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Grinding is one of the most important processes in machining precision rotating parts. GF & GT 
(grinding force and grinding temperature) of single particle in grinding wheel have great influence on 
surface roughness. In this study, the GF & GT models of single particle were established.  
Abaqus was used to analyze the coupling between GF & GT of single particle. Combined with grinding 
parameters (grinding depth and grinding speed), the influence of GF & GT on the range of surface 
roughness of single particle abrasive was comprehensively studied. The machining and experimental 
analysis of precision aerospace bearings were carried out through theoretical analysis. The results show 
that with the increase of grinding depth, the GF & GT in X and Z directions increase gradually.  
However, the grinding temperature does not increase linearly with the increase of grinding depth. 
Compared with the grinding speed, the influence of grinding depth on the grinding force in Y and Z 
directions is much greater than that in X, which is 7.38 times and 5.81 times of the grinding speed, 
respectively. Grinding depth has the greatest influence on surface roughness, which is 3.6 times of 
grinding speed. When the test speed is constant at 60000 rev/min, the bearing temperature is between  
30 °C and 65 °C and most of them are within 44 °C. The test data meet the requirements, and all indexes 
are controllable. The above conclusions provide theoretical basis and selection of process optimization 
parameters for grinding precision rotating parts. 
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 Introduction 

Grinding belongs to precision machining, which is 
generally used in the final process of precision parts 
[1]. The characteristics of grinding wheel are one of 
the guarantees of grinding quality [2]. In grinding 
wheel abrasive particles, the main components are 
single cutting abrasive particles and adhesive.  
In the grinding process, the essence is that a single 
abrasive particle forms a layer of effective cutting on 
the surface of the workpiece. The essence of grinding 
research is the research of single abrasive particle in 
the cutting process. GF & GT are the two most 
important parameters affecting surface roughness in 
grinding. And the control of GF & GT mainly comes 
from the control of grinding parameters.  
Therefore, this is a closed-loop study. 

A series of scholars have made in-depth research 
on single particle grinding. For example, Lei et al. [3] 
carried out ultrasonic-assisted high-speed grinding 
experiment of single particle. A new dynamic grinding 
force model for ultrasonic-assisted high-speed 
grinding of single abrasive particles is established. 
Zhao et al. [4] proposed a new prediction model for 
single particle friction calculation, which is used to 
calculate ploughing friction coefficient with the aid of 
two-dimensional ultrasonic vibration (applying 

transverse vibration and additional normal vibration). 
Yan et al. [5] developed an improved cutting force 
model to analyze and evaluate the force-controlled 
robot abrasive belt grinding mechanism. The micro-
scale of cutting force model composed of sliding, 
ploughing and cutting components was introduced. 
Krzysztof et al. [6] introduced a new method of 
mixing cooling and lubricating the processing area 
under dry conditions, taking the internal grinding of 
bearing rings as an example. The grinding ratio g is 
increased by more than 4 times by the proposed 
method. He et al. [7] reviewed the progress of the 
influence of grinding parameters on the surface of 
parts in ultra-precision machining of bearing rolling 
elements. Yao et al. [8] studied the GF & GT of ultra-
high strength steel Aermet100 in conventional surface 
grinding with single alumina grinding wheel, white 
alumina grinding wheel and cubic boron nitride 
grinding wheel. When the grinding force is large and 
the grinding temperature is high, the workpiece 
material will adhere to a single alumina grinding wheel 
locally. Ding et al. [9] analyzed the contact pressure 
and load deformation of bearings by means of 
simulation, and proposed an innovative coordinated 
optimization method. References [10-12] are similar 
studies. 
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Based on the above research, there are few studies 
on the thermodynamic properties of single  
abrasive particles. In this study, the GF & GT model 
of single particle is established, and the GF & GT of 
single particle are simulated. The influence of grinding 
depth of single particle on GF & GT is analyzed,  
and the range of GF & GT on surface roughness is 
discussed. Finally, a comprehensive study is carried 

out through experiments. 

 Establishment of GF & GT model for 
single particle. 

For the single-particle grinding state, the coupling 
model diagram of GF & GT was made, as shown in 
Fig. 1.

 

Fig. 1 Model diagram of single particle GF & GT 

 Single particle grinding force model 

Grinding force of single particle is a main 
parameter to characterize grinding condition, and it is 
an important reason to generate grinding heat. 
Grinding force is an indispensable parameter in the 
calculation of grinding temperature. These formulas 
are expressed as power functions of grinding 
parameters, as shown in Eq. (1). 

 
(1) 

Where:  
Ft…Tangential grinding force;  
Fp…Unit grinding force;  

ap…Grinding depth;  
vs…Wheel speed;  
vw…Workpiece speed;  
b…Grinding width;  
α,β,γ,δ…Exponents. 
Due to the difference of grinding conditions and 

workpiece materials, the empirical Eqs. are also 
different. Since only three factors vs, vw and ap are used 
in the experiment [13-14], the empirical formula of 
grinding force per unit width is Eq. (2). 

 
(2) 

Take logarithms on both sides of Eq. (2) and 
perform linear transformation to obtain Eq. (3): 

 
(3) 

Where:  
y=lgF; 
b0=lgCF;  
x1, x2 and x3…lgvs, lgvw and lgvp respectively, then 

Eq. (3) is transformed into Eq. (4): 

 
(4) 

By substituting 9 groups of experimental data in 
references [13-14] into Eq. (4), a set of equations is 
obtained Eq. (5): 
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Then the regression model of Eq. (5) can be 
expressed in matrix form as Eq. (6): 

Y=Xb (6) 

Where:  
b0, b1, b2 and b3…Estimated by the least square 

method, and the Eq. (7) are obtained: 

 
(7) 

Thus, the empirical Eq. (8) of grinding force per 
unit width are obtained: 

 

(8) 

In order to introduce the equivalent single particle 
diameter de, the Eq. (8) is modified according to the 
relationship that the power exponent of grinding 
depth and the power exponent of equivalent single 
particle diameter in the theoretical equation of 
grinding force in reference [14-15] is 1, and finally the 
empirical equation. of grinding force per unit width 
Eq. (9) is obtained. 

 

(9) 

Where:  
F'n…Normal grinding force per unit width;  
F't…Tangential grinding force per unit width;  
de…Equivalent single particle diameter; 

de=ds for surface grinding; 
de=dsdw/(dw±ds) for internal and external round 

grinding; 
"+" for external round grinding; 
"-" for internal round grinding; 
ds…Single particle diameter; 
dw…Workpiece diameter. 

 Temperature model of single particle 
grinding 

According to Fig. 1 and the solid heat transfer 

theory [14-15], if the temperature rise 1 0z
θ =  of any point 

M (x1, 0) on the surface of AB zone is required, it can 
be calculated from the temperature field Eq. (10) of 
the continuous infinite surface heat source: 

 
(10) 

Where:  
qm…The heat flux flowing into the 

workpiece/wm-2s-1, calculated by Eq. (10).  λ…Materials thermal conductivity/w.m-1℃-1.  
a…Thermal diffusivity of materials/m2 s-1.  
t…The time (s) the point is subjected to the surface 

heat source, t= (LAB-x1)/vsl. 

If the temperature rise
1z

θ of any point M (x1, z1) at 

different depths on the surface outside the AB region 
is required, it is calculated by the temperature field  
Eq. (11) of the continuous infinite surface heat source: 
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If the temperature rise of any point N (x2, 0) on the 
surface outside AB area is required, the workpiece 
material in the vertical direction where the point is 
located can be equivalent to a heat conduction rod. 
Obviously, the temperature of N (x2, 0) is obtained 

from the instantaneous finite length surface heat 
source temperature calculation Eq. (12) after being 
continuously acted by surface heat source AB/vsl time 
from point A and then cooled by BC/vsl time. When 
the end face of the heat conduction body moves to 

point C, the temperature rise 
2 0zθ =  of N (x2, 0) is 

obtained from the instantaneous finite length surface 
heat source temperature calculation Eq. (12): 

 
(12) 

If the temperature rise 
2z

θ  of N (x2, z2) at any point 

of different depths below the surface outside AB 

region is required, Eq. (13) can be calculated from the 
instantaneous temperature field of finite surface heat 
source. 
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According to the solid one-dimensional heat 
conduction theory, the mathematical model of 

grinding temperature θ distribution in the workpiece 
grinding area is established as follows Eq. (14): 

 

(14) 

 Simulation of GF & GT of single particle 

 Simulation modeling and mixed orthogonal 
design of single particle GF & GT 

Carry out simulation modeling analysis according 
to Fig. 1, as shown in Fig. 2. Meanwhile, set CBN 
single particle and workpiece material parameters, as 
shown in Tab. 1 and Tab. 2. Mixed orthogonal 
experimental design was carried out for the simulation 
scheme, as shown in Tab 3.  

Fig. 2 Simulation model

Tab. 1 CBN Single Particle Material Simulation Parameters 

Conductivity 
[w·m(-1)·k(-1)] 

Density 
[Kg.m-3] 

Poisson's 
ratio 

Elastic modulus 
[GPa] 

Coefficient of 
thermal expansion 

[K-1] 

Specific heat 
[J/kg-1/°C-1] 

42 3.5 0.24 720 2.1 670 

 
Tab. 2 Parameters of workpiece material simulation 

Temperature 
[°C] 

Young's 
modulus 

[GPa] 

Poisson's 
ratio 

Coefficient 
of thermal 
expansion 

[K-1] 

Conductivity 
[w·m-1·k-1] 

Failure 
strain 

Density  
[Kg/m3] 

Specific 
heat 

[J/kg-
1/°C-1] 

Austenite 
phase 

change 
temperature 

[°C] 

20 201 0.277 110.5 52.5 0.011 

7812 458 750 

200 179 0.269 12.6 47.5 0.070 

400 163 0.255 13.7 41.5 0.744 

600 103 0.342 13.7 32.5 2.542 

800 87 0.396 15.3 26.0 1.284 

1000 67 0.490 15.3 29.0 0.426 
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Tab. 3 Design of mixed orthogonal scheme for single particle grinding 

No. 
Grinding 

speed 
[m.sec-1] 

Grinding 
depth 
[µm] 

Grinding 
force 

Fx [N] 

Grinding 
force 

Fy [N] 

Grinding 
force 

Fz [N] 

Grinding temper-
ature 
[°C] 

Ra 
[µm] 

1 1(0.02) 1(1) 0.01 0.42 -1.21 10.15 0.43 

2 3(0.04) 2(4) 0.01 1.7 -4.84 51.45 0.55 

3 2(0.03) 3(8) 0.04 4.88 -9.64 102.08 1.1 

4 3 4(12) 0.05 5.08 -14.43 149.06 2.09 

5 2 5(16) 0.04 9.89 -19.85 196.92 2.36 

6 1 6(20) 0.10 11.76 -23.75 166 1.96 

7 2 7(30) 0.2 17.48 -36.78 356.56 4.2 

8 1 8(40) 0.27 25.382 -48.34 317.83 5.56 

9 3 9(50) 0.21 31.27 -56.57 528.81 4.85 

10 1 9 0.22 31.266 -56.67 358.47 13.88 

11 3 7 0.121 14.50 -35.79 369.42 4.63 

12 2 8 0.58 24.97 -49.01 448.58 3.58 

13 3 3 0.03 3.38 -9.65 100.19 1.44 

14 2 1 0.01 0.47 -1.22 14.66 0.16 

15 1 2 0.02 1.84 -4.78 34.31 0.58 

16 2 6 0.11 12.9 -23.82 243.02 3.06 

17 1 4 0.08 6.23 -14.22 103.42 1.44 

18 3 5 0.06 7.34 -19.38 197.94 2.43 

19 1 5 0.10 8.6 -19.4 135.76 1.73 

20 3 6 0.08 9.78 -24.10 246.94 2.92 

21 2 4 0.08 7.83 -14.38 150.77 1.76 

22 3 8 0.15 25.71 -47.30 474.59 4.57 

23 2 9 0.32 31.53 -59.90 476.18 6.21 

24 1 7 0.25 19.44 -36.36 244.97 2.98 

25 2 2 0.01 1.79 -4.83 52.56 0.56 

26 1 3 0.06 4.24 -9.58 70.11 0.74 

27 3 1 0.01 0.43 -1.22 16.41 0.17 

 
As shown in Fig. 2, the grinding feed direction of 

CBN single particle model was Y direction, and the 
grinding depth feed direction is Z direction. 
According to the Hybrid Orthogonal Design Tab. 3, 
and for the convenience of subsequent block analysis, 
27 sets of simulation results had been filled in, 
including X/Y/Z grinding force, grinding 
temperature and surface roughness in X/Y/Z 
direction. 

 Influence of grinding depth of single particle 
on GF & GT. 

After processing 27 sets of simulation data in  
Tab. 3, the effects of grinding depth on X/Y/Z GF & 
GT at grinding speeds of 0.02 m.sec-1, 0.03 m.sec-1 and 
0.04 m.sec-1 were obtained, as shown in Figs. 3, 4  
and 5, respectively. 
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Fig. 3 Influence of grinding depth on GF & GT at grinding speed of 0.02 m.sec-1 

 
Fig. 4 Influence of grinding depth on GF & GT at grinding speed of 0.03 m.sec-1 

 

Fig. 5 Influence of grinding depth on GF & GT at grinding speed of 0.04 m.sec-1 
 
Macroscopic analysis of Figs. 3, 4 and 5 shown that 

the grinding force in Z direction was compressive 
stress, while that in X direction was tensile stress, and 

the grinding force in Z direction was always greater 
than that in X and Y directions. The grinding force in 
X direction was always 0 N. This conformed to  
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the X/Y/Z coordinate system of the simulation 
model in Fig. 2. With the increased of grinding depth, 
the GF & GT in X and Z directions gradually 
increased. 

Microscopic analysis of Figs. 3, 4 and 5 shown that 
with the deepening of grinding depth, the grinding 
speed had almost no change on X/Y/Z grinding 
force. When the grinding speed was 0.02 m.sec-1,  
0.03 m.sec-1 and 0.04 m.sec-1 and the grinding depth is 
50 µm, the grinding forces in X/Y/Z direction were 0 
N, 31 N and 59 N, respectively. However, it was found 
that the grinding temperature increases not only with 
the increase of grinding depth, but also with the 
increase of grinding speed. When the grinding speed 
is 0.02 m.sec-1, 0.03 m.sec-1 and 0.04 m.sec-1 and the 
grinding depth was 50 µm, the grinding temperature 
was 360 °C, 475 °C and 525 °C, respectively.  
When the grinding depth ranges from 1 µm to 40 µm, 
the grinding temperature increases linearly. When the 
grinding depth is 40 µm - 50 µm, the grinding 
temperature does not increase "rapidly", but becomes 
"slowly" relative to the grinding depth of  

1 µm - 40 µm. It shown that the grinding temperature 
does not increase linearly with the increase of grinding 
depth, and at a certain time, the grinding temperature 
will change differently. 

 Surface roughness analysis of single 
particle grinding 

 Influence of single particle GF & GT on 
surface roughness 

Surface roughness refers to the roughness of the 
machined surface with small spacing and tiny peaks 
and valleys. The distance between two peaks or 
troughs (wave distance) belongs to geometric error. 
The smaller the surface roughness, the smoother the 
surface. The effects of X/Y/Z GF & GT on grinding 
surface roughness at grinding speeds of 0.02 m.sec-1, 
0.03 m.sec-1 and 0.04 m.sec-1 were obtained by 
processing 27 sets of simulation data in Tab. 3,  
as shown in Figs. 6, 7 and 8, respectively.

  

Fig. 6 Influence of GF & GT on surface roughness at grinding speed of 0.02 m.sec-1 

  

Fig. 7 Influence of GF & GT on surface roughness at grinding speed of 0.03 m.sec-1 
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Fig. 8 Influence of GF & GT on surface roughness at grinding speed of 0.04 m.sec-1 

 
Macroscopic analysis Figs. 6, 7 and 8. When the 

grinding speed was constant, the surface roughness 
increases with the increase of GF & GT. Comparing 
Figs. 6(a), 7(a) and 8(a), with the increased of grinding 
speed, the surface roughness decreased and the 
grinding surface become smoother. 

Microscopic analysis of Figs. 6, 7 and 8. shown that 
when the grinding speed was 0.02 m.sec-1 and the 
grinding force in Z direction was 59 N, the surface 
roughness was 8.5 µm. When the grinding speed was 
0.04 m.sec-1 and the grinding force in Z direction was 
59 N, the surface roughness was 5 µm. According to 
Figs. 6(b), 7(b), and 8(b), when grinding speeds were 
0.02 m.sec-1, 0.03 m.sec-1, and 0.04 m.sec-1,  

and grinding temperatures were 360 °C, the surface 
roughnesswas 8.5 µm, 6.2 µm, and 5 µm, respectively. 
When the GF & GT vary slightly (e.g. Fig. 6(a) and 
(b)), the surface roughness will also change. It shows 
that GF & GT are very sensitive to surface roughness. 

 Discussion on the range of single particle GF 
& GT on surface roughness 

Range, also known as Range, is used to express the 
number of variances in statistical data. Combined with 
the test results in Tab. 3 and using the range Eq. (15), 
the range analysis results of X/Y/Z grinding force, 
grinding temperature and surface roughness were 
formulated, as shown in Tab. 4. 

 
(15) 

In Eq. (15), i represents the number of levels, j 
represents the number of factors, and Kij represents 

the sum of test results of the i level corresponding to 
the j-column factors.

Tab. 4 Range results of grinding parameters on shape control (X/Y/Z grinding force, grinding temperature and surface roughness) 

Project Range analysis term Grinding speed(m.sec-1) Grinding depth(µm) 

Grinding force Fx Range R 0.22 0.24 

Grinding force Fy Range R 4.19 30.92 

Grinding force Fz Range R 9.72 56.49 

Grinding temperature Range R 231.26 440.75 

Ra Range R 2.24 8.06 

 
In Tab. 4, because there were 9 factors in grinding 

depth, 1 (1 µm), 5 (16 µm) and 9 (50 µm) were selected 
as range analysis data for convenience of analysis.  
By analyzing the range R in Tab.4, the grinding depth 
had the greatest influence on the grinding force in 
X/Y/Z direction. Combined with the analysis of 
machining coordinates in Fig. 2, compared with 
grinding speed, the influence of grinding depth on 
grinding force in Y and Z directions were much 

greater than that in X, which was 7.38 times and 5.81 
times of grinding speed respectively. The grinding 
depth is considered to be extreme points (1 (1 µm) and 
9 (50 µm)) at both ends, which was basically consistent 
with the previous analysis results. With the increase of 
grinding force, the grinding temperature will also 
increase. In Tab. 4, grinding depth has the greatest 
effect on surface roughness, which is 3.6 times of 
grinding speed. 
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 Experimental analysis 

Based on the above simulation analysis, the 
precision aerospace spindle bearing was machined and 

roughness inspection was carried out, as shown in  
Fig. 9. After passing the inspection, the bearing was 
tested at high speed for 225 hours, and the test results 
were shown in Fig. 10. 

 

Fig. 9 Machining and roughness inspection of precision aerospace spindle bearings 

 

Fig. 10 High-speed experiment of precision aerospace spindle bearing 
 
The purpose of bearing high speed experiment was 

to analyze whether the temperature, vibration, current 
and voltage of bearing outer ring meet the 
requirements under the continuous working condition 
of 60000 r/min, and to comprehensively analyzed the 
relationship between bearing outer ring temperature, 
vibration and voltage and rotational speed. 

In Fig. 10, the bearing temperature was between  
30 °C and 65 °C, and most of them were within 44 °C 
when the test speed was constant at 60000 r/min. 
Meanwhile, the vibration of the bearing was between 
0.1 µm and 0.2 µm, the current was between 1.8 A – 
2.0 A, and the voltage was constant at about 255 V. 
This data meets the requirements of bearings, and all 
indexes are controllable. 

 Conclusion 

• The grinding force in Z direction was 
compressive stress, the grinding force in X 
direction was tensile stress, and the grinding 
force in Z direction was always greater than 
that in X and Y directions. The grinding force 
in X direction is always 0 N. With the increase 
of grinding depth, the GF & GT in X and Z 
directions gradually increase. However, the 
grinding temperature does not increase 
linearly with the increase of grinding depth, 
and at a certain moment, the grinding 
temperature will change differently. 
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• When the grinding speed was constant, the 
surface roughness increased with the increase 
of GF & GT. With the increase of grinding 
speed, the surface roughness decreases and 
the grinding surface is smoother. It accords 
with the actual working conditions and shows 
that GF & GT are very sensitive to the 
influence of surface roughness. 

• Through range analysis, grinding depth had 
the greatest influence on grinding force in 
X/Y/Z direction. Compared with the 
grinding speed, the influence of grinding 
depth on the grinding force in Y and Z 
directions was much greater than that in X, 
which was 7.38 times and 5.81 times of the 
grinding speed, respectively. With the 
increase of grinding force, the grinding 
temperature will also increase. Grinding 
depth has the greatest influence on surface 
roughness, which was 3.6 times of grinding 
speed. 

• When the rotating speed of precision 
aerospace bearing was constant at 60 000 
r.min-1, the bearing temperature was between 
30 °C and 65 °C and most of them are within 
44 °C. The test data meet the requirements of 
bearings, and all indexes were controllable. It 
indicates that the research in this study can 
provide reliable theoretical and experimental 
data support for related research fields. 
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