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Abstract 
The opposite sphere and four-point bending methods have been used for 
strength measurement of Si3N4 and SiC ceramics. The characteristic 
strength of Si3N4 in both loading configurations was higher compared to 
the characteristic strength of SiC and the difference was very high in 
bending mode. With regards to Weibull’s modulus, experimental results 
of the contact strength test are mutually similar, but in bending mode the 
Weibull’s modulus of SiC was significantly lower compared to that of 
Si3N4. According to the results of observation by optical microscopy, cone 
cracks with similar size are formed during loading in contact strength test 
and controls Weibull’s parameter and the fracture. On the other side, the 
Weibull parameters of the investigated material tested in bending are 
controlled by volume defects, resulting in a significant strength 
degradation mainly in silicon carbide. 
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INTRODUCTION 
Thanks to the unique combination of mechanical properties (e.g. hardness, high-

temperature strength, resistance to wear and corrosion), silicon nitride and silicon carbide 
based ceramics are promissing materials for a wide variety of applications in the 
aeronautics, energy, electronics, nuclear and transportation industry [1-3]. These materials 
were intensivelly developed during recent decades with an aim to optimize their final 
mechanical properties [3]. The relationship between the processing, microstructure and 
fracture/mechanical properties reliability and lifetime was investigated in detail at different 
mechanical loading configuration and in different environments using different testing 
methods [2,3]. Usually, the strength of ceramic materials is measured by a bending test 
resulting in a stress state represented, in most cases, by uniaxial stress with a relatively 
small gradient. Considering practical applications, the mechanical loading is often 
represented by a multi-axial stress state to be significantly non-homogeneous. With regards 
to the determination of the strength of ceramic materials, the multi-axial and non-
homogeneous stress state can be obtained using contact loading by line or point loads. The 
strength under the contact loading can be determined on the basis of Weibull’s theory along 
with the multi-axial failure criterion. The approach is applicable in cases of small stress 
variations resulting in sufficiently constant stresses to be assumed over the size of natural 
flaws. Fett et al. [4-6] successfully applied the contact strength technique for the 
characterization of strength and fracture of brittle materials at special loading conditions. 
The aim of this contribution is to compare the strength and fracture characteristics of silicon 
nitride and silicon carbide tested in contact and bending mode. 
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MATERIALS AND EXPERIMENTAL PROCEDURE 
The first investigated material is a gas pressure sintered silicon-nitride ceramic 

containing ~ 3% Al2O3 and ~ 3% Y2O3 additives, produced by CeramTec (Plochingen, 
Germany), provided by the manufacturer in the form of plates with dimensions of 
47× 11× 102 mm. The second material a SiC ceramic, was prepared from the mixture of a 
commercially available β-SiC powder (HSC-0,59, Superior Graphite) with Si3N4, Al2O3 
and Y2O3. The material provided by the Institute of Inorganic Chemistry SAS Bratislava in 
the form of plates with dimensions of 60× 60× 6 mm, the SiC ceramic was hot pressed at 
1870°C/1h in a nitrogen atmosphere, and subsequently annealed at 1650°C/5h. 
 

 

 
a) b) 

Fig.1. Scheme of a device for the contact strength test [4-6], 1-sample, 2-spheres, 3-steel 
cylinder, 4-hollow cylinder (a). Hertzian contact of the sphere on a flat ceramic specimen 

including schematic illustration of crack propagation (b). 

The samples (see Fig.1a) of a prismatic shape with dimensions of w× B× l = 
3× 4× 45 [mm] used for both tests were grinded, and subsequently polished. Additionally, 
both edges of the tensile surface were rounded with a radius approx. 0.15 mm, with the aim 
to eliminate failure initiated from the edges of the sample. The four-point bending test with 
an inner/outer span of 20/40 mm was applied at a crosshead speed of 0.5 mm/min in air. At 
the same crosshead speed, the contact strength test was performed in air using non-critical 
mechanical loading of 4900 N applied - by the steel cylinder in the hollow cylinder (see 
Fig.1a) between two opposite hardened steel spheres (see Fig.1a) both with a radius R = 5 
mm. The characteristic strength and Weibull’s modulus were determined using the two-
parameter Weibull’s distribution. Microstructures of the investigated materials (see 
Fig.2a,b) were studied by scanning electron microscopy (SEM) on plasma and chemical 
etched samples. The character of the cone cracks, originating during the contact strength 
test at indented surfaces has been investigated by optical microscopy after the failure of the 
samples (see Fig.1b). The aim of this observation was to identify the formation of the cone 
cracks in a direction paralel as well as perpendicular to the mechanical loading. 

The maximal tensile stress σmax, defining the contact strength, and occurring at the 
transition from the Hertzian contact zone to a free sample surface, has the form 
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where Ei and νi are the Young’s modulus and Poisson’s ratio, where the subscripts i=1 and 
i=2 are related to the spheres and sample, respectively. An application of the symmetric 
loading induced by the two spheres results in mechanical boundary conditions to be better 
defined in comparison to the use of one sphere only [4-6]. 

RESULTS AND DISCUSSION  
The microstructure of the Si3N4 material shows moderately elongated Si3N4 grains 

with an aspect ratio of approximately 3. The grains were bound together with an amorphous 
phase. Some microporosity and some iron containing inclusion could be recognized (0.03-
0.16 wt.%) probably remaining from the original powder. The microstructure of hot pressed 
SiC material consists of fine submicron-sized equiaxed SiC grains with a low aspect ratio. 
Both materials additionally contain intergranular phase in the form of very thin grain 
boundary films and in the form of triple points. The characteristic microstructure of 
experimental materials is illustrated in Fig.2a,b. 
 

 
a) b) 

Fig.2. Scanning electron micrographs of characteristic microstructure of Si3N4 (a) and SiC 
(b) ceramic materials. 

 
a) b) 

Fig.3. Weibull distribution of strength values of Si3N4 and SiC materials in a) contact 
strength and b) four-point bending strength mode. 

The characteristic strength and Weibull modulus of the investigated materials, 
computed using two-parameter Weibull distribution are shown in Fig.3. According to the 



 Powder Metallurgy Progress, Vol.8 (2008), No 1 27 
 
results, the characteristic strength and Weibull modulus for samples tested in contact mode 
between spheres were found to be σ0 = 2069 MPa, m = 25.3 for Si3N4 and σ0 = 1763 MPa, 
m = 15.9 for SiC material. The values of the measured four-point bending strength and 
Weibull modulus were σ0 = 735.1 MPa, m = 24.6 for Si3N4 and σ0 = 250.5 MPa, m = 8.2 
for SiC. From the results it is evident that the characteristic strength is higher for Si3N4 in 
both loading configurations and the difference was very high in bending mode. In contact 
mode the Weibull moduli were similar, but in bending mode the Weibull modulus of SiC 
was significantly lower compared to Si3N4. 

  

 
a) b) 

Fig.4. Characteristic fracture surfaces; Si3N4 broken by sphere technique (a) and SiC 
material broken in the four-point flexure mode with a fracture origin near the tensile 

surface of the specimen (b). 

Fractographic examination of the fracture surface revealed fracture origins, but 
only in the case of the bending test in the form of technological defects, mainly in the case 
of SiC material, (Fig.4b). According to the results of ceramographic/fractographic 
examination (Fig.5), the fracture origins in contact mode were located at the tensile surface 
of the sample in the form of cone cracks and originated during the contact strength tests. 
These cone cracks emerged to a critical size during the loading, and caused the failure and 
strength degradation. The relatively high Weibull moduli (lower scatter in the strength 
values) were caused in the contact strength test by similar cone cracks size at the failure. 
These cracks, with a very similar size, are controlling the fracture. In the bending mode the 
fracture is controlled by processing defects present in materials with different size, shape 
and distance from the tensile surface of the specimens, mainly in SiC, which results in 
a low m value and low characteristic strength. In the case of Si3N4 the fracture origins at the 
bending test were mainly surface defects of a low size, which results in relatively high 
strength and Weibull modulus. Characteristic cone cracks of the investigated materials 
studied by optical electron microscopy are illustrated in Figs.5a,b. The cone crack 
formation and the character of the cone cracks is different in the materials. The radius of the 
cone crack in Si3N4 is significantly larger compared to that in SiC and typically only one 
crack is initiating. At the begining, the crack is nearly perpendicular to the surface of the 
sample (5-10 μm), than changing its direction and growing up to a critical size of 
approximatelly 200 μm. In SiC material the crack originating at lower load, and therefore 
the cone crack radius, is smaller compared to that of Si3N4. In this case typically 
multicracks are initiated with the first main crack, which is longer comparing to the crack in 
Si3N4. 
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a) b) 

Fig.5. Side views of Hertzian contact damage in Si3N4 (a) and SiC (b) using steel spheres 
of a radius R = 5 mm at load 4900 N, in air. 

CONCLUSIONS 
The contact strength characteristics and cone crack formation of Si3N4 and SiC 

based materials have been investigated and compared to the bending strength values. The 
following main results were found: 
• The characteristic strength of Si3N4 in both loading configurations was higher when 

compared to the characteristic strength of SiC and the difference was very high, mainly 
in bending mode. 

• The Weibull moduli were similar in contact mode, but in bending mode the Weibull 
modulus of SiC was significantly lower compared to the modulus of Si3N4. 

• The cone cracks with similar size, which are forming in the samples during loading in 
the opposite sphere contact strength test, controls the fracture and the Weibull 
parameters. 

• In bending mode the Weibull parameters are controlled by processing (mainly volume) 
defects, which mainly in SiC dramatically degrades the strength value. 

• The cone crack formation and their shape/size is different in the investigated materials, 
which is probably connected with their different fracture toughness. 
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