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1. Introduction 

 
Conventional strength tests describe the failure behav-

iour of materials under simple stress states to comprise mostly 
uni-axial stresses with relatively small stress gradients. Con-
sidering practical applications13, mechanical loading often 
leads to strongly non-homogeneous and multi-axial stress 
states to be also induced by contact loading by line or point 
loads. In principle, the determination of strength under the 
contact loading results from the Weibull theory to include 
a multi-axial failure criterion. The contact loading by line and 
point loads can be induced by opposite rollers and opposite 
spheres using the devices shown in Figs.1 and 2, respectively. 

Proposed by Fett and illustrated in Fig. 1 (ref.4), a device 
for the contact strength test using using rollers with the di-
ameter D = 2R is shown in Fig. 1. Two rollers made of hard-
ened steel are pressed onto the rectangular specimen with the 
force P. With regard to the Fett’s theory4, a relationship be-
tween the characteristic strength 0,cont and 0,bend determined 
by the contact test using rollers and the four-point bending 
test, respectively, is derived as 

0,bend ≈ 0,cont            (1) 

where 0,cont is derived by the Weibull analysis5 considering 
the measured stress cont in the form4 

cont = 0.98 P / (H t)           (2) 

Similarly, 0,bend is determined by the Weibull analysis 
considering bend derived as4 

bend = 3P(S1S2) / (2BW2)          (3) 

where S2 and S1 are inner and outer spans, respectively. Simi-
larly, with regard to the Fett’s theory, a relationship between 
the Weibull moduli mcont and mbend is derived as4 

mbend ≈ 2 mcont            (4) 

Proposed by Fett, a device for the contact strength test 
using spheres is shown in Fig. 2 (ref.6). The rectangular bar 
(1) is loaded via two opposing spheres (2) with the radius R 
which are loaded by the force P. The load P is transferred to 
the upper sphere by a steel roller (3) guided by the hollow 
roller (4). The test can be carried out using bending bars or 
fragments of shorter length. 

The characteristic strength 0,cont determined by the 
contact test using spheres, derived by the Weibull analysis5, 
consider the strength cont in the form6 

cont = (122)[6P(E´/R)2]1/3 / (3) 
1 / E´= [(11

2) / E1] + [(12
2) / E2]         (5) 

where E1, 1 and E2, 2 are the Young’s modulus, the Pois-
son’s ratio for the spheres and an investigated ceramic mate-
rial, respectively. 

 
 

2. Experimental procedure and materials 
 
Mechanical tests. The contact tests using rollers and 

spheres (see Figs. 1, 2) with the diameter D = 2R = 3 mm of 
the rollers and the radius R = 2 mm of the spheres were per-
formed by Lloyd LR 5KPlus at room temperature. The rollers 
and spheres both of standard hardened steel were applied to 
specimens with the dimensions W = 3 mm, B = 4 mm, 
L = 1015 mm or L = 25 mm. The four-point bending test 
with S1 = 40 mm, S2 = 20 mm was applied to specimens with 
dimensions of W = 3 mm, B = 4 mm, L = 45 mm. Specimens 
used for all mechanical tests were cut by diamond tools, 
ground and consequently polished with 15 m finish. The 
specimen edges were chamfered to minimize the influence of 
the stress concentration. The contact test using rollers and the 
four-point bending test were realized in such a way that the 
load P was increased up to the critical load Pc which caused 
the specimen failure. A part of a number of specimens were 

CONTACT STRENGTH MEASUREMENTS AND CONE CRACK FORMATION  
OF Si3N4 AND SiC BASED CERAMICS  

Fig. 1. Schematic illustration of a device for the contact test using 
rollers4 

Fig. 2. Schematic illustration of a device for the contact test 
using spheres4 
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tested in the contact test using spheres in such a way, that the 
load of the specimens was stopped before the critical load, i.e. 
before the specimen failure at the load P = 4.9 kN, with an 
aim to investigate a character of the crack growth during the 
loading regime. These un-failured specimens were cut 
through the centre of the contact area, ground and polished 
due to optical electron microscopy for the determination of 
the crack length c and the angle  between the crack and 
a contact surface. The rest of a number of specimens was 
loaded till the specimen failure. All mechanical tests were 
performed at a loading rate of 0.5 mm min1. 

Experimental materials and microstructure. The 
following ceramic materials were investigated: 

1. Si3N4 with the additives 3 % Al2O3 and 3 % Y2O3, 
sintered in the atmosphere N2, produced by CeramTec 
(Plochingen, Germany), and provided in a form of plates with 
the dimensions 47×11×102 mm. 

2. SiC prepared as a mixture of the commercially avail-
able -SiC powder (HSC-0.59, Superior Graphite) with the 
additives of 5 % Si3N4, 2.8 % Al2O3 and 5.7 % Y2O3, hot 
pressed at 1870 °C h1 in the atmosphere N2 and subsequently 
annealed at 1650 °C/5 h, prepared at Institute of Inorganic 
Chemistry SAS Bratislava in the form of plates with the di-
mensions 60×60×6 mm. 

Microstructure of Si3N4 (see Fig.3a) consists of moder-
ately elongated -Si3N4 grains with the aspect ratio of 3–5 
and of inter-granular glassy phase with the volume fraction 
12 %, and additionally small amount of Fe originating from 
the used powder for the material preparation. Microstructure 
of the SiC (see Fig. 3b) consists of fine submicron-sized equi-
axed SiC grains with a low aspect ratio and of very thin inter-

granular phases/triple points. The average size of the SiC 
grains is 450 nm. 

Material parameters considered in Eq. (5) are as follows: 
hardened steel of spheres  E1 = 200 GPa, 1 = 0.29; Si3N4  
E2 = 310 GPa, 2 = 0.24; SiC  E2 = 400 GPa, 2 = 0.24. 

 
3. Results and discussion 

 
Contact test using rollers and four-point bending 

test. The characteristic strength 0,cont, 0,bend, the Weibull 
moduli mcont, mbend determined by the Weibull distribution, 
and the ratios mbend / mcont, 0,cont / 0,bend are presented in 

Fig. 3. SEM micrographs of characteristic microstructure of 
Si3N4 (a) and SiC (b), both plasma etched 

Table I 
The characteristic strength 0,cont, 0,bend and the Weibull 
moduli mcont, mbend 

Material mcont mbend mbend  mcont Eq. (4) 

Si3N4 7.1 13.9 1.96 2 
SiC 8.95 10.6 1.18 2 

  0,cont 
[MPa] 

0,bend 
[MPa] 

0,cont  0,bend Eq. (1) 

Si3N4 766.3 727.8 1.05 1 
SiC 617.1 437.1 1.41 1 

Fig. 4. The Weibull distribution of the characteristic strength 
0,cont [MPa], 0,bend [MPa], and Weibull moduli mcont, mbend re-
lated to the contact test using rollers (a), and to the four-point 
bending test (b) for the investigated materials 

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 
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Tab. I, Fig. 4, where mcont, 0,cont and mbend, 0,bend are related 
to the contact test using rollers and the four-point-bending 
test, respectively. 

According to the results, the characteristic strength val-
ues for the silicon nitride ceramics were very similar in con-
tact and bending strength tests but for the silicon carbide the 
characteristic strength in bending test was lower comparing to 
the value of the contact strength. The Weibull modulus ob-
tained for Si3N4 using contact strength method is approxi-
mately half of the modulus from the bending method except 
SiC, where the Weibull modulus in contact mode is similar to 
the modulus obtained from the bending strength result. The 
very low characteristic strength in bending mode in the case 
of SiC is caused by the presence of large processing flaws 
representing fracture origins. As it was found by fractographi-
cal analysis (see Fig. 5b), such flaws with different size (from 
5 m to 100 m), shape and location (distance from the ten-
sile surface) decrease not only the characteristic bending 
strength but also lead to the low Weibull modulus for this 
material. The significantly different Weibull moduli in com-
parison of the bending and contact strength tests can be ex-
plained also by the existence of strong stress gradient near the 
contact areas, in the case of contact strength test in contrast to 
the bending test with significantly lower stress gradient. In the 
case of the silicon nitride ceramics tested in bending test, the 
fracture origin in the form of processing flaws was identified 
only randomly as Fe inclusions (see Fig. 5a), and the fracture 
origin was at the tensile surface and corners of the specimens 
in the form of small surface defects. 

According to the result of ceramographic/fractographic 
examination, the characteristic damage mechanisms arising 
during the loading in the contact mode were located below the 
surface of the specimens in the form of lateral, median and 
contact end cracks as shown in Fig. 6 for Si3N4. The different 

crack types could be present at the contact surface and speci-
men sides of one experiment. A typical order of crack appear-
ance was established by correlating the presence of different 
cracks and applied load in each experiment. Notably, the first 
cracks were always found at the specimen sides. At one or 
both of specimen sides, a surface parallel crack was visible at 
a depth that was approximately one to two times the contact 
width 2a. The crack typically displayed a slightly concave 
shape with the edges drawn towards the contact surface. In 
experiments that had proceeded, the cracks of a second type 
were distinguishable. These cracks were vertical and located 
between the surface parallel crack and the contact mark. They 
typically started at the top side of the first crack and grew 
towards the contact surface. In some experiments, the cracks 
reached the contact surface at the contact end. 

Following the nomenclature that is used for similar sub-
surface contact cracks in ceramics, the first crack was named 
lateral crack and second crack was named median crack. Last 
cracks were often found together in the contact surface. A few 
tests did only contain the crack at the corner between speci-
men side and surface. It was named a contact end crack. Due 
to the contact symmetry, up to four contact end cracks may 
appear in one test. They meet the specimen corner at 
a perpendicular angle in both surface and side views. In the 
surface, they are curved towards the contact edge. 

 

Fig. 5. Fracture surfaces of Si3N4 (a) and SiC (b) loaded by the 
contact test using rollers and the four-point bending test, respec-
tively. Fracture origin in SiC (b) 

Fig. 6. A cross-section view of a surface between two rollers: 
lateral, median and contact end cracks in Si3N4 

Table II 
The characteristic strength 0,cont, 0,bend and the Weibull 
moduli mcont, mbend 

Material mcont mbend mbend  mcont 
Si3N4 22.6 13.9 0.62 
SiC 20.5 10.6 0.52 

  0,cont 
[MPa] 

0,bend 
[MPa] 

0,cont  0,bend 

Si3N4 3344.2 727.8 4.55 
SiC 3327.6 437.1 7.61 
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Contact test using spheres. The characteristic strength 
0,cont, 0,bend together with the Weibull moduli mcont, mbend 
determined by the Weibull distribution, and the ratios mbend/ 
mcont, 0,cont/0,bend  are presented in Tab. II, Fig. 7, where 
mcont, 0,cont and mbend, 0,bend are related to the contact test 
using rollers and the four-point-bending test, respectively. 
With regard to the higher values of mcont of the contact test 
using spheres compared to those of both the contact test using 
rollers and the four-point bending test (see Tab. I), the contact 
test using spheres is assumed to be the most precise and ac-
cordingly the most considerable for the determination of 
strength of ceramic materials. As assumed in6, the preciseness 
can be explained by stable growth of the cone cracks originat-
ing during the contact test using spheres, and not by an initial 
size distribution of the flaws to originate during the process-
ing. 

According to Fig. 8, the damages/fracture origins in 
contact mode were located at the tensile surface of the sample 
in the form of similar cone cracks arising to a critical size 
during the loading, and controlling the fracture, in contrast to 
the bending mode when the fracture is controlled by process-
ing defects. The radius of the cone crack in Si3N4 was signifi-
cantly larger than that in SiC, and one crack is initiated only 
(see Fig. 8a). The cone crack was nearly perpendicular to the 
specimen surface (510 m), than changed its direction and 

grew up to the critical size of ≈ 200 m. In SiC material the 
cone crack originated at lower load and therefore the cone 
crack radius is smaller. In this case, typically multi-cracks are 
initiating with the first main crack which is longer comparing 
to the crack in Si3N4 (see Fig. 8b). The multi-crack formation 
is connected with the deformation of the sphere when the load 
is increasing and with the enlarged contact area between the 
sphere and specimens. In the tougher Si3N4 the cone crack 
originates at higher loads and the further deformation of 
sphere is not so significant and does not initiate further crack 
growth. 

Finally, in the case of the contact strength test using 
spheres, no good correlation between the contact and bending 
strength values is observed. 
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The paper deals with an investigation of contact strength 

determined by contact tests applied to Si3N4 and SiC ceramic 
materials, where loading of the contact tests is induced by 
opposite rollers and opposite spheres. Experimental results of 
the contact tests are compared with those of the four-point 
bending test, and consequently the comparison of the Weibull 
parameters in the contact and bending modes results in the 
verification or the refutation of the Fett’s theory. Resulting 
from microstructural analysis, a reason of deviations from the 
Fett’s theory is determined. In general, the contact tests using 
rollers and spheres applied to a brittle material induce differ-
ent types of cracks, i.e. lateral, median, contact end cracks and 
cone cracks, respectively. In addition to the contact strength 
determination, an investigation of the crack initiation and 
propagation is performed. 

Fig. 7. The Weibull distribution of the characteristic strength 
0,cont [MPa] 

Fig. 8. Optical micrographs of cross-section views of the 
contact sites in Si3N4 (a) and SiC (b) 

 


