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Abstract: Subsurface damage evaluation is performed using a 
combination of scanning electron microscopy and damage 
inspection techniques on silicon nitride and silicon carbide 
ground by single point diamond tools and diamond wheels. 
Two forms of surface damage are indentified, material 
pulverization in the superficial layer forming o powder regime 
and void geration in the subsurface layer. Material 
pulverization is observed that forms a powder-regime layer on 
a ground work-piece surface, which is the dominant material-
removal mechanism up to certain depth of cut. Underneath the 
powder-regime layer, damage is identified in the ground work-
piece, and is assessed and characterized with respect to type of 
workpiece material and grit size of grinding wheels. 
Keywords: grinding, material-removal, powder-regime, depth 
of cut, silicon ceramics 
 

1.  INTRODUCTION  
 
In a grinding process, each protruding abrasive grain 

on a grinding wheel generates an intense local stress field 
upon contacting the workpiece surface. This stress field 
causes irreversible material deformation in die form of 
dislocation, cracks and voids.  

The material-removal mechanism is usually classified 
into two categories: brittle fracture and plastic 
deformation [1].  

Brittle fracture, analogous to indentation of a brittle 
material by a hard indenter, involves two principal crack 
systems: lateral cracks which are responsible for material 
removal, and median cracks, for strength degradation. In 
brittle fracture, material-removal is accomplished 
through void and crack nucleation and propagation, 
chipping or crushing [2].  

Plastic deformation is similar to the chip formation 
process in metal grinding, which involves scratching, 
plowing, and chip formation. The material is removed in 
the form of severely sheared machining chips. The 
strength, hardness, and fracture toughness of the work 
material are the governing factors that control the extent 
of brittle fracture and plastic deformation.  

Grinding process is an inherently damaging process 
since the abrasive grains are forced into the surface. It is 
therefore not surprising that the grinding operation 
causes decreased mechanical strength of the machined 
components, an effect frequently reported in the 
literature [2], [3], [4], [5] and [6].  

In the grinding of silicon ceramics, material-removal 
may be based on such mechanism as crushing, chipping 
or fracture, pulverization, and plastic deformation. In 
dealing with precision grinding processes, where the 

depth of cut is normally in the submicron range, crushing 
and chipping or fracture mechanism can be excluded 
from this list.  

Material pulverization occurs when ceramic grains 
sized in micrometers are pulverized during grinding into 
finer grains in submicron range or even smaller. 
Pulverization can occur along the cleavage planes and 
slip systems of ceramic grain, leading to the formation of 
a large number of finer grains. More surfaces and a larger 
specific surface area are thereby generated [7]. 

Subsurface damage caused by a grinding process can 
be a function of numerous factors including material 
properties, grinding conditions, grinding wheel 
parameters, and grinding wheel truing and dressing 
condition. It was reported that the brittleness, which is 
defined as the ratio of hardness to toughness H/Kc of a 
material, was a governing factor affecting the penetration 
depth of subsurface damage [8].  

In 1987, Inasaki [9] proposed a critical condition for 
the initiation of subsurface damage: 

 𝐶𝑚𝑖𝑛 = 𝜁  
𝐾𝑐

𝐻
 
2
 (1) 

Critical condition was extended to a grinding 
situation by Bifano who advanced a model to correlate 
the critical grit depth of cut with material properties. 

The model is described by a simple power-law 
equation [3]: 

 𝑑𝑐 = 0.15  
𝐸

𝐻
  

𝐾𝑐

𝐻
 
2
 (2) 

Under a given grinding condition, subsurface damage 
is solely determined by material properties.  

This paper presents an analytical model for the 
prediction of subsurface damage of ceramics subjected to 
grinding. The model correlates subsurface damage to the 
type of workpiece material and grinding parameters.  

The results of damage prediction using the analytical 
model are verified by the experiments. 

 

2.  DAMAGE PREDICTION MODEL 
 
In a material-removal process, the response of the 

material is to generate the highest possible resistance to 
the external machining system in order to maintain its 
natural structure. The highest possible resistance 
corresponds to the highest possible energy consumption 
by the material, which determines the most favorable 
material-removal mechanisms in a machining process.  
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Based on this energy argument, pulverization is 
considered to be the most favorable material-removal 
mechanism in grinding of ceramics at minute depth of 
cut. 

Grinding damage is induced by grinding forces, 
predominantly the normal force.  

The normal force on a single grit is proportional to 
the mean chip cross-sectional area am that can be 
expressed as [9]: 

 𝐹𝑛 = 𝛼𝐾𝑂ℎ𝑔
1−𝜀  (3) 

Where α is the ratio of the normal to tangential 
grinding forces, and is a constant for a given grinding 
condition; Ko, and ε are constants to be determined by 
the material properties of a workpiece; and hg is the 
maximum grit depth of cut that is given by the following 
equation: 

 ℎ𝑔 =  4𝜈

𝑉𝑟𝐶
 

ℎ𝑤

𝐷
 (4) 

Where hw, D, ν, and V are wheel depth of cut, wheel 
diameter, workpiece speed, and wheel surface speed; C 
the grit surface density that is defined as the number of 
active points per unit area of the wheel surface, and r is 
the ratio of chip width to average undeformed chip 
thickness. On the other hand, a correlation between the 
subsurface damage depth and externally applied load can 
be obtained [9]: 

 𝐹𝑛 ∝ 𝜉𝑚  (5) 

The exponent m is in the range of 1 / 2 ≤ m ≤ 3 / 2 for 
different loading conditions. By substituting (5) into (3), 
we then obtain: 

 𝜉 =  𝐴ℎ𝑔 
𝐵

 (6) 

In which A and B are factors to be determined by 
material properties and grinding conditions. It is assumed 
that B is predominantly a function of material properties, 
and A function of experiments, and the factors A and B 
are to be determined by experiments. 

 

3.  EXPERIMENTAL PROCEDURES 
 
A precision grinding machine equipped with an 

aerostatic spindle and aerostatic slideway was used for 
the experimental work. The workpiece was then shaped 
by a cylindrical grinding machine equipped with 
diamond grinding wheels and polished to remove the 
layers damaged by the grinding processes [10].  

Polishing was done by diamond pastes with grain 
sizes ranging from 15 µm (for rough polishing) to 0.25 
µm (for fine polishing). In diamond-wheel grinding, a 
ceramic workpiece with dimensions 30 x 5 x 5 mm was 
fixed on to a steel surface plate. Three rectangular 
surfaces of each specimen were polished with 15 µm 
diamond paste to remove possible damage induced by 
the previous procedures. 

The diamond wheel grinding tests were carried out 
under the following conditions: 

1. Method: wet surface grinding; 

2. Grinding wheel: SD 80-N50M, SD 140-N75M, SD 
400-N75M; 

3. Grit mesh size: #60-80, #140-170, #325-400; 

4. Wheel speed: 1600 m/min; 

5. Table speed: 1.4 m/min; 

6. Wheel depth of cut: 15 µm; 

7. Grinding width: 5 mm; 

8. Coolant application: soluble type 2% dilution. 

 Si3 N4 SiC 

Density, g/cm3 3.28 3.15 

Grain size, µm 2-3 5 

Vickers hardness, Mpa 17.9 31 

Fracture toughness, MN/m3/2 6.6 3.6 

Flexure strength, Mpa 800 490 

Brittleness, /m1/2 2,700 8,300 

Tab. 1. Physical properties of the silicon ceramic materials 

 

Diamond 

wheel 

Mean grit 

size, µm 

Grit surface 

density, 

grits/mm2 

Maximum 

grit depth of 

cut, µm 

SD 80-N50M 230 3.1 0.91 

SD 140-N75M 100 6.3 0.64 

SD 400-N75M 40 17.4 0.38 

Tab. 2. Grinding wheel parameters 

 
The ground surface and subsurface layers were 

observed and measured using SEM (Scanning Electron 
Microscopy) and a surface profilometer. Silicon nitride 
(Si3N4) was prepared using the hot-press technique, 
while silicon carbide (SiC) by the pressureless sintering 
technique. Table 1 lists the physical properties of these 
materials. 

Table 2 gives the values of the mean grit size and grit 
surface density and the maximum grit depth of cut of the 
diamond wheels. 

 

4.  EXPERIMENTAL RESULTS 
 
Grains on the surface layer of a ceramics can be 

pulverized into much finer ones (submicron sizes or 
smaller) by grinding through intergranular and/or 
transgranular microcracking, and form a powder regime. 

The thickness of a powder regime varied along the 
ground surface due to the non-uniform distribution of 
abrasive grits on wheel surface. The powder regime 
thickness was measured over a cross-section that was 
divided into 10 identical parts. 

The SD80-N50M wheel generated the largest amount 
of powder regime on silicon nitride which was followed 
by the SD140-N75M and SD400-N75M wheels. The 
experimental results reveal that a grinding wheel of a 
larger grit size generates more powder regime than does 
that generated by the wheel with an average grit size of 
230 µm was more than three times of that by the wheel 
with an average grit size of 40 µm.  
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Fig. 1. Thickness of powder regime versus means grit size 

 
In Fig. 1 is shown the thickness of powder regime 

versus means grit size. 

Accordingly the number of active cutting points per 
unit area of the SD400-N75M wheel was 5-6 times that 
of the SD80-N50M wheel, resulting in a large difference 
in the grit depth of cut. The grit depth of cut for the 
SD400-N75M wheel was less than one-third of than for 
the SD80-N50M diamond wheel. 

The amount of powder regime generated on silicon 
nitride was the largest, followed by silicon carbide using 
the same grinding wheel. 

Grinding induced damage was found in the 
subsurface layers of all the silicon ceramics. The damage 
inspection was performed using SEM combined with the 
etching technique. The damage aligns them in the 
grinding direction, forming damage lines. 

Both clustered and scattered damages were generated 
in silicon nitride when the SD140-N75M and SD80-
N50M wheels were used for grinding, however, only 
scattered damage was formed in these materials when the 
SD400-N75M wheel was used. Mainly scattered damage 
was found in the subsurface of silicon carbide regardless 
of the grinding wheels. 

These observations indicate that whether clustered or 
scattered damage forms depend on the brittleness of 
workpiece materials, and the grinding parameters. A 
material with a high brittleness value (silicon carbide), 
tends to have more scattered damage, while a material 
having a low brittleness value (silicon nitride), tends to 
have more clustered damage. 

In Fig. 2 is shown the maximum depth of damage 
distribution was quantitatively measured against the grit 
size of the grinding wheels used. Silicon nitride had the 
largest penetration depth of damage among all the silicon 
ceramics under the same grinding conditions.  

In using the SD80-N50M wheel, the depth of damage 
distribution was as large as 40 µm in silicon nitride, and 
less in silicon carbide. With a decrease in grit size, there 
was found to be a decrease in the depth of damage 
penetration for silicon nitride, but very little decrease for 
silicon carbide. 

 
Fig. 2. Depth of damage distribution versus mean grit size 

 
It should be noted that two factors A and B are 

correlated with material properties, grinding wheel 

parameters, grinding, truing, and dressing conditions. 

These factors can be determined based on the 

experimental results: A = 200 and B = 1/ log (λH / K0), 

where λ = 10
-2

 m
1/2

 is a constant. By substituting the 

factors A and B into (6), the proposed model then 

becomes: 

 𝜉 =  200ℎ𝑔 
1/𝑙𝑜𝑔  𝜆

𝐻

𝐾𝑐
 
 (7) 

Equation (7) correlates the damage depth with the 

brittleness of silicon ceramics, and the grit depth of cut of 

a wheel. The relationship illustrates that a low level of 

damage depth is obtained in a material with a high 

brittleness value, while a high level of damage depth in a 

material with a low brittleness value. 

 

5.  DISCUSSION 
 

A model has been proposed for predicting subsurface 

damage. Based on this model in Fig. 3 and Fig. 4 are 

plotted variations of damage depth with the maximum 

grit depth of cut and brittleness of workpiece materials.  

The predicted damage depths show good agreement 

with those of the experiments. According to this model: 

a. Damage depth exponentially increases with 

increasing grit depth of cut. 

b. Damage depth increases with a decrease of material 

brittleness. 

c. As the grit depth of cut decreases, the difference in 

damage depth among these materials tends to 

disappear. 

A question remains is: why a more brittle material 
such as silicon carbide has a larger number of scattered 
voids with a relatively small penetration depth, and a less 
brittle material such as silicon nitride has a smaller 
number of scattered voids with a relatively large 
penetration depth? To answer this question, we may use 
(1) for critical damage size, and the following equation 
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for the minimum load to propagate a critical damage 
[10]. 

 𝐹𝑚𝑖𝑛 ∝  
𝐾𝑐

𝐻
 
3
𝐾𝑐  (8) 

For silicon carbide, a 2% load is needed to produce a 
critical damage of 10% in size with respect to silicon 
nitride. This is to say that for a given grinding condition, 
the population of critical damage would be much larger, 
but the depth of the damage would be much smaller in 
silicon carbide than silicon nitride. Although the more 
brittle material shows less depth of damage, the number 
of cracks or voids in much greater than is the case for the 
less brittle material. 

Nevertheless, Veldkamp [11] demonstrated that the 
critical scratching load to initiate a crack complied with 
the same expression as (8) if the scratching hardness was 
substituted for the indentation hardness. Based on the 
discussion, it has became clear that for a given grinding 
condition, hardness and fracture toughness are the 
predominant factors in determining whether subsurface 
damage contains a large number of scattered voids with 
relatively small penetration depth as in the case of silicon 
carbide, or a small number of clustered voids with 
relatively large penetration depth as in the case of silicon 
nitride. The former may indicate that the energy given by 
an abrasive grit into a workpiece is dissipated in a 
distributed manner, while the latter in a concentrated 
manner. 

 
Fig. 3. Damage depth versus maximum grit depth of cut 

 

 
Fig. 4. Damage depth versus brittleness of silicon ceramics 

The shear stress is not released until a certain level of 
stress concentration is reached, which results in a stress 
relaxation at a relatively long range. This process would 
result in clustered voids in a large penetration depth but a 
small number. 
 

6.  CONCLUSIONS 
 
Subsurface damage has been evaluated on silicon 

nitride and silicon carbide ground by diamond wheels 
with various grit sizes. Clustered damage is induced in 
the less brittle materials, while scattered damage is in all 
the silicon ceramic materials tested. Based on the 
research described in this paper, the following 
conclusions can be made: 

1. The larger an abrasive grain is, the more powder-
regime it generates. 

2. Subsurface damage is related to the properties of 
silicon ceramic materials, specifically brittleness. 

3. The penetration depth of subsurface damage is 
predictable using an analytical model (7). 

4. The penetration depth of subsurface damage increase 
with a decrease of material brittleness. 

5. The penetration depth of subsurface damage increase 
with an increase of the maximum grit depth of cut. 
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