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4.1 Abstract  
Objective: This study was to investigate the influence of the bending test 
configurations and the crosshead displacement speeds on the fracture toughness (KIc) 
of dental porcelains obtained with the indentation strength in bending (ISB) method.  
Methods: The strength of the dental veneering porcelains Duceram and Sintagon Zx, 
Vickers’ indented at a load of 2 kg was measured at a crosshead speed of 0.5 mm/min 
with three test configurations, which were 3-point, 4-point, and biaxial bending. Two 
more groups of Sintagon Zx were tested the same way, but at speeds of 0.1, and 
0.05 mm/min, respectively. Both porcelains, the three crosshead speeds, and the three 
test configurations were compared statistically.  
Results: Duceram had a higher toughness than Sintagon Zx with all three test 
configurations and there was no significant difference between three test 
configurations with either porcelain. Within the crosshead speed groups of Sintagon 
Zx, a significant difference was found only in the 0.5 mm/min group between the 3-
point, and 4-point configurations.  

Within the configuration groups, significant differences were found between all 
speeds with the 3-point configuration and only between the highest and lowest speed 
with the 4-point and the biaxial tests.  
Conclusion: The crosshead displacement speed can cause statistically different results 
of fracture toughness obtained with the ISB method. 
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4.2 Introduction 
Application of porcelain and ceramic in prosthodontics resulted in a naturally 

appearing restoration, no matter if it belongs to metal- or all-ceramic restorations, 
compared with metal restorations [1, 2]. However, dental porcelains and ceramics are 
brittle materials, which generally fail in tension due to their limited ductility, which 
restricts the ability to absorb a great deal of elastic strain energy before fracture [3]. A 
major weakness of these materials is the sensitivity to flaws, which may have 
developed as a result of thermal, chemical or mechanical processes, and act as local 
stress raisers. At a certain critical applied stress, a crack can originate from a flaw and 
propagate, engendering final catastrophic fracture [3-6]. Fracture toughness, KIc is 
defined as the critical stress intensity level at which a given flaw starts extending and 
provides insight into the potential resistance to crack growth of a material [7-9]. So in 
the last decade in the field of dental porcelains and ceramics research, much attention 
has been paid to the fracture toughness [2].  

Fracture toughness is reported to be an intrinsic property of ceramics, which 
indicates the ability of dental porcelains and ceramics to resist crack extension. So the 
accurate measurement of KIc is essential. However, determination of KIc is technically 
rather sensitive, and the obtained values and rankings may be different depending on 
the techniques and procedures used [8-10].  

Among the many methods for fracture toughness determination, the indentation 
strength in bending (ISB) method as introduced by Chantikul et al. [11], is relatively 
simple, and reportedly accurate and reproducible, compared to other methods [8, 9, 12, 
13]. It uses the bending strength of for example beams, which have an indentation at 
the center of the tensile surface. There is no need to determine the initial size of the 
flaw, because an entry of the indentation load in the equation is used instead. Since the 
1990s there has been a dramatic increase in the use of this method [14-26]. However, 
uncertainty may be introduced with the test configuration [27, 28], which influences 
the result of KIc. For example, first, 3-point, 4-point, and biaxial bending tests, lead to 
different values due to different effective surface areas or volumes subjected to stress. 
Second, obtained strength values could depend on the crosshead speed.  

In this light, the aim of the present study was to compare fracture toughness 
values obtained for two dental porcelains with the ISB method with different test 
configurations and crosshead speeds. The assumption subject to investigation was that 
there was no statistical difference between KIc values obtained with the ISB method, 
when different test configurations and crosshead speeds were used.  
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4.3 Materials and Methods 
Two veneering dentine porcelains were involved in the comparison: Duceram 

(Degussa Dental GmbH, Hanau, Germany) and Sintagon Zx (Elephant Dental B.V., 
Hoorn, The Netherlands) (Table 4.1).  
 
Table 4.1 Elastic moduli and Vickers’ hardness in GPa and standard deviation in 

parentheses  
 
Materials Elastic modulus Vicker's hardness 
Duceram  
Sintagon Zx 

60.8 (2.4) 
64.5 (1.6) 

4.97 (0.11) 
4.43 (0.08) 

 
Specimen preparation 

For the beam specimens in the 3-point and 4-point setups, porcelain blocks 
were made by condensing the powder a in brass mould (4 mm × 30 mm × 40 mm). 
The discs for the biaxial tests were formed by condensing the powders in a stainless 
steel ring with an inner diameter of 21 mm and a height of 2.5 mm.  

The blocks and the discs were removed from the mould, and fired in a dental 
porcelain furnace (STRATOS, Elephant Dental B.V., Hoorn, The Netherlands) in 
compliance with the manufacturer's recommendations. The cooling time was 
prolonged to 1 h to accommodate for the relatively large size of the bodies as 
compared to normal applications. The upper and lower surfaces of the square blocks 
were ground parallel to a thicknesses of 3 mm and sawed into rectangular beams of 
2 mm × 3 mm × 26 mm. The round discs were ground parallel to a thickness of 2 mm 
and the diameter of approximately 18 mm was left unchanged. All specimens were 
polished on all surfaces with wet silicon carbide paper of the grits 400, 600, and 1200 
successively and the sharp edges were chamfered, except the end planes of the beams 
and the circumference of the discs, which were left as fired.  

The specimens were annealed to release residual stresses by keeping these close 
to the glass transition temperature for 90 min and cooling to 100 °C for another 
90 min. This was 450 °C for Sintagon Zx, and 575 °C for Duceram.  
 
Fracture toughness with the ISB method 

Vickers’ indentations were made (HM-124 Hardness Testing Machine, 
Mitutoyo Corp., Kanagawa, Japan) at the center of the tensile surface of the specimens 
at a load of 19.6 N during 15 s. The radial cracks, which arise with this load, serve as 
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the pre-crack in this test. Within 30 min following the indentation, the specimens were 
loaded until fracture occurred in a tensilometer (ACTA Intense, ACTA, Amsterdam, 
The Netherlands) [27-30]. Specimens where the fracture did not originate from the 
Vickers’ indentation were excluded from the study and testing was continued until at 
least 10 acceptable test results were acquired.  

The facture toughness was obtained with [11], 
 

� � � � 4/33/18/1/ PHEK fIc ���  

 
where � is the geometrical constant (0.59), E the elastic modulus, H the Vickers’ 
hardness, and P is the indentation load. Calculation of the strength, �f, depends on the 
test setup and is discussed later.  
For each porcelain the elastic modulus was determined with a 3-point bending test on 
20 beams without indentation at a crosshead speed of 0.5 mm/min. The bending 
deflection of the specimens was recorded. The modulus was calculated with: 
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where E is the elastic modulus, W the fracture load, L the span length (20 mm), B the 
specimen width, D the specimen thickness, and q is the bending deflection.  

The Vickers’ hardness (H) was measured on broken specimens (n = 10) using a 
load of 1.96 N during 15 s, which magnitude prevented the introduction of radial 
cracks. The hardness was calculated with H = 1.854P/(2a)2, where P is indentation 
load (1.96 N), and 2a is the average of the two diagonals of the indentation.  
 
The test configurations and crosshead speeds 
The three test configurations used, were 3-point, 4-point, and biaxial bending. The last 
was carried out in a ball-on-ring setup.  
The strength with the 3-point, and 4-point bending test was calculated according to the 
following formula [27]: 
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where �f is the strength, W the fracture load, L1 the supporting span length of 20 mm, 
L2 the loading span length, which is 10 mm in the 4-point test and 0 mm in the 3-point 
test, B the specimen width, and D is the specimen thickness.  
The strength with the biaxial bending test (ball-on-ring) was calculated as the 
following equation: 
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where �f is the strength, W the fracture load, Ds the diameter of the support circle 
(16 mm), b the diameter of the area with uniform load (=2B/3), B the thickness, and D 
is the diameter of disc. For �, the Poisson's ratio, a value of 0.25 was used, as 
recommended with ISO 6872 [28-30].  

Sintagon Zx was tested in all three configuration with crosshead speeds of 0.05, 
0.1, and 0.5 mm/min. Duceram was tested only at 0.5 mm/min.  
 
Statistic analysis 
The fracture toughness values among different groups were subject to two-way 
ANOVA and pair wise comparison, where a p-value of less than 0.05 was considered 
statistically significant. The comparisons were carried out between all groups of 
Sintagon Zx, between the configurations with Duceram, and between Duceram and 
Sintagon Zx at 0.5 mm/min.  
 
4.4 Results 

Elastic moduli and Vickers’ hardness values are listed in Table 4.1 and the 
fracture toughness values and standard deviations are listed in Table 4.2.  
 
Table 4.2  ISB fracture toughness in MPa m1/2 with standard deviation in parentheses  
 

Crosshead speed (mm/min) 
Material 

 
Bending test 
methods 
 

0.5 
Duceram 

0.5 
Sintagon Zx 

0.1 
Sintagon Zx 

0.05 
Sintagon Zx 

3-Point 
4-Point  
Biaxial 

1.100 (0.068) 
1.099 (0.065) 
1.095 (0.083) 

0.885 (0.064) 
0.829 (0.041) 
0.850 (0.047) 

0.826 (0.081) 
0.784 (0.050) 
0.815 (0.040) 

0.760 (0.069) 
0.761 (0.047) 
0.787 (0.042) 
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With all three test configurations the ISB KIc values for Duceram were 

significantly higher than for Sintagon Zx and no significant difference existed between 
the test configurations with either porcelain in Table 4.3 and Table 4.4.  
 
Table 4.3  Pairwise comparison of the configuration effect within the material effect with 

Duceram and Sintagon Zx  
 
Material Configurations p 
Duceram 3-Point vs. 4-point 

3-Point vs. biaxial 
4-Point vs. biaxial 

0.975 
0.848 
0.872 

   
Sintagon Zx 3-Point vs. 4-point 

3-Point vs. biaxial 
4-Point vs. biaxial 

0.051 
0.215 
0.462 

The differences are not statistically significant at the 0.05 level. 
 
Table 4.4  Pairwise comparison of the material effect within the configuration effect 

between Duceram and Sintagon Zx  
 
Configuration Materials p 
3-Point 
4-Point 
Biaxial 

Duceram vs. Sintagon Zx 
Duceram vs. Sintagon Zx 
Duceram vs. Sintagon Zx 

<0.001* 
<0.001* 
<0.001* 

* The difference is statistically significant at the 0.05 level.  
 

No significant difference was found between the test configurations within the 
speed groups in Table 4.5, except at 0.5 mm/min between the 3-point and 4-point 
tests.  
 The 3-point test showed significant differences between all crosshead speeds in 
Table 4.6. Both the 4-point and the biaxial configuration produced a significant 
difference only between the 0.05 and the 0.5 mm/min group.  
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Table 4.5  Pairwise comparison of the configuration effect within the crosshead speed 
effect of Sintagon Zx  

 
Crosshead speed  Configurations p 
0.05 mm/min 3-Point vs. 4-point 

3-Point vs. biaxial 
4-Point vs. biaxial 

0.958 
0.263 
0.297 

   
0.1 mm/min 3-Point vs. 4-point 

3-Point vs. biaxial 
4-Point vs. biaxial 

0.094 
0.656 
0.227 

   
0.5 mm/min 3-Point vs. 4-point 

3-Point vs. biaxial 
4-Point vs. biaxial 

0.026* 
0.158 
0.403 

* The difference is statistically significant at the 0.05 level. 
 
Table 4.6  Pairwise comparison of the crosshead speed effect within the configuration 

effect of Sintagon Zx  
 
Configuration Crosshead speeds p 
3-Point 0.05 vs. 0.1 mm/min 

0.05 vs. 0.5 mm/min 
  0.1 vs. 0.5 mm/min 

0.007* 
0.000* 
0.017* 

   
4-Point 0.05 vs. 0.1 mm/min 

0.05 vs. 0.5 mm/min 
  0.1 vs. 0.5 mm/min 

0.335 
0.008* 
0.079 

   
Biaxial 0.05 vs. 0.1 mm/min 

0.05 vs. 0.5 mm/min 
  0.1 vs. 0.5 mm/min 

0.276 
0.014* 
0.165 

* The difference is statistically significant at the 0.05 level.  
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4.5 Discussion 
Although in some literature the ISB method has shown good agreement with 

conventional fracture mechanics tests [8, 9, 11-13], the consistency of the results with 
standard methods were mixed [8-10, 14, 20]. The fracture toughness, determined with 
the ISB method, showed dependence on the indentation load, in which a higher 
indentation load leads to an apparently higher KIc value [8, 16, 17]. This dependence 
on indentation load provides information on the R-curve behavior of dental ceramics 
[31]. 
 
Test configuration 

In dental literature, few investigations evaluated the influence of the 
configuration of the test, as 3-point, 4-point and biaxial bending tests could be used in 
the ISB test. These test configurations may demonstrate different strength values in 
general because different areas and volumes are exposed to stress [27, 28]. Although 
the indentation introduced flaw, which fixates the point of cracking, should 
theoretically prevent this influence, the role of the tests configuration in the ISB results 
is uncertain. Furthermore, alignment errors of the load point with the indentation 
contribute to scatter in the data with the 3-point and the biaxial test.  

Albakry et al. [20] have found a significant difference in the ISB fracture 
toughness between the 3-point and the biaxial tests with Empress 2 and their 
experimental glass–ceramic, two all-ceramic substrate materials with much higher KIc 
values. Nevertheless, Empress with a low toughness of about 1.3 MPa m1/2 had very 
close ISB KIc values in those two test configurations. In the present study, with a 
crosshead speed of 0.5 mm/min, all test configurations, that is 3-point, 4-point, and 
biaxial bending displayed consistent ISB fracture toughness values for both Duceram 
and Sintagon Zx, which materials had low toughness values too. This seems to suggest 
that with low fracture toughness porcelains and ceramics the ISB results with different 
test configurations are comparable, while significant differences between the 
configurations may occur with ceramics of higher toughness. If this is true, further 
investigation should be given to the role of the test configurations in ISB fracture 
toughness determination, since dental porcelains and ceramics have a large range of 
fracture toughness and a distinct diversity in chemistry and microstructure [2, 34]. 
More different types and varieties of dental porcelains and ceramics should be 
investigated in ISB KIc measurement with different strength tests and their 
comparability to standard methods.  
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Crosshead speed 
In bending procedures the strength is known to increase with crosshead speed, 

which is the basis for the determination of slow crack growth parameters with a 
dynamic test [32, 33].  

In the present study It is understandable that at a lower loading speed, more 
time is available for the stored strain energy to produce crack growth, leading to 
slower crack propagation with lower stress. On the contrary, at a higher load speed, a 
material needs more energy to drive the growing crack [27, 32]. 

In dental literature, mostly crosshead speeds of 0.5 and 0.1 mm/min have been 
used. In the current investigation, crosshead speeds ranging from 0.5 to 0.05 mm/min 
were used, which covered the range of speeds often used in ISB test and it was found 
that a high load speed elevated the ISB fracture toughness. In other words, a high 
loading speed causes overestimation of KIc while it may be underestimated with a low 
crosshead speed. Despite the absence of many significant differences, all test 
configurations, especially 3-point bending test manifested obvious sensitivity to 
crosshead speed. Based on the present study, such a crosshead speed range may cause 
confusion in comparison even of values within the ISB method itself.  
 
4.6 Conclusion 

More different types of dental porcelains and ceramics with a diversity in 
fracture toughness, chemistry and microstructure should be involved in ISB fracture 
toughness determination and comparison in order to investigate the comparability of 
the ISB method to recognized standards when different test configurations are used.  

Fracture toughness results, obtained with the ISB method are sensitive to the 
crosshead speed, which may lead to statistically different and perhaps confusing 
results.  
 
4.7 References 
 
[1] J.R. Kelly, I. Nishimura and S.D. Campbell, Ceramic in dentistry: historical 

roots and current perspectives, J Prosthet Dent 75 (1996), pp. 18–32.  
[2] J.R. Kelly, Dental ceramics: current thinking and trends, Dent Clin N Am 48 

(2004) (viii), pp. 513–530.  
[3] J.J. Mecholsky, Fracture mechanics principles, Dent Mater 11 (1995), pp. 111–

112.  
[4] J.R. Kelly, Perspective on strength, Dent Mater 11 (1995), pp. 103–110.  



Fracture toughness determination of two dental porcelains 

77 

[5] J.Y. Thompson, K.J. Anusavice, A. Naman and H.F. Morris, Fracture surface 
characterization of clinically failed all-ceramic crowns, J Dent Res 73 (1994), 
pp. 1824–1832.  

[6] J.R. Kelly, S.D. Campbell and H.K. Bowen, Fracture-surface analysis of dental 
ceramics, J Prosthet Dent 62 (1989), pp. 536–541.  

[7] T.L. Anderson, History and overview. In: T.L. Anderson, Editor, Fracture 
mechanics: fundamentals and applications, vol. 1, CRC Press, Boca Raton 
(1991), pp. 3–34.  

[8] G.D. Quinn, The fracture toughness round robins in VAMAS: what we have 
learned. In: J.A. Salem, G.D. Quinn and M.G. Jenkins, Editors, Fracture 
resistance testing of monolithic and composite brittle materials, ASTM STP 
1409, American Society for Testing and Materials, West Conshohocken, PA 
(2002).  

[9] G.D. Quinn, K. Xu, R.G. Gettings, J.A. Salem and J.J. Swab, Does anyone know 
the real fracture toughness? SRM 2100: the world's first ceramic fracture 
toughness reference material. In: J.A. Salem, G.D. Quinn and M.G. Jenkins, 
Editors, Fracture resistance testing of monolithic and composite brittle 
materials, ASTM STP 1409, American Society for Testing and Materials, West 
Conshohocken, PA (2002).  

[10] H. Wang, G. Isgrò, P. Pallav and A.J. Feilzer, Influence of test methods on 
fracture toughness of a dental porcelain and a soda lime glass, J Am Ceram Soc 
88 (2005), pp. 2868–2873.  

[11] P. Chantikul, G.R. Anstis, B.R. Lawn and D.B. Marshall, A critical evaluation of 
indentation techniques for measuring toughness: II, strength method, J Am 
Ceram Soc 64 (1981), pp. 539–543.  

[12] G.D. Quinn, J. Salem, I. Bar-On, K. Cho, M. Foley and H. Fang, Fracture 
toughness of advanced ceramics at room temperature, J Res Natl Inst Stand 
Technol 97 (1992), pp. 579–607.  

[13] Primas RJ, Gstrein R. ESIS TC 6 round robin on fracture toughness. EMPA 
report No. 155,088, 3-41. Dübendorf, Switzerland: EMPA; 1995.  

[14] K. Kvam, H. Herö and G. Øilo, Fracture toughness measurements of some dental 
core ceramics: a methodologic study, Scand J Dent Res 99 (1991), pp. 527–532.  

[15] K.J. Anusavice, N.Z. Zhang and J.E. Moorhead, Influence of colorants on 
crystallization and mechanical properties of lithia-based glass–ceramics, Dent 
Mater 10 (1994), pp. 141–146.  



Chapter 4 

78 

[16] S.S. Scherrer, I.L. Denry and H.W. Wiskott, Comparison of three fracture 
toughness testing techniques using a dental glass and a dental ceramic, Dent 
Mater 14 (1998), pp. 246–255.  

[17] S.S. Scherrer, J.R. Kelly, G.D. Quinn and K. Xu, Fracture toughness (KIc) of a 
dental porcelain determined by fractographic analysis, Dent Mater 15 (1999), pp. 
342–348.  

[18] M. Guazzato, M. Albakry, M.V. Swain and J. Ironside, Mechanical properties of 
in-ceram alumina and in-ceram zirconia, Int J Prosthodont 15 (2002), pp. 339–
346.  

[19] W.S. Oh, J.M. Park and K. Anusavice, Fracture toughness (KIC) of a hot-pressed 
core ceramic based on fractographic analysis of fractured ceramic FPDs, Int J 
Prosthodont 16 (2003), pp. 135–140.  

[20] M. Albakry, M. Guazzato and M.V. Swain, Fracture toughness and hardness 
evaluation of three pressable all-ceramic dental materials, J Dent 31 (2003), pp. 
181–188. 

[21] W.S. Oh, N.Z. Zhang and K.J. Anusavice, Effect of nucleation temperature on 
fracture toughness (KIC) of fluorcanasite-based glass–ceramic, Int J Prosthodont 
16 (2003), pp. 505–509. 

[22] M. Guazzato, M. Albakry, S.P. Ringer and M.V. Swain, Strength, fracture 
toughness and microstructure of a selection of all-ceramic materials. Part I. 
Pressable and alumina glass-infiltrated ceramics, Dent Mater 20 (2004), pp. 441–
448. 

[23] M. Guazzato, M. Albakry, S.P. Ringer and M.V. Swain, Strength, fracture 
toughness and microstructure of a selection of all-ceramic materials. Part II. 
Zirconia-based dental ceramics, Dent Mater 20 (2004), pp. 449–456.  

[24] I.L. Denry and J.A. Holloway, Effect of post-processing heat treatment on the 
fracture strength of a heat-pressed dental ceramic, J Biomed Mater Res B Appl 
Biomater 68 (2004), pp. 174–179. 

[25] I.L. Denry and J.A. Holloway, Effect of heat pressing on the mechanical 
properties of a mica-based glass–ceramic, J Biomed Mater Res B Appl Biomater 
70 (2004), pp. 37–42. 

[26] M. Albakry, M. Guazzato and M.V. Swain, Influence of hot pressing on the 
microstructure and fracture toughness of two pressable dental glass–ceramics, J 
Biomed Mater Res B Appl Biomater 71 (2004), pp. 99–107.  

[27] G.D. Quinn and R. Morrell, Design data for engineering ceramics: a review of 
the flexure test, J Am Ceram Soc 74 (1991), pp. 2037–2066.  



Fracture toughness determination of two dental porcelains 

79 

[28] J. Jin, H. Takahashi and N. Iwasaki, Effect of test method on flexural strength of 
recent dental ceramics, Dent Mater J 23 (2004), pp. 490–496.  

[29] G. With de and H.H.M. Wagemans, Ball-on-ring test revisited, J Am Ceram Soc 
72 (1989), pp. 1538–1541.  

[30] ASTM Designation: F394-78, American standard test method for biaxial flexure 
strength (modulus of rupture) of ceramic substrates, Annual book of ASTM 
standards, American Society for Testing and Materials, Philadelphia, PA (1978) 
p. 434–40 [re-approved 1984].  

[31] H. Fischer, W. Rentzsch and R. Marx, R-curve behavior of dental ceramic 
materials, J Dent Res 81 (2002), pp. 547–551.  

[32] C.W. Fairhurst, P.E. Lockwood, R.D. Ringle and S.W. Twiggs, Dynamic fatigue 
of feldspathic porcelain, Dent Mater 9 (1993), pp. 269–273.  

[33] G.A. Thompson, Determining the slow crack growth parameter and weibull two-
parameter estimates of bilaminate disks by constant displacement-rate flexural 
testing, Dent Mater 20 (2004), pp. 51–62. 

[34] J.B. Quinn, V. Sundar and I.K. Lloyd, Influence of microstructure and chemistry 
on the fracture toughness of dental ceramics, Dent Mater 19 (2003), pp. 603–
611.  

 



Chapter 4 

80 

 


