.  
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On the effect of air-particle abrasion, the mean SBS value of the air-particle 

abrasion group without cyclic loading was higher than the control group in this study, but 

there was no significant effect of air-particle abrasion overall from the results of the pair-

wise tests. This finding was comparable to previous studies.
11,23

 Fischer et al. stated that 

no differences in SBS were found between the polished and sandblasted surfaces with 

three out of five ceramics. Consequently, surface roughness as created by sandblasting 

was not necessary to enhance bond strength.
11

 In contrast, some studies have reported 

that airborne particle abrasion was found to decrease the percentage of interfacial failure 

pattern.
10,22

 However, the results in the aforementioned studies could not be compared 

with those in this study, given that one of the authors used a different bond strength test 

and microtensile bond strength test. Moreover, the latter’s study design did not give data 

for the polished surface group and the air-particle abrasion group separately.
10

 

Additionally, another study concluded that significant differences were found between 

air-particle abrasion groups and a liner-applied group, but the zirconia-surface-treated 

groups did not show a significant difference compared with the control group.
22

  

The result of the failure modes was that all the specimens showed a combination 

of interfacial and cohesive failure in spite of the surface treatment and with or without 

cyclic loading. The interfacial failure pattern has been related to the increased stresses 

resulting from the difference of the elastic moduli between Y-TZP coping and VP.
67

 

Some studies described that the failure mode is greatly affected by not only the test 

methodology but also the mismatch of CTE.
61,68,69

 Moreover, air-particle abrasion has 

been suggested to compromise the mechanical strength of the VP by initiating surface 

defects on the Y-TZP coping that lead to interfacial failure as stress concentration 
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sources.
67,70

 Different wetting conditions or different surface energies should be 

considered to improve the interfacial bond strength as well.  

Air-particle abrasion is likely to trigger the phase transformation of Y-TZP. The 

fracture toughness of the material after the phase transformation is dependent on the 

amount of tetragonal phase retained. In other words, the important consequence of the 

phase transformation is the development of surface compressive stresses at the surface.
65

 

Kosmac et al. reported that air-particle abrasion is more effective than grinding in 

inducing the phase transformation.
25

 The efficacy of the phase transformation depends on 

the mean grain size, and larger grain size results in more.
71

 

However, the monoclinic phase created by the air-particle abrasion or grinding 

was suggested to lead to tensile stress in the VP because of the quite low CTE of the 

monoclinic phase.
11

 The tensile stress would cause VP fracture. Therefore, heat treatment 

was recommended to cause the reversal of the monoclinic phase to the tetragonal phase.
72

 

Based on the results of the present study, there was no significant effect of heat treatment 

overall, which is in agreement with a previous study.
11

 In contrast, some studies have 

reported that heat treatment in the temperature range 850˚C to 1000 ˚C induces the 

reverse transformation as does the heat generated during grinding.
73,74

 Therefore, Fischer 

concluded that even if heat treatment can relax the compressive stresses at the surface, 

microcracks did not close at this temperature. As a result, the overall of strength 

decreased, affecting the SBS of the VP adjacent to the interface.
11

  

According to Denry,
65

 mechanical and thermal residual stresses were shown to 

play an important role in the mechanical performance of Y-TZP restorations. The 

mechanical residual stress results from grinding or air-particle abrasion, and the thermal 
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residual stress is developed from the veneering process or heat treatment. It is assumed 

that the effect of mechanical retention from air-particle abrasion may not overweigh the 

influence of the mechanical and thermal residual stresses with the mechanical defects. 

Further investigations of how the surface treatment influences thermal and mechanical 

residual stress for bonding strength are required.  

 

CYCLIC LOADING 

In the present study, cyclic loading specimens had significantly lower shear bond 

strength than non-cyclic loading specimens after air-particle abrasion without heat 

treatment. The second hypothesis, cyclic loading would decrease the shear bond strength 

between Y-TZP and VP, was at least partially accepted. According to Harding et al.,
75

 

cyclic loading did not affect bond strengths, regardless of surface treatment including air-

particle abrasion. However, in the previous study, microtensile bond strength testing was 

completed with pressable veneer porcelain instead of layering veneer porcelain on the Y-

TZP. As a consequence, the previous study cannot be compared with the results of the 

present study.  

The cyclic loading parameters used in this study were a 10 N load and 10,000 

cycles. Physiological chewing forces have been found to range between 20N and 120N, 

depending on the food consistency.
76

 Kim et al. reported that inner cone crack formed for 

VP/Y-TZP bilayers at 10,000 cycles and the cracks reached the interface after 50,000 

cycles.
77

 The size of specimens was much smaller than normal crown sizes in clinical 

situations, and the aim of this study was to evaluate shear bond strength and the effect of 

surface treatment without specimen fracture prior to the shear bond strength. Therefore, 

the loading protocol used in the present study was developed as mentioned previously.  
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Failure a few years after cementation is more likely to involve subcritical crack 

growth (SCCG) and cyclic fatigue.
65

 SCCG is defined as occurring at stresses below the 

critical value until the crack reaches its critical length leading to fast failure. Specifically, 

it has been reported that all ceramic restorations are indeed susceptible to the SCCG in 

the humidity of the oral environment.
78,79

 As mentioned previously, air-particle abrasion 

induces mechanical defects, mechanical residual stresses, and phase transformations on 

the Y-TZP surface. When subjected to cyclic fatigue, the mechanical defects due to air-

particle abrasion may be origins of failure as foci of stress concentration and residual 

stress within the interface. Moreover, the phase transformation due to the air-particle 

abrasion may cause SCCG and volumetric expansion of the Y-TZP surface  as a result of 

the fatigue loading.  

In the present study, there was a significant difference in shear bond strength with 

air-particle abrasion between with- and without-cyclic loading groups. This difference 

suggested that air-particle abrasion should be avoided in clinical situations as a surface 

treatment without heat treatment. Moreover, there are numerous studies concluding that 

bond strength of Y-TZP restorations can be comparable to one of metal ceramic 

restorations. Consequently, similar clinical performance of Y-TZP restorations is 

expected when compared with metal ceramic restorations. However, based on the results 

of this study, cyclic fatigue may need to be considered with measurements of the bond 

strength test results when attempting to predict clinical performance.  

The design of the present study has several limitations for comparing the findings 

with the clinical situations. In the present study, the standard deviations of the shear bond 

strength data were greater than other studies. According to Al-Dohan,
12

 a curved knife 
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wrapping around the cylinder shape of VP was recommended to minimize load 

concentration. However, a semi-cylinder shape of jig was used for shear bond strength 

test in this study. The occurrence of non-uniform interfacial stress by the semi-cylindrical 

shape of the jig may ascribe to the greater standard deviations of data. Moreover, some 

studies have reported that the application of liner porcelain affects the shear bond 

strength as a surface treatment as well.
10,18,22,23

 To avoid the high chipping or cracking 

rates of VP on the Y-TZP coping, further investigations are necessary, such as studies on   

microstructural property, wetting property, residual stress, and impact fatigue.  
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SUMMARY AND CONCLUSIONS 
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Within the limitations of this in-vitro study, the following conclusions could be 

drawn: 

1. Shear bond strength between Y-TZP and VP is not affected statistically by 

surface treatment using heat treatment, airborne-particle abrasion, and heat treatment 

after airborne-particle abrasion.  

2. There is a significant difference of shear bond strength with air-particle 

abrasion between with- and without-cyclic loading groups. This difference suggests that 

air-particle abrasion should be avoided in clinical situations as a surface treatment 

without heat treatment. 
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INFLUENCE OF SURFACE TREATMENT ON VENEERING 

PORCELAIN SHEAR BOND STRENGTH TO ZIRCONIA 

AFTER CYCLIC LOADING 

 

 

by 

Atsushi Nishigori 

 

Indiana University School of Dentistry 

Indianapolis, Indiana 

 

Statement of problem: Yttria-partially stabilized tetragonal zirconia polycrystal 

(Y-TZP) all-ceramic restorations have been reported to suffer from chipping or cracking 

of the veneering porcelain (VP) as the most common complication. There is little 

information in the literature regarding the influence of surface treatment on VP shear 

bond strength to Y-TZP after cyclic loading.  Purpose of this study: The goals of this 

study were 1) To investigate the influence of zirconia surface treatments on veneering 

porcelain shear bond strength, and 2) to investigate the influence of cyclic loading on the 

shear bond strength between VP and Y-TZP. Materials and Methods: 48 cylinder–shaped 

specimens (6 mm in diameter and 4 mm in height) were divided  into four groups 

containing 12 specimens each according to the surface treatment. As a control group (C), 

no further treatment was applied to the specimens after grinding. Group H was heat-
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treated as a pretreatment according to the manufacturer’s recommendations. Group S was 

airborne-particle abraded with 50-µm alumina (Al2O3) particles under a pressure of 0.4 

MPa for 10 seconds. In the group SH, the heat-treatment was performed after the 

airborne-particle abrasion. A VP cylinder (2.4 mm in diameter and 2 mm in height) was 

applied and fired on the prepared Y-TZP specimens. The shear bond strength was tested 

using a universal testing machine. Six specimens from each group were subjected to 

fatigue (10,000 cycles, 1.5Hz, 10N load) before testing. Results: The three-way ANOVA 

showed no statistically significant effect of surface treatment and cyclic loading on shear 

bond strength. The highest mean shear bond strength was recorded for the air-particle 

abrasion group without cyclic loading (34.1 + 10 MPa). The lowest mean shear bond 

strength was the air-particle abrasion group with cyclic loading (10.7 + 15.4 MPa). Sidak 

multiple comparisons procedure demonstrated cyclic loading specimens had significantly 

lower shear bond strength than non-cyclic loading specimens after air-particle abrasion 

without heat treatment (p = 0.0126) Conclusion: Within the limitations of this study 1) 

Shear bond strength between Y-TZP and VP is not affected statistically by surface 

treatment using heat treatment, airborne-particle abrasion, and heat treatment after 

airborne-particle abrasion; 2) There is a significant difference in shear bond strength with 

air-particle abrasion between with and without cyclic loading groups. This difference 

suggested that air-particle abrasion should be avoided in clinical situations as a surface 

treatment without heat treatment.
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