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Abstract. In this study, the three-dimensional stress distributions in the area surrounding indentation 
pattern for three different materials, Al2O3, Si3N4 and SiC were analyzed by FEM. Those theoretical 
results were also compared with the experimental ones by Rockwell hardness test. The effect of 
loading stress on the plastic deformation in specimens, surface was investigated on the assumption of 
shear strain energy theory by Huber-mises when the materials were indented. The distributions of 
nomal stress, shear stress, and mises stress were analysed with variations of loading conditions. It is 
clear that the analytical results for the stress distributions, the crack length and its density of 
probability are in good agreement with the experimental results.  

Introduction 

According to the above situation, in this study, the three-dimensional stress distributions of 
indentation pattern for three different materials, Al2O3, Si3N4, SiC were analyzed. The effect of 
loading stress on the plastic deformation on test surface was investigated with variations of loading 
conditions by FEM. According to the indentation pattern, under the assumption of shear strain energy 
theory by Huber-mises, the beginning of the plastic deformation and the distributions of loading 
stress were analyzed. The aim of the paper was to propose the present analysis [4] for the stress 
distributions, the crack length and its density of probability. 

Experimental 

Mechanical Properties Microstructures of Materials.Al2O3 used in the experiment was from (A-473); 
Si3N4(SN-220), SiC(SC-211).The mechanical properties of materials are shown in Table 1. 
Especially, the stress intensity factor KIC was calculated by IF method. IM method refers to the 
hemicycle or semi-elliptic vertical crack near the indentation during the Vickers indentation test on 
the surface of brittle ceramics. The value of the crack was evaluated using KIC. The samples were 10 
mm×20 mm×60 mm. After the samples were ground, the indentation zone and crack-tip were 
observed by optical microscopy. After corrosion treatment, namely, Al2O3 with 30%NaOH solution, 
Si3N4 and SiC with 60%HNO3 solution respectively at 70°C for 5min, the evaporation of treated 
samples was observed by Scanning Electron Microscopy (SEM). 

 

  
Table 1. Mechanical Properties            Fig 1a Compressive       Fig 1b Young’s Modulus vs. Fig 2a Bending Strength 
of materials                        vs. Diameter of Indentation vs.  Diameter of Indentation  vs.Depth of Indentation 
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Results 

Evaluation of indentation damage.The Rockwell indenter was forced on test surface with an apex 
angel 120º. Usually, the elastic deformation firstly took place, then turned into the plastic 
deformation as loading up. However, on the very brittle surface of the ceramics, if loading up more, 
the crack extended around the radius between elastic and plastic zone. The beginning of radial rack 
and the indentation extending down has been known[5,6]. The average of the maximum diameter and 
orthogonal diameter was considered as the representative one. The relationships of diameter, 
compressive strength and Young’s Modulus are shown in Fig. 1a and Fig. 1b. The indentation 
diameters descend linearly in order of Al2O3、Si3N4 and SiC and those compressive strength and 
Young’s Modulus are constants respectively. When the samples in the experiment were loaded from 
294N to 1470N, the linear slope gradually trends bigger. The porosity, crystal morphology, grain, 
matrix and relative mechanical properties were close related one another. The bending strength vs. 
depth of indentation is shown in Fig.2a and Fig. 2b. As the increasing of the bending strength and KIC, 
the depth of indentation descended gradually in order of Al2O3, Si3N4 and SiC as loading from 294N 
to 1470N.  

 

 
 
 
 
Effect of the compressive strength on the deformation.Due to the indenter test, an indentation 
occurred on the test surface, near which was the crack. The typical residual crack patterns on indented 
surfaces of ceramics are shown in Fig. 3. It is concluded that, when loading up to 294N, the 
indentation is mainly the crown, extending from the center on radial crack. Especially, when using 
SiC materials, the indentation extended along the test surface, and turned bigger in turn as loading up. 
The radical crack extended indented instead of linear. The indented crack spread to the pores. As a 
stress raiser, the pores caused partial damage, forming chapping. The change of extending direction 
ceased the chapping. However, as shown in Fig. 4, under the condition of p=294N, the depth 
indentation of Al2O3, Si3N4 and SiC are 140µm, 90µm, and 120µm respectively. There is a little error 
between the calculating ones and testing ones, which resulted from the actual measuring [7,8,9,10]. 
 

 
Fig 4. Relation between depth of indentation      Fig 5. Load vs. Diameter    Fig 6. Mesh patterns  
andcompressive load:(a). Load vs calculatd depth of      of Indentation      of FEM model 
Indentation   (b). Load vs measured depth of Indentation 

Fig 3a. Typical residual crack 
patterns on indented surface of 
ceramics (×100,Al203,294N) 

Fig 3c. Typical residual 
crack patterns on indented 
surface of ceramics 
(×100,SiC,294N) 

Fig 2b KICMPa・m1/2 vs.  
Depth of Indentation   

Fig 3b. Typical residual 
crack patterns on indented 
surface of ceramics 
(×100,Si3O4,294N) 
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Fig 7. Pressed by diamod conical indenter Fig 8a. DX-X and DY-Y displacement Fig 8b. X and Y coordinate axis 

displacement 

Analyzing the data by FEM 

Damage behavior simulation by FEM 
Analyzing the damage behaviors, Finite Elements Method was adopted using Marc volume program. 
The stress distribution, shear stress and mises stress were analyzed by workstation. The actual 
deformation was elastic originally, then turned into one in the equilibrant state as the motion of the 
indenter. Limited by the elements of calculating time and content, the nodes changed from 754 to 576. 
These elements were composed of pentahedron of 72 elements and hexahedron 504 elements. 
Degrees of Freedom of total model didn’t turn comparing with X-axis and Y-axis, only parallel 
moving. Due to the body symmetry one-quarter of the indented microarea was used for the 
calculation, here, the boundary condition was limited to move in the direction of Z-axis. The aim was 
to investigate the inner damage of indentation pattern for three materials, considering the contacted 
section and the immobility of fixed surface as the boundary condition. Mesh patterns of FEM model 
under the loading of 294N, are shown in Fig. 6. The loading conditions were estimated by analyzing 
the chapping caused near the indentation region by FEM. It is inapplicable for the given model to 
carry out the calculating by the method. Therefore, the indentation was proximate taper, whose radius 
can be decided by the average of thirty samples. The depth of indentation can be obtained by the 
following Formula (1). 

Depth of indentation h(mm)= (100-regidity) ×0.002 （1） 
The values are shown in Fig. 4. In this case, the stress distribution, shear stress and mises stress were 
calculated respectively.Moreover, the stress distributions are shown in Fig. 9a and Fig. 9b. For the 
values of X-axis and Y-axis, the stress distributions along the radius near the center of Y-axis are 
bigger than that of X-axis, and there is little difference near the boundary site. While, for the Dx-y and 
Dy-x, the difference between X-axis and Y-axis is little, almost keeps the same near the boundary site. 

The crack-tip stresses are shown in Fig. 10a~ Fig. 10b, respectively. For the Dx-x and Dy-y, there is 
little difference along the radius. In the direction of cross section, its crack-tip stress in the center of 
circle varies inversely with the boundary length, and goes to zero away from the center along the 
radius, about zero. In the direction of X-zxand Y-yz, the crack-tip stress has no relationship with X-axis 
and Y-axis, keeping the same, and in the great extent influences the creation of the crack. 

The mises stress is shown in Fig. 11. The combined stress of compressive stress and crack-tip 
stress can be seen in Fig. 11. The mises stress has no relationship with X-axis and Y-axis, keeping the 
same, moreover there is a little difference along the radius, which can be used as the norm judging the 
creation of the crack. 

 
 Fig 9a. σX-X and σY-Y normal Fig 9b. σX-Y andσY-X normal Fig 10a. X-XY and Y-XY shear distribution 
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Fig 10b. τX-YZ andτY-XZ shear  Fig 10c. τX-XZ andτY-YZ shear       Fig 11. X and Y mises stress 

 
Fig 12. Mises stress vs. probabilisity density five different conditions 

Conclusions 

The radial crack extended the indented shape. When spreading to the pores and the grain bound was 
damaged, thus the crack began to extend. Moreover, the crack ceased in the pore. The pore served as 
the place of concentrated stress, the crack occurred for the out lower stress resulted in the part damage. 
Therefore, the indented crack on the test surface, stopped because of the pores and the extending 
direction of crack changed. 

The depth of indentation by Rockwell indenter test corresponds with the stress distribution by 
FEM. It is concluded that when Al2O3 crack occurred and if the crack spread easily depended on the 
values of mises stress. When the loading was 294N, for the stress and stress-tip distributions, shear 
stress and mises stress of Al2O3 materials, the Y deformation was bigger than that of X. Thus, it is apt 
to bring and spread the radial crack in the direction of X. 

The crack occurred if the compressive strength was bigger than the bending strength. The density 
of probability of higher stress was higher than that of the lower. The above conclusions can be 
obtained from Fig. 12. Thus, the crack distributions can be evaluated by mises stress distributions. 
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