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Abstract
In machining processes, grinding is often chosen as the final machining method. Grinding is often chosen as the final 

machining method. This process has many advantages such as high precision and low surface roughness. It depends on many 
parameters including grinding parameters, dressing parameters and lubrication conditions. In grinding, the surface roughness 
of a workpiece has a significant influence on quality of the part. This paper presents a study of the grinding surface roughness 
predictions of workpieces. Based on the previous studies, the study built a relationship between the abrasive grain tip radius 
and the Standard marking systems of the grinding wheel for conventional and superabrasive grinding wheels (diamond and  
CBN abrasive). Based on this, the grinding surface roughness was predicted. The proposed model was verified by comparing the 
predicted and experimental results. Appling the research results, the surface roughness when grinding three types of steel D3, 
A295M and SAE 420 with Al2O3 and CBN grinding wheels were predicted. The predicted surface roughness values were close 
to the experimental values, the average deviation between predictive results and experimental results is 15.11 % for the use of 
Al2O3 grinding wheels and 24.29 % for the case of using CBN grinding wheels. The results of the comparison between the pre-
dicted model and the experiment show that the method of surface roughness presented in this study can be used to predict surface 
roughness in each specific case.

The proposed model was verified by comparing the predicted and measured results of surface hardness. This model can be 
used to predict the surface hardness when surface grinding.
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1. Introduction
Surface quality when grinding is assessed through many parameters: hardness, surface  

layer residual stress, surface roughness. In particular, surface roughness is one of the parameters 
that greatly affect the ability to work and the life of the machine details and it is often chosen as 
parameters for evaluation of the grinding process.

For studying grinding roughness surface, experimental methods are often used. However, 
the experimental method has the disadvantage that the results obtained in the experimental process 
are usually applied only under similar conditions and the experimental cost is large [1]. Therefore, 
the study of modeling – simulating the grinding process to predict surface roughness will overcome 
the above limitations.

The studies in this field have been carried out by many researchers, such as building models 
to predict surface roughness when grinding based on the analysis models of cutting thickness [2]; 
prediction the surface roughness when grinding with the assumption that the grits are uniformly 
distributed on the grinding wheel surface [3–5]; prediction the surface roughness when grinding 
through determining the average value of the depth of the cut into the machining surface of the 
abrasive grains [6]; applying probability theory when analyzing the cutting process of abrasive 
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grains to predict surface roughness [7]; prediction surface roughness with the assumption that the 
grinding process is a mechanical – thermal equilibrium process [8]; build the relationship between 
surface roughness and unformed chip thickness when it was assumed that the cross section of each 
cut is made by an abrasive left on the surface of the workpiece with different geometric shapes (tri-
angle, semicircular, curved, hyperbole) [1, 9–11].

However, the applicability of the results of these studies is quite difficult because of the 
micro-structure of the grinding wheel surface [1]. Therefore, it is necessary to build the correlation 
between the microstructure of the grinding wheel surface and its parameters, which will be the 
basis for predicting the achieved surface roughness by grinding.

2. Materials and Methods
The model for prediting grinding surface roughness is presented in the following for

mula [12–14]:
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In (1): vw is the workpiece velocity; ap is the depth of cut; Kc is the chip generation coef-
ficient, the definite of the value of this parameter is often difficult, in most cases it is possible to 
choose Kc = 0.9 [12]; vs is the grinding wheel velocity; ng is the number of abrasive particles per unit 
area of the grinding wheel surface; De is the equivalent abrasive grains’ diameter; ρg is the radius 
of the abrasive grain’s top.

The determination of these parameters will be discussed in detail in this study.
The equivalent grinding wheel diameter is determined as follows [15, 16]:
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In which, ds, dW respectively are grinding wheel diameter and workpieces diameter. The 
plus sign (+) in formula (2) is used when external grinding, minus sign (–) is used for internal grind-
ing. When grinding flat, dW to infinity, so that de as ds.

The depth of cut is determined as follows [12–14]:
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Where t is the depth of the layer of metal removed after grinding. The plus sign (+) in formu-
la (3) is used when external grinding, minus sign (–) is used for internal grinding.

Regarding the abrasive grain tip radius ρg, this parameter depends on the limit size of abra-
sive grain Bg. However, the Standard marking systems of the grinding wheel does not indicate 
the abrasive grain tip radius or the limit size of abrasive grain. Therefore, it is necessary to find  
a solution to determine the abrasive grain tip radius from the Standard marking systems of the 
grinding wheel. Currently, there are two popular Systems of Standard marking systems of the 
grinding wheel being used by grinding wheel manufacturers: the Standard marking systems ac-
cording to ISO 8486-1.2:1996 (E) standard and GOST R 3647-80 standard.

According to ISO 8486-1.2:1996 (E), the grain size is denoted by a number and by the letter F.  
In Table 1, the values of the limit size of abrasive grain Bg and the abrasive grain tip radius ρg have 
been determined in some of experimental studies.

From the data in Table 1, the relationship between the abrasive grain tip radius ρg and the 
limit size of abrasive grain Bg is shown in equation (4). Alternatively, the relationship between the 
abrasive grain tip radius ρg and denoted Grain size F is presented in (5):

	 ρg gB= ⋅0 0535 0 955. ,. 	 (4)
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or

	 ρg F= ⋅0 8754 0 9659. .. 	 (5)

The data in Table 2 shows that the value of the abrasive grain tip radius when calculated 
according to formulas (4), (5) are very close to the experimental value. For formula (4), the values of 
deviation are (0.09–5.77) %, and for formula (5) the values of deviation is (0.79–6.55) %. Therefore, 
it is shown that one of the two formulas can be used to calculate the value of the abrasive grain tip 
radius for each grinding wheel according Standard marking systems ISO 8486-1.2:1996 (E).

Table 1
The values of parameters of the denoted grinding wheel according to ISO 8486-1.2:1996 (E) standard [15–23]

Denoted Grain size, F
16 25 32 40 50 63 80 100 125 160 200

The limit size of abrasive grain Bg, µm
160 240 315 400 500 630 800 1000 1250 1600 2000

The abrasive grain tip radius ρg, µm
– – 26 – – 45 – – – 117 –
13 19 – 28 – – – – – 114 –
11 17 25 – 41 – – 76 – – –
– 19 – 30 – – 68 – 97 115 130
14 21 – 30 – – – – – – –
– 18 26 – 43 – – 80 91 – 138
12 – – – – 48 – – 93 119 149
13 19 27 28 38 – 60 – – – –

Mean
12.6 19 26 29 39.5 48 64 76 95 115.3 139.5

Table 2
Presents the abrasive grain tip radius when calculated using (4), (5) and the values in experimental studies 
(data from Table 1)

Denoted Grain size, F
16 25 32 40 50 63 80 100 125 160 200

The limit size of abrasive grain Bg, µm
160 240 315 400 500 630 800 1000 1250 1600 2000

The abrasive grain tip radius ρg, µm
12.6 19 26 29 39.5 48 64 76 95 115.3 139.5
12.8 19.4 24.5 30.7 38.1 47.6 59.6 74.3 92.4 115.4 143
1.59 2.11 5.77 5.86 3.54 0.83 6.88 2.24 2.74 0.09 2.51
12.7 19.6 24.9 30.9 38.3 47.9 60.3 74.8 92.8 117.8 146.1
0.79 3.16 4.23 6.55 3.04 0.21 5.78 % 1.58 % 2.32 2.17 4.73

Another Standard marking systems of grinding wheel used by grinding wheel manufactur-
ers to denote grinding wheel is the GOST R 3647-80 standard. According to this standard, the size 
of abrasive grain is expressed through the number of sieve holes per square inch of sieve used for 
grading and it is denoted M. Table 3 presents the abrasive grain tip radius of some grades.

From the data in Table 3, the relationship between the abrasive grain tip radius and the  
M index is built in (6):

	 ρg M= ⋅ −1245 5 1 132. .. 	 (6)
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Table 4 presents the calculated abrasive grain tip radius using Equation (6) and experimen-
tal value (data from Table 3).

Table 3
The values of the abrasive grain tip radius ρg to GOST R 3647-80 standard

M Bg (µm) ρg (µm)
10 2250 85.1
12 1800 68.7
16 1425 55.0
20 1125 43.9
24 900 35.5
30 715 28.5
36 565 22.7
46 450 18.3
54 357.5 14.7
60 282.5 11.7
70 225 9.4
80 180 7.6
100 142.5 6.2
120 112.5 5.4
150 90 4.2
180 71.5 3.7
230 56.5 2.4
280 40 2.0
320 34 1.7

Table 4
Comparing the abrasive grain tip radius according to the predicted results and experimental results of the 
denoted grinding wheel according to GOST R 3647-80 standard

Denoted 
grain size

Experimental 
value in Table 3

ρg

The calculated values by formula (6) Deviation from experimental values (%)
10 85.1 91.9 7.99
12 68.7 74.8 8.88
16 55.0 54.0 1.82
20 43.9 41.9 4.56
24 35.5 34.1 3.94
30 28.5 26.5 7.02
36 22.7 21.6 4.85
46 18.3 16.3 10.93
54 14.7 13.6 7.48
60 11.7 12.1 3.42
70 9.4 10.2 8.51
80 7.6 8.7 14.47
100 6.2 6.8 9.68
120 5.4 5.5 1.85
150 4.2 4.3 2.38
180 3.7 3.5 5.41
230 2.4 2.6 8.33
280 2.0 2.1 5.00
320 1.7 1.8 5.88

The data in Table 4 show that the calculated abrasive grain tip radius (6) is very close to 
the experimental value, the deviation from 1.82 % to 14.7 %. Therefore, it is shown that (6) can be 
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used to calculate the calculated abrasive grain tip radius for each grinding wheel according to the 
GOST R 3647-80 standard.

The number of abrasive grains per unit area of grinding wheel surface is determined by the 
following formula [15]:

	 n
B

g
g

=
⋅ ∈

⋅
6

2π
. 	 (7)

In (7) ∈ is the percentage of volume of grain in the grinding wheel. For conventional grinding 
wheel, it is determined by the (8) [15], with the index of the structure number of the grinding wheel. 
For diamond grinding wheel and CBN grinding wheel, the value of the grinding wheel investigated 
according to the index showing the concentration of abrasive particles as shown in Table 5 [24]:

	 ∈ = ⋅ −(%) ( ).2 32 S 	 (8)

The data in Table 5 shows that if the index denotes the concentration of abrasive grains of 
diamond and CBN grinding wheel, the value of is determined by (9):

	 ∈ = ⋅(%) . .0 25 C 	 (9)

In the case of a medium structure grinding wheel, for simple denotation of grinding wheel, 
there are some grinding wheel manufacturers do not show the structure of the grinding wheel in 
their Standard Marking Systems. In this case, for a conventional grinding wheel it is possible to 
choose a structure S = 8, but for diamond or CBN grinding wheel, choose C = 100 [15].

Table 5
Relationship between ϵ and index showing abrasive concentration of diamond and CBN grinding 
wheels [24]

Concentration, C 25 50 75 100 125 150 175 200

∈ (%) 6.25 12.50 18.75 25.00 31.25 37.50 43.75 50.00

From the (1)–(9) show that it is possible to predict the grinding surface roughness accord-
ing to each specific case of the parameters of the grinding wheel, the dimension of workpiece 
and the parameters of cutting mode. In particular, if the grinding wheel is denoted according to  
ISO 8486-1.2:1996 (E), the abrasive grain tip radius is calculated by the formula (4) or (5), and if 
the grinding wheel is denoted according to with GOST R 3647-80 standard, the abrasive grain tip 
radius is calculated (6). The percentage of the abrasive grits in a grinding wheel is calculated (8) 
with a conventional grinding wheel or (9) with the CBN or diamond grinding wheel. 

3. Results and discussion
Experimental results using Al2O3 with marking 36A60LV and CBN with marking HY-100 #  

for grinding three materials including D3, A295M and SAE 420 on the flat grinding machine in the 
study [25] will be used to compare with values when calculating in this study.

Grinding wheel parameters and technological regime parameters used during the expe
riment of the study [25] are presented in Table 6 for cases of using Al2O3 grinding wheel and  
in Table 7 for CBN grinding wheel. The experimental surface roughness values when grinding 
the different materials and the calculated surface roughness values (1) to (9) were also included  
in Tables 6, 7.

From the data in Tables 6, 7, roughness comparison charts were built as shown in Fig. 1, 2, 
respectively for grinding by Al2O3 and CBN grinding wheels. In which Ra(1), Ra(2), Ra(3) are the 
surface roughness when grinding D3 steel, A295M steel and SAE420 steel respectively, and Ra(*) 
is the measured surface roughness.
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Table 6
The experimental surface roughness values [25] and the calculated surface roughness values using Al2O3 
grinding wheel

No. ap (mm) vW (m/min)
Surface roughness, Ra

The experimental surface roughness Ra(*)Ra(1) Ra(2) Ra(3)

1 0.05 8 0.45 0.41 0.46 0.54
2 0.035 8 0.42 0.48 0.32 0.43
3 0.05 15 0.48 0.55 0.50 0.69
4 0.035 15 0.55 0.55 0.62 0.56

Table 7
The experimental surface roughness values vs the calculated surface roughness values using CBN grinding wheel

No. ap (mm) vW (m/min)
Surface roughness, Ra

The experimental surface roughness Ra(*)Ra(1) Ra(2) Ra(3)

1 0.01 5 0.50 0.32 0.23 0.39
2 0.02 5 0.63 0.38 0.32 0.59
3 0.01 15 0.82 0.65 0.6 0.60
4 0.02 15 1.06 0.55 0.64 0.92

Fig. 1. The experimental surface roughness values vs the calculated surface roughness values 
using Al2O3 grinding wheel

Fig. 2. The experimental surface roughness values vs the calculated surface roughness values 
using Al2O3 grinding wheel

Tables 6, 7 and Fig. 1, 2 show that: In the case of using Al2O3, the calculated surface rough-
ness values is close to the experimental surface roughness values for all three steel types testing. 
The average, deviation calculated for all three steel types testing is 15.11 %. As for the case of using 
CBN grinding wheel, the average deviation between calculated results and experimental results is 
about 24.29 %. These results show that the method of surface roughness presented in this study can 
be used to predict surface roughness in each specific case.
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The difference between the calculated results and the measurement results can be explained 
by the fact that in the calculation process, random problems arising in the grinding process have 
not been taken into account. The problems arising in the grinding process can be listed as: the 
hardness of the workpiece is not uniform, the change of the cooling lubrication technology, and 
especially the problem of vibration during grinding. Therefore, issues that need to be controlled be-
fore grinding include: ensuring the homogeneity of the workpiece, using the lubrication parameters 
recommended by the manufacturer, and minimizing vibrations forced during grinding (enhance 
machine rigidity, balance grinding wheel, repair grinding wheel regularly, etc.). The addition of 
this information to the surface roughness calculation formulas is the direction for further studies.

4. Conclusions
Based on the inheritance and development of the published results of surface roughness 

modeling when grinding, this study presents a method to determine the abrasive grain tip radius 
based on the different Standard marking systems of the grinding wheel. The formula for calculating 
the percentage of grinding grain volume in diamond and CBN grinding wheel was also introduced 
in this study. The method of predicting surface roughness when grinding with conventional grind-
ing wheel, diamond or CBN grinding wheel was also clarified in this study. The accuracy of these 
methods has been verified by comparing roughness values when calculating and experimenting. 
The results show that the roughness value when calculating and experimenting is very compatible 
with each other. For Al2O3 grinding wheel, the difference between calculation result and measure-
ment result is only 15.11 %, and the difference is equal to 24.29 % for CBN grinding wheel. So that, 
the results presented in this study can be used to predict the grinding surface roughness, contri
buting to reducing the time to adjust the machine, machining time, creating conditions that improve 
the efficiency of the grinding process.
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