
INTRODUCTION

Zirconia ceramics (henceforth abbreviated as “zirconia”) 
are biomaterials that exhibit superior strength and 
toughness1-4). In the field of dentistry, zirconia is applied 
to frameworks for esthetic crown prostheses including 
all-ceramic dental restorations in a clinical setting. 
Zirconia-based frameworks have recently attracted 
increased attention as materials that exhibit functional 
performance and strength equal to that of metal 
frameworks because simple crowns and even bridges for 
one to two missing teeth can be restored using zirconia-
based frameworks5-11).

Esthetic restorations in dentistry are performed 
by cutting the tooth enamel and attaching crown and 
bridge. Therefore, the concept of esthetic restoration 
is different from that of minimal intervention (MI), 
which is used for regenerative soft tissue and organs. In 
recent developments in MI esthetic restoration, enamel 
is not cut as soon as possible, and the cut enamel and 
dentinal surfaces are bonded with adhesive. As a result, 
the increased acid resistance of the tooth substance can 
prevent secondary caries due to leakage and prevent 
discoloration of margins after restoration with ceramic 
and resin composites12-14).

If layering porcelains15,16) and hybrid resin17-20) for 
dental crowns can be established as techniques that 
provide strong adhesion to zirconia-based frameworks, 
they can guide the selection of safe, reliable treatment 
measures based on using prosthetic crowns to apply 
zirconia in esthetic restoration. If restoration materials 
are used in compliance with demand from patients,  
metal-free crowns and bridges will have wider 

application. In addition, technological developments 
based on computer-aided design/computer-aided 
modeling (CAD/CAM) systems can lead to higher quality 
restoration devices, standardized processing accuracy, 
a simplified production process, and an improved 
laboratory environment for dental technicians21,22). 
Although it has been difficult to reproduce natural 
tooth color on frameworks because of high luminosity 
(white color) and flexibility, elaborate shades can be 
produced by staining the surface of the framework with 
coloring agents, achieving high esthetic quality even for 
the anterior teeth23,24). Although it has previously been 
reported that the mechanical properties of zirconia-based 
frameworks deteriorate after colors are reproduced on 
the frameworks by chemical conjugation formed during 
burning after the frameworks have been sintered in a 
solution of coloring agents25-27), there are few reports on 
the mechanism of the deterioration of the mechanical 
properties. It is also necessary to determine the changes 
in the properties of the zirconia surface due to the use of 
coloring agents applied during sintering. 

Few studies have investigated degradation and much 
is yet to be understood about this process; therefore, no 
there is no consensus about this process. We conducted 
basic physical experiments to collect evidence for 
understanding the mechanism underlying degradation.

With the aim of clarifying how coloring and colorants 
during sintering affect the flexure strength and fracture 
toughness of zirconia ceramics, the present study 
comprised a 3-point bending test of colored samples in 
which the load and bending strength were measured 
up to the point of fracture. Changes in surface texture 
of the colored samples were also observed, along with 
scanning electron microscopy (SEM) observation of the 
form of indentations and shape of cracks.
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Table 1	 Name, code, manufacture, Lot No., and zirconia composition

Name Code Manufacturer Lot number Composition

Zirconium Soft ZS Kavo 100921645 3 wt%Y, 97 wt%ZrO2

Vita In-Ceram 2000
YZ Coloring Liquid
LL 1,3,5

VL1
VL3
VL5

VITA
26200
24030
16870

—

IPS e.max ZirCAD
Shade 1,3,4

IS1
IS3
IS5

Ivoclar
Vivadent

L18684
L08537
L05159

—

Fig. 1	 Zirconia block (a) and zirconia test piece (b) and dimension of the test piece (c) used in this study.

MATERIALS AND METHODS

Materials
The materials used for our experiments were samples 
of zirconia Y-TZP (Kavo Everest®, Zirconium Soft, Kavo, 
Biberach, Germany). Vita in-ceram 2000 YZ coloring 
liquid (Vita Zahnfabrik, Bad Sackingen, Germany 
(abbreviated as VL)), and IPS e.max ZirCAD coloring 
liquid (Ivoclar Vivadent, Schaan, Liechtenstein, 
(abbreviated as IS)) were used for coloring agents. The 
following coloring liquids were selected for obtaining  
the different shades: lightest shades, VL-1 and IS-1; 
middle shades, VL-3 and IS-3; and dark shades, VL-5 
and IS-5. The composition of Y-TZP was 3 wt% Y2O3  
and 97 wt% ZrO2. The compositions of the materials 
used in this study are shown in Table 1.

Specimen preparation
Figure 1 shows the zirconia block (a), zirconia specimen 
(b) and dimension of the test piece (c). The test bars used 
for the bending test were in the form of 2.0×5.0×25.0 
mm plates according to ISO standard (ISO 6872). 
Dimensional correction at a shrinkage rate of 20% was 
applied to a 20×20×40 mm partially sintered zirconia 
(Kavo Everest® Zirconium Soft, Biberach, Germany) 
block, and a 2.6×6.2×30.2 mm form was clipped using 
a low-speed cutting machine (ISOMET, Springfield, 
USA). In addition, the edge faces of the test bars were 
processed to be parallel (0.05 mm), and the bulging parts 
were cut off. The test bars were subsequently immersed 
in coloring liquids for 2 min, rinsed with purified water, 
and naturally air-dried after excess water was wiped 
off with a sheet of absorbent paper (Kimwipe wipers 

s-200, Cresia, Tokyo, Japan). The test bars were then 
sintered in a firing furnace (Everest Therm, Biberach, 
Germany) for 10 h until the heating temperature rose to 
1450°C, according to the manufacturer’s recommended 
conditions described in Fig. 2. Figure 3 shows the 
completed specimens.

Measurement methods
1. Three-point bending test 
Three-point bending strength (BS) was measured using 
the three-point bending test method, as described in the 
ISO standard 6872: 2008 for dental ceramics. Load was 
applied at a crosshead speed of 0.5 mm/min and at a 15-
mm support span. BS (in MPa) is given by

BS=3wl/2bd2, 
where w is the fracture load in N, l is the supporting 
width in mm, and b and d are the width and height of 
test specimen in mm, respectively.

2. Fracture toughness test
Fracture toughness (expressed in KIc) was measured 
using the indentation fracture method. By means of a 
Vickers hardness testing machine (AVK-A, Akashi Co., 
Kanagawa, Japan), a diamond indenter was pressed into 
the specimen surface at a load of 196 N (20 kgf) for 15 s. 
The size of the impression left in the specimen surface 
was then measured after the load was removed. Three 
different points were measured for each specimen, which 
thus required three impressions to be produced in each 
specimen. The measured value for each specimen was  
the average value obtained from the three  
measurements, and the fracture toughness was 
calculated using the following equation:
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Fig. 2	 Firing schedule.

Fig. 3	 Test specimens used in this study. Fig. 4	 Effect of coloring agents on bending strength.

KIc=0.203(c/a)−3/2Ha1/2,
where KIc is the fracture toughness (MPa•m1/2), a is  
one-half the diagonal of the impression (μm), c is one-half 
the crack length (μm), and H is the Vickers hardness.

3. SEM examination
After the indentation fracture test, the fractured 
specimen surfaces were observed using a scanning 
electron microscope (SEM S-400, Hitachi Co., Ltd., 
Tokyo, Japan) at original magnification ×300 and at a 
5-kV acceleration voltage.

Methods
A two-way analysis of variance (ANOVA) was performed 
for bending strength and fracture toughness. The test 
included a combination of 6 levels in which coloring 
agent types (VL and IS) were denoted as factor A and 
coloring agent shades (shades 1, 3, and 5) were denoted 
as factor B. The test was repeated 10 times, and a total 
of 60 tests were randomly conducted. After the obtained 

results were confirmed as homoscedastic, they were 
statistically processed in a two-way analysis (p<0.01). 
Tukey’s multiple comparison tests were conducted on 
the results that were significantly different.

RESULTS

Bending strength, Vickers hardness, crack length and 
fracture toughness of zirconia
As a result of the two-way analysis of variances  
calculated from the bending strength, hardness, crack 
length, and fracture toughness, main effect B (coloring 
agent shade) showed a significant difference in bending 
strength and hardness with a 99% confidence level, and 
main effect A (coloring agent type) and interaction A×B 
showed no significant difference. All factors showed 
no significant difference in crack length and fracture 
toughness.

Figure 4 shows the effect of the coloring agents 
on bending strength. Although there was a significant 
difference between shade1 and shades 3, and 5, there 
was no difference between shades 3 and 5. The mean 
bending strength was 921, 592, and 585 MPa for VL-1, 
3, and 5, respectively, and 710, 631, and 652 MPa for 
IS-1, 3, and 5, respectively. Figure 5 shows the effect of 
the coloring agents on Vickers hardness. Although there 
was a significant difference between shades 1 and 3 and 
shade 5, there was no significant difference between 
shades 1 and 3. The mean Vickers hardness was 1340, 
1330, and 1267 HV for VL-1, 3, and 5, respectively, and 
1351, 1326, and 1281 HV for IS-1, 3, and 5, respectively. 
Figure 6 shows the effect of the coloring agents on crack 
length. The mean crack length was 197, 193, and 201 μm 
for VL-1, 3, and 5, respectively, and 193, 193, and 199 μm 
for IS-1, 3, and 5, respectively. Figure 7 shows the effect 
of the coloring agents on fracture toughness. The mean 
fracture toughness was 18.51, 18.60, and 18.49 M•Pam1/2 
for VL-1, 3, and 5, respectively, and 19.04, 19.00, and 
18.62 M•Pam1/2 for IS-1, 3, and 5, respectively.
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Fig. 6	 Effect of coloring agents on crack length.

Fig. 7	 Effect of coloring agents on fracture toughness.

Fig. 5	 Effect of coloring agents on Vickers hardness.

SEM observation
Figure 8 shows the SEM images of the surface of the test 
bars that were immersed in the various coloring liquids 
for 2 min, rinsed with water, air-dried, and sintered. The 
largest surface roughnesses were observed for the test 
bars that were burned with dark coloring agents, VL-5 
and IS-5. Figure 9 shows the SEM images of the Vickers 
impressions and cracks in the test bars. The marginal 
borders of the impressions formed using an indenter are 
clear and linear, and no damage, including chipping, is 
observed. The cracks extend in long, thin, straight needle 
shapes from the 4 corners of each indentation.

DISCUSSION

The indentation fracture (IF) method consists of the 
following processes: Vickers indenters are pressed 
onto a brittle solid surface with a Vickers hardness 
tester; semicircular or semielliptical vertical cracks are 
generated around the impressions; the fracture strength 
of ceramics is evaluated based on the size of cracks28-32). 
Although the zirconia showed clear impressions under 
loads of 1, 5, and 10 kgf for loading times of 15 and 30 
s during the fracture toughness measurements, cracks 
did not occur. Clear indentation and measurable cracks 
occurred in the zirconia under a load of 20 kgf for a 
loading time of 15 s, so these conditions were used to 
evaluate fracture toughness. Okada et al.33) evaluated 
the fracture toughness of dental porcelains and 
reported that no cracks had occurred under a load of 1 
kgf for loading times of 15 and 30 s. Under a load of 5 
kgf for loading times of 15 and 30 s and under a load 
of 10 kgf for loading times of 15 s, measurable cracks 
and indentations occurred in the zirconia. It was also 
previously reported that chippings occurred around 
the indentations and that cracks were not measurable  
under a load of 20 kgf for loading times of 15 s or longer. 
The Vickers indentation in Fig. 10 clearly shows a 
diamond-like four-sided pyramid whose diagonal plane 
is 136° in the zirconia. The Vickers hardness under 
this condition was 1,267–1,351 HV, and the coefficient 
of variations was 1.1–2.7%. The marked indentations, 
which were marked under the same conditions as for  
metal materials, were a normal type. The Vickers 
hardness of the porcelains, on the other hand, was 
666–1,348 HV, and the coefficient of variations was 
7–11%34). Chippings occurred around the porcelains, 
and the margins were not clearly defined. Therefore, 
the marked indentations were more reproducible in 
the zirconia than in the porcelains, and low-variability 
measurements could be performed for the zirconia. 
Cracks extended in straight lines from all corners of  
the four-sided pyramid in zirconia, but the cracks  
showed different curved forms in dental porcelains. 
Although the coefficient of variations for the length of 
cracks in zirconia was 1.0–3.4%, those for the length 
of cracks in the porcelains were 1.3–13.9 CV%. In 
comparison, the coefficient of variations for the length 
of cracks in zirconia was smaller. Typically, crack 
extension advanced after fracture and advanced from 
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Fig. 8	 SEM micrographs of fractured surface on zirconia bars after dipping bars in VL-1, 3, 
or 5 or in IS-1, 3, or 5.

Fig. 9	 SEM micrographs of indentations and cracks on zirconia bars for VL-1, 3, or 5 and for 
IS-1, 3, or 5.

the onset of fracturing at the notch tip to the formation 
of the frontal process zone to the process zone wake 
where the frontal process zone was expanded because 
of crack extension and branching and finally reached 
the outer surface of the edge of the sample. The higher 
toughness of zirconia, on the other hand, is due to stress-
induced phase transition, bowed cracks, microcracking, 
and surface compression stress. In particular, the 
transformation mechanism due to stress-induced 
phase transition contributed significantly to the high 
toughness of zirconia35). The reason the coefficient 
of variations for the length of cracks in zirconia was 
smaller is described as follows: A tetragonal crystal 

stabilized at a room temperature is transformed into a 
monoclinic crystal under a load. Following the crystal 
phase transformation, a 4% cubical expansion occurs. 
The extension of cracks due to cubical expansion 
induces the crystalline phase transition from tetragonal 
crystal to monoclinic crystal during cubical expansion. 
Compression stress that occurs at the crack tip prevents 
the extension of cracks. In contrast, the elastic distortion 
energy due to an indented load on porcelain acts as a 
crack extension force. As a result, precipitated leucite 
crystals are nonuniformly distributed, which increases 
the coefficient of variations for the length of cracks. In 
addition, this force is generated by the difference in 
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Fig. 10	 Schematic illustration of forms of cracks induced 
by Vickers indentation on surface of zirconia.

thermal expansion between the leucite and the matrix 
and by the changes in volume due to the polymorphic 
deformation of the leucite33). The difference between 
the coefficients of variations for the length of cracks in 
porcelains and in zirconia is due to the difference in the 
previously described mechanisms. The forms of cracks 
generated by the Vickers impressions include Palmqvist, 
median, and lateral cracks, as shown in Fig. 10. The 
forms of cracks observed in the zirconia were either 
Palmqvist or median cracks because they were observed 
on the surface. Although cracks that occurred internally 
could not be observed, we determined based on our 
experience that the internal cracks in the zirconia were 
median cracks because the ratio (c/a) of the length of the 
crack (c) to the length of the diagonal line (a) was 2.3. 
When a facture face was observed during crack extension 
in zirconia, the cracks extended in a straight-needle-like 
shape. The SEM images of the surface of the dipped 
zirconia bars in Fig. 8 show a tetragonal polycrystalline 
body stabilized by 3 wt% Y2O3, which is consistent with 
the previously described mechanism of preventing 
crack extension. The mechanism of preventing crack 
extension in porcelains, on the other hand, is activated 
by an intergranular fracture that extends bending along 
a crystal grain boundary of precipitated leucite and an 
intergranular fracture that extends crossing in leucite 
crystals36,37). The fracture toughness of ceramics prepared 
with various compositions of zirconia are as follows: 3.11, 
1.9, 2.78, 3.02, 4.7, 9.5, and 19.2 for Pencraft, Vitadur, 
Cryscera, IPS Empress 2, In-Ceram Alumina, Cercon, 
and NANOZR, respectively. The fracture toughness of 
the zirconia used for this experiment was 20.00, higher 
than that of any of these ceramics. We believe that this 
is because of the previously described mechanisms. 

The optical transparency of the Y-TZP tetragonal 
zirconia polycrystal is low because of light scattering 
due to a high refractive index in the range 2.15–2.18. 
In addition, various shades of zirconia exhibit high 
luminance; more specifically, a high degree of whiteness 

because of the high degree of light scattering at the  
zirconia crystal interface. That is why the reproducibility 
of crown shades in clinical practice requires careful 
attention. In this experiment, coloring agents were 
applied during sintering to dye the surface of white 
zirconia close to the color of dentine, which enabled us to 
adjust the basic colors in order to produce a multilayer 
structure. Shades 1, 3, and 5 of Vita in-ceram 2000 YZ 
coloring liquid (VL) and IPS e.max ZirCAD coloring 
liquid (IS) were used as coloring agents. On the basis 
of the Vita shade guide, coloring agent shades 1, 3, and 
5 corresponded to A2, B2, and D4, respectively. The  
bending strength of the undyed specimen was 936 
MPa. Compared with that of the undyed specimen, 
the bending strength deteriorated in the range 12.9–
33.9% for the specimens dyed with shades 1 to 5 and 
then sintered. The Vickers hardness of the controls was 
1350. Compared with that of the controls, the Vickers 
hardness deteriorated in the range 0.3–5.7% for the 
specimens dyed with shades 1 to 5 and then sintered. 
The fracture toughness of the undyed specimen was 
20.01. Compared with that of the undyed specimen, 
the fracture toughness deteriorated in the range 4.8–
7.5% for the samples dyed with either IS 1 or IS 3 and 
then sintered to those dyed with either VL 3 or VL 5 
and then sintered. The bending strength of the dyed 
zirconia decreased a maximum of 34%, and the fracture 
toughness only decreased a maximum of 8%. This extent 
of the effect of the coloring agents on the deterioration of 
the mechanical properties of zirconia is unlikely to cause 
problems. However, the deterioration of the mechanical 
properties of a dyed zirconia surface and the strength of 
the adhesion between the surface and layering porcelain 
must be examined. 

Standard materials used to restore crowns and 
bridges have recently been changing from porcelain-
fused-to-metal-based materials to all-ceramic-based  
ones. Restoration materials were also developed with 
metallic liners. All-ceramic-based materials have 
recently been produced using high-intensity zirconia 
frameworks for application in dental prosthetics. Ceramic 
restoration has been applied in a variety of clinical 
settings ranging from inlays, onlays, laminate veneers, 
and crowns in the early stages of tooth restoration to 
bridges in order to replace 1 or 2 missing teeth. The 
ceramics used for such restorations have been produced 
using the model investment, glass-infiltrated, and 
injection-molded methods. Zirconia frameworks recently 
developed using CAD/CAM systems have attracted 
attention as high-intensity ceramic materials that 
exhibit performance characteristics equal to or greater 
than the metal frameworks used to date for bridges. In 
addition, the zirconia frameworks are expected to be 
useful as implant abutments and superstructures38-45). 
The effect of coloring agents on the shade adjustment 
of zirconia frameworks was determined in order to more 
appropriately reproduce the shades of natural teeth. 
Coloring agents chemically bonded to zirconia have the 
same effect as an opaque layer and cause no significant 
deterioration of the mechanical properties of zirconia. 
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Therefore, we believe that clinical application can be 
recommended with no problem. The developed materials 
should enable full mouth reconstruction with totally 
esthetic restorations based on the application of zirconia 
ceramics. 

CONCLUSION

This study examined the effects of coloring agents 
(Vita in-ceram 2000 YZ coloring liquid (VL) and IPS 
e.max ZirCAD (IS)) and shades (1, 3, and 5) applied 
during sintering on the bending strength and fracture 
toughness of zirconia ceramics. No differences in the 
bending strength or the fracture toughness of the zirconia 
ceramics were observed for the type of coloring agent 
applied. Although the bending strength and Vickers 
hardness of the zirconia ceramics decreased because 
of the various shades of coloring agents applied during 
sintering, the crack length and fracture toughness of  
the zirconia ceramics did not change. The SEM image  
of the zirconia ceramic dyed with dark type shade 
5 and then sintered revealed that the surface of the 
zirconia ceramic coarsened. The marginal borders of 
the indentations formed using an indenter were clear 
and linear, and no damage, including chipping, was 
observed. The cracks extended in thin, long, straight, 
needle-shaped lines. On the basis of these results, clinical 
application of zirconia ceramics can be recommended 
with no problem because the coloring agent shades 
applied during sintering have the same effect as an 
opaque layer and cause no significant deterioration of 
the mechanical properties of the zirconia ceramics. 

REFERENCES

1)	 Rizkalla AS, Jones DW. Mechanical properties of commercial 
high strength ceramic core materials. Dent Mater J 2004; 20: 
207-212.

2)	 Guazzato M, Albakry M, Ringer SP, Swain MV. Strength, 
fracture toughness and microstructure of a selection of all-
ceramic materials. Part II. Zirconia-based dental ceramics. 
Dent Mater J 2004; 20: 449-456.

3)	 Yilmaz H, Aydin C, Gul BE. Flexural strength and fracture 
toughness of dental core ceramics. J Prosthet Dent 2007; 98: 
120-128.

4)	 Manicone PF, Rossi IP, Raffaelli L. An overview of zirconia 
ceramics: Basic properties and clinical applications. J Dent 
2007; 35: 819-826.

5)	 Burke FJ, Ali A, Palin WM. Zirconia-based all-ceramic crowns 
and bridges: three case reports. Dent Update 2006; 33: 401-
405.

6)	 Raigrodski AJ, Chiche GJ, Potiket N, Hochstedler JL, 
Mohamed SE, Billiot S, Mercante DE. The efficacy of posterior 
three-unit zirconium-oxide-based ceramic fixed partial dental 
prostheses: A prospective clinical pilot study. J Prosthet Dent 
2006; 96: 237-244.

7)	 Aboushelib MN, Kleverlaan CJ, Feilzer AJ. Microtensile bond 
strength of different components of core veneered all-ceramic 
restorations. Part 1: Zirconia veneering ceramics. Dent Mater 
J 2006; 22: 857-863.

8)	 Sailer I, Feher A, Filser F, Gauckler LJ, Luthy H, Hammerle 
CHF. Five-year clinical results of zirconia frameworks for 
posterior fixed partial dentures. Int J Prosthodont 2007; 20: 
383-388.

9)	 Fischer J, Stawarczyk B, Tomic M, Strub JR, Hammerle CH. 
Effect of thermal misfit between different veneering ceramics 
and zirconia frameworks on in vitro fracture load of single 
crowns. Dent Mater J 2007; 26: 766-772.

10)	 Hjerppe J, Narhi T, Froberg KAJ, Vallittu PK, Lassila LVJ. 
Effect of shading the zirconia framework on biaxial strength 
and surface microhardness. Acta Odontol Scand 2008; 66: 
262-267.

11)	 Hjerppe J, Vallittu PK, Froberg K, Lassila LVJ. Effect of 
sintering time on biaxial strength of zirconium dioxide. Dent 
Mater J 2009; 25: 166-171.

12)	 Matinlinna JA, Heikkinen T, Ozcan M, LAssila LVJ, Vallittu 
PK. Evaluation of resin adhesion to zirconia ceramic using 
some organosilanes. Dent Mater J 2006; 22: 824-831.

13)	 Tsukakoshi M, Shinya A, Gomi H, Lassila LVJ, Vallittu PK, 
Shinya A. Effects of dental adhesive cement and surface 
treatment on bond strength and leakage of zirconium oxide 
ceramics. Dent Mater J 2008; 27: 159-171.

14)	 Kawai N, Shinya A, Yokoyama D, Gomi H, Shinya A. Effect of 
cyclic impact load on shear bond strength of zirconium oxide 
ceramics. J Adhes Dent 2011; 13: 267-277.

15)	 de Kler M, de Jager N, Meegdes M, van der Zel JM. Influence 
of thermal expansion mismatch and fatigue loading on phase 
changes in porcelain veneered Y-TZP zirconia discs. J Oral 
Rehabil 2007; 34: 841-847.

16)	 Shijo Y, Shinya A, Gomi H, Lassila LVJ, Vallittu PK, Shinya 
A. Studies on mechanical strength, thermal expansion of 
layering porcelains to alumina and zirconia ceramic core 
materials. Dent Mater J 2009; 28: 352-361.

17)	 Kern M, Wegner SM. Bonding to zirconia ceramic, adhesion 
methods and their durability. Dent Mater J 1998; 14: 64-71.

18)	 Al-Dohan HM, Yaman P, Dennison JB, Razzoog ME, Lang 
BR. Shear strength of core-veneer interface in bi-layered 
ceramics. J Prosthet Dent 2004; 91: 349-355.

19)	 Boscato N, Bona AD, Cury AADB. Influence of ceramic pre-
treatments on tensile bond strength and mode of failure of 
resin bonded to ceramics. Am J Dent 2007; 20: 103-108.

20)	 Kim BK, Bae HEK, Shim JS, Lee KW. The influence of 
ceramic surface treatments on the tensile bond strength of 
composite resin to all-ceramic coping materials. J Prosthet 
Dent 2005; 94: 357-362.

21)	 Tomita M, Shinya A, Gomi H, Matsuda T, Katagiri S, Shinya 
A, Suzuki H, Yara A, Hotta Y, Miyazaki T, Sakamoto Y. 
Machining accuracy of CAD/CAM ceramic crowns fabricated 
with repeated machining using the same diamond bur. Dent 
Mater J 2005; 24: 123-133.

22)	 Tomita M, Shinya A, Gomi H, Shinya A, Yokoyama D. 
Machining accuracy of crowns by CAD/CAM system using 
TCP/IP: Influence of restorative material and scanning 
condition. Dent Mater J 2007; 26: 549-560.

23)	 Ozturk O, Uludag B, Usumez A, Sahin V, Celik G. 38. The 
effect of ceramic thickness and number of firings on the color 
of two all-ceramic systems. J Prosthet Dent 2008; 100: 99-
106.

24)	 Tholey MJ, Awain MV, Thiel N. SEM observations of porcelain 
Y-TZP interface. Dent Mater J 2009; 25: 857-862.

25)	 Erdelt K, Beuer F, Schweiger J, Eichberger M, Gernat W. Die 
biegefestigkeit von weibkorper-gefrastem zirkoniumdioxid, 
in-vitro-yitro-untersuchung in abhagigkeit von einfarbung 
und kunstlicher altering. Quintassens Zahntech 2004; 30: 
942-954.

26)	 Shah K, Holloway JA, Denry IL. Effect of coloring with 
various metal oxides on the microstructure, color, and flexural 
strength of 3Y-TZP. J Biomed Mater Res B Appl Biomater 
2008; 87: 329-337.

27)	 Aboushelib MN, Kleverlaan CJ, Feilzer AJ. Effect of zirconia 
type on its bond strength with different veneer ceramics. J 
Prosthodont 2008; 17: 401-408.

28)	 Lawn BR, Evans AG. Elastic/plastic indentation damage in 

799Dent Mater J 2013; 32(5): 793–800



ceramics. The median/radial crack system. J Am Ceram Soc 
1980; 69: 574-8-580.

29)	 Anstis GR, Chantikul P, Lawn BR, Marshall DB. A critical 
evaluation of indentation techniques for measuring fracture 
toughness, I Direct crack measurements. J Am Ceram Soc 
1981; 64: 533-538.

30)	 Morena R, Lockwood P, Fairhurst CW. Fracture toughness of 
commercial dental porcelains. Dent Mater J 1986; 2: 58-62.

31)	 Swanson P, Fairbanks CJ, Lawn BR, Mai YW, Hockey 
BJ. Crack-interface grain brigging as fracture resistance 
mechanism in ceramics: I, Experimental study on alumina. J 
Am Ceram Soc 1987; 70: 279-289.

32)	 Fischer H, Marx R. Fracture toughness of dental ceramics: 
comparison of bending and indentation method. Dent Mater 
J 2002; 18: 12-19.

33)	 Okada T, Shinya A, Yokozuka S. Effects of load and loading 
time on fracture toughness with indentation method. 
SHIGAKU 1990; 78: 460-486.

34)	 Ueda H, Shinya A, Tohyama Y, Yokozuka S. Fracture 
toughness of porcelain using indentation method. SHIGAKU 
1990; 78: 487-503.

35)	 Tsalouchou E, Cattell MJ, Knowles JC, Pittayachawan 
P, McDonald A. Fatigue and fracture properties of yttria 
partially stabilized zirconia crown systems. Dent Mater J 
2008; 24: 308-318.

36)	 Mclean JW. In: The science and art of dental ceramics. 
Volume II. Quintessence Pub; 1980. p. 159-163.

37)	 Anusavice KJ, Phillips RW. In: Skinner’s science of dental 

materials. 11th ed. St. Louis: Sunders Co; 2003. p. 684-690.
38)	 Albakry M, Guazzato M, Swain MV. Fracture toughness and 

hardness evaluation of three pressable all-ceramic dental 
materials. J Dent 2003; 31: 181-188.

39)	 Ohlmann B, Uekermann J, Dreyhaupt J, Schmitter M, 
Mussotter K, Rammelsberg P. Clinical wear of posterior metal-
free polymer crowns. One-year results from a randomized 
clinical trial. J Dent 2007; 35: 246-252.

40)	 Xible AA, Tavarez RR, Araujo CRP, Bonachela WC. Effect of 
silica coating and silanization on flexural and composite-resin 
bond strength of zirconia posts: An in vitro study. J Prosthet 
Dent 2006; 95: 224-229.

41)	 Smith TB, Kelly JR, Tesk JA. In vitro fracture behavior of 
ceramic and metal-ceramic restorations. J Prosthodont 1994; 
3: 138-144.

42)	 Aboushelib MN, de Kler M, van der Zel JM, Feilzer AJ. 
Microtensile bond strength and impact energy of fracture of 
CAD-veneered zirconia restorations. J Prosthodont 2009; 18: 
211-216.

43)	 Kim JW, Kim JH, Thompson VP, Zhang Y. Sliding contact 
fatigue damage in layered ceramic structures. J Dent Res 
2007; 86: 1046-1050.

44)	 Suese K, Kawazoe T. Wear resistance of hybrid composite 
resin for crown material by the two-body sliding test. Dent 
Mater J 2002; 21: 225-237.

45)	 Toman M, Toksavul S, Artunc C, Türkün M, Schmage P, 
Nergiz I. Influence of luting agent on the microleakage of all-
ceramic crowns. J Adhes Dent 2007; 9: 39-47.

800 Dent Mater J 2013; 32(5): 793–800


