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In the present study, an innovative method is proposed to improve the accuracy of thermal models of the 
grinding process. To this end, a set of orthogonal experiments are carried out to calculate heat flux using 
infrared temperature measurements. Then the convective heat transfer coefficient is modified based on 
the heat transfer and hydrodynamics theories. Finally, the modified heat flux and convective heat transfer 
coefficient are applied and a thermal model is established using ANSYS software. To verify the accuracy 
of the proposed model, a finite element grinding residual stress model based on the grinding heat and 
grinding force is established. By measuring the grinding residual stress and comparing it with the finite 
element residual stress model, the effectiveness of the grinding thermal model is indirectly verified. The 
obtained results demonstrate that the modified grinding thermal models are accurate and can be applied 
in engineering applications.  
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 Introduction 

Grinding is an important machining process, 
which is widely used in precision machining. During a 
grinding process, significant heat is generated. On the 
other hand, high grinding temperatures may result in 
grinding burn. The grinding burn refers to the change 
of metallographic structure on the workpiece surface, 
which results in the formation of residual tensile stress 
and decreases the workpiece hardness. Studies show 
that the grinding temperature reduces the fatigue life 
of the workpiece. Therefore, it is of great significance 
to study the grinding heat and reduce the grinding 
temperature. 

Reviewing the literature indicates that numerous 
analytical models have been proposed to study the sur-
face grinding temperature. However, it is a challenge 
to establish an analytical model in complex grinding 
methods such as forming grinding. In order to resolve 
this problem, numerical methods, including the finite 
element method and finite difference method, have 
been applied to study the grinding temperature field 
model. In this regard, Guo and Malkins (C Guo, S 
Malkin, 1995) studied the grinding temperature using 
the finite difference method. Moreover, Shen (B Shen, 
AJ Shih, G Xiao, 2011) used the finite difference me-
thod to analyze the grinding temperature field. Then 
the established grinding thermal model was verified 
through experiments. Mahdi and Zhang (M Mahdi, L 
Zhang, 1995) used the finite element method to study 
the grinding temperature field and calculated the mar-
tensitic transformation depth of alloy steel. With the 

rapid development of the numerical method in the 
past few decades, the finite element method has been 
widely used to simulate the grinding temperature field.  

When using the finite element method to study the 
grinding temperature field, some parameters should 
be given by experience. Accordingly, the grinding tem-
perature field obtained from the finite element met-
hod is often not accurate enough. Aiming at resolving 
this problem, a modified grinding temperature field 
model is proposed in the present study. To this end, 
the grinding heat distribution ratio is revised using in-
frared thermal image experiments. Moreover, the con-
vective heat transfer coefficient is revised based on the 
heat transfer theory, and a model is established to 
calculate the finite element grinding heat the residual 
stress. Finally, the residual stress is measured and ve-
rified using the finite element model. The proposed 
method is expected to improve the accuracy of the fi-
nite element thermal model and lay a foundation for 
practical engineering application. 

 Grinding test 

The grinding experiment was carried out on a bea-
ring raceway grinder (Company 3mk1420, China). The 
grinding wheel is made of corundum and the model is 
p80 × 10 × 20A80KV60. The grinding wheel is trim-
med with a single-point diamond pen dresser, and the 
grinding fluid is an emulsion. Accordingly, the perfor-
mance of the grinding wheel is consistent. The grin-
ding workpiece is the outer ring of the heat-treated 
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angular contact ball bearing. The inner and outer dia-
meters of the ring test piece are 98 mm and 110 mm, 
respectively. Moreover, the widths of the ring test 
piece and raceway are 20 mm and 7 mm, respectively. 
The material of the ferrule is bearing steel GCr15. Fig. 
1 shows the configuration of the processing equip-
ment.  

 

Fig. 1 Configuration of the grinding equipment 

Generally, there are two ways to measure the grin-
ding temperature: infrared and thermocouple. Infra-
red technology can be mainly divided into infrared 
thermal imager and infrared optical brazing techno-
logy. Infrared optical fiber and thermocouples are usu-
ally used to measure the temperature at a certain point 
in the grinding temperature field. In this method, it is 

necessary to punch holes in the workpiece to install 
infrared optical fibers and thermocouples. This met-
hod has been widely applied in surface grinding expe-
riments. 

In the grinding experiment of bearing outer ring 
raceway, the wall thickness of the ring is relatively thin. 
Accordingly, it is a challenge to drill the specimen and 
install a thermocouple or infrared optical fiber. The 
main objective of the present study is to use infrared 
thermal imager technology to measure the grinding 
temperature of the inner circle. The main advantage of 
this method is that the whole grinding temperature 
field is measured, and there is no need to drill holes in 
the workpiece. On the other hand, the main disadva-
ntage of this method is that the measured temperature 
field is greatly affected by the environment. Because 
the grinding wheel blocks the grinding contact area 
during inner circle grinding, only the temperature field 
outside the contact area can be measured. Considering 
the influence of the grinding fluid on the measure-
ment, the temperature field can be measured only du-
ring dry grinding. Consequently, the infrared thermal 
imager technology can only be used to measure the 
temperature field outside the grinding contact area du-
ring dry grinding. Then the temperature rise can be 
calculated, indicating the temperature field in the grin-
ding contact area. 

Tab. 1 Elemental composition of bearing steel (GCr15) 
Element C Mn Si Cr Mo

min. wt% 0.98 0.25 0.15 1.30 0
max. wt% 1.10 0.45 0.35 1.60 0.10

Tab. 2 Performance parameters of GCr15 quenched material 
Mate-

rial 
Temperature 

(°C) 
Density 
(kg/m3) 

Modulus of elasticity 
(GPa) 

Poisson's 
ratio 

Hard-
ness 

Yield strength 
(MPa) 

GCr15 20 7830 208.1 0.3 HRC62 1410 

Studies show that the wheel speed, workpiece 
speed, and grinding depth are the three main factors 
affecting the grinding temperature rise in a dry grin-
ding process. Accordingly, these parameters are con-
sidered to design measurement experiments of the L9 
orthogonal table. 

The measurement results obtained from the infra-
red thermal imager are shown in Fig.2.  

The infrared temperature of the first group of pa-
rameters during dry grinding is selected as the calibra-
tion temperature, and the absolute value of the tem-
perature difference between the other 8 groups of pa-
rameters and the first group is selected as the tempe-
rature rise.  

Tab. 3 Grinding orthogonal test table 

Test 
No. 

Grinding 
wheel speed 
ns (r.min-1)  

Workpiece 
speed 

nw (r.min-1) 

Grinding 
depth 

ap (μm)  

1 5000 100 5
2 5000 150 10
3 5000 200 15
4 7000 100 10
5 7000 150 15

6(best) 7000 200 5
7 9000 100 15
8 9000 150 5

9(best) 9000 200 10
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Fig. 2 Infrared measurement of the grinding temperature field 

 Correction of the workpiece heat flux ex-
periment 

In the present study, the grinding thermal model is 
established using the finite element method. In this 
model, heat flux is an important parameter, which di-
rectly affects the accuracy of the finite element thermal 
model. The total heat flux generated can be calculated 
from the following expression:  

s t
t

g

v F
q

bl
  (1)

Where: 

sv …The linear speed of the grinding wheel,  

nF …The tangential grinding force,  

b …The grinding width, 

gl …The length of the grinding contact area. 

 

The tangential grinding force can be calculated 
from the following expressions [11]:  
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where nF  and tF  denote the normal and tangen-

tial grinding force per unit width, respectively. More-
over, de is the equivalent grinding wheel diameter. In 
dry grinding, the heat flux entering the workpiece is as 
follows: 
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Where:  
 …The heat distribution ratio. 
The temperature rise of the internal grinding sur-

face can be obtained from the following expressions 
[11]: 
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Fig. 3 Coordinate system of heat source on the inner circle 
grinding surface 

Equations 4 and 5 indicate that the temperature 
rise is a function of the heat distribution ratio. When 
the other grinding parameters are determined, the heat 
entering the workpiece determines the temperature 
rise. In conventional finite element thermal models, 
the heat distribution ratio entering the workpiece 
mostly adopts experience or the value, which mostly 
varies in the range of 0.55 to 0.7. In the present study, 
the infrared temperature measurement experiment is 
used to modify the parameter of heat distribution ratio 
and establish the grinding heat model in accordance 
with the actual working conditions. 

In the present study, an objective optimization 
function is established and the heat distribution ratio 
consistent with the real working condition is obtained 
in the form below:  
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Where:  
 …The heat distribution ratio, the temperature 

rise simulated by the finite element method, and the 
experimental temperature rises, respectively. 

When the minimum value is obtained, the optimal 
value of the parameter is obtained. Therefore, the pro-
blem of dry grinding heat with a modified heat distri-
bution ratio can be transformed into the solution of 
the following equation:  

min ( )
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When the heat distribution ratio is determined, the 
heat flux entering the workpiece can be calculated ac-
curately. 

 Theoretical correction of the convective 
heat transfer coefficient 

In the finite element simulation of the wet grinding 
process, it is an enormous challenge to determine the 
convective heat transfer coefficient. The parameters 
are mostly set by experience or the experimental re-
sults. In this regard, the theory of heat transfer and 
hydrodynamics have been used to deduce the calcula-
tion method of the convective heat transfer coeffi-
cient. To this end, a new method is proposed to calcu-
late the convective heat transfer coefficient.  

According to heat transfer theory, the Nusselt nu-
mber can be expressed as follows: 

1/2 1/30.664 Re Prf c
u

f

h l
N

k
    (7)

Accordingly, the convective heat transfer coeffi-
cient can be written as follows: 
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Where:  

cl …The actual contact arc length of the grinding 

area, which can be calculated using the following ex-
pression: 
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Combining Eqs. (8)-(10) yield the convective heat 
transfer coefficient. 

In the present study, the two-dimensional steady-
state navistokes equation is solved:  
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Eq. (11) is subjected to these boundary conditions: 
dP/dx = 0 

Solution of Eq. (11) subjected to the boundary 
condition (xx) can be expressed in the form below: 
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Accordingly, the average flow velocity in the 
section of grinding contact area is: 

1
( ) / 2av s wA

v udA v v
A

    (13)

Finally, the convective heat transfer coefficient can 
be calculated as follows:  
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The convective heat transfer coefficient is calcula-
ted by using 9 groups of data of orthogonal tests, and 
the convective heat transfer coefficient is between 
30,000 and 50,000. 

 Finite element thermal model 

In this article, the grinding heat of a 3D model is 
analyzed using ANSYS software. The calculated heat 
flux and the convective heat transfer coefficient are 
used to accurately establish the thermal model of the 

grinding temperature field.  
The thermophysical parameters of the workpiece 

such as thermal conductivity, density, and specific heat 
depend on the temperature. These parameters are pre-
sented in Table 2. 

Tab. 4 Thermophysical parameters of hardened bearing steel 
GCr15 

Tempera-
ture  
( C )  

20 100 200 300 400 500 

Thermal 
conducti-

vity 
 ( /W m C ) 

43 40.35 39.95 37.97 36.39 34.41

density  
( 3/kg m )  7830 7806 7776 7744 7709 7672 

heat scale 
 ( /J kg C ) 480.1 513.2 540.8 579.4 618.1 673.2
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To ensure the accuracy of the calculation, the map-
ping grid method is used to mesh the network and ob-
tain a regular hexahedral grid. 

 
Fig. 4 Meshed model 

Transient analysis is performed to obtain the grin-
ding temperature field. During wet grinding, one end 
face of the workpiece is in contact with the electro-
magnetic centerless fixture, and there is grinding fluid 
on the other surfaces. Therefore, convective heat 
transfer is applied to the surface with a grinding fluid. 
Accordingly, surface thermal effect elements are con-
sidered in calculations. 

The moving heat source is loaded on the ferrule 
raceway. To this end, a fixed heat source is loaded in 
one grinding area in a very short time, then another 
area with a fixed heat source is considered in the next 
period. Finally, the last result is considered the initial 
condition of this time. 

Fig. 5 reveals that the maximum grinding tempera-
ture is 574 ℃. It is found that when the grinding tem-
perature exceeds 400 ℃ , the residual tensile stress 
occurs in bearing steel. Meanwhile, when the grinding 
temperature is lower than 400 ℃, residual compres-
sive stress occurs in the grinding area. The grinding 
temperature is calculated using 9 groups of data in the 
orthogonal test, where the grinding temperature is 
between 300 and 500 degrees of centigrade. 

 

Fig. 5 Temperature distribution of the workpiece  

 Experimental verification  

The residual stress is an important indicator of the 
surface integrity. In this paper, the residual stress was 
measured and recorded in detail using an X-350A X-
ray diffractometer. Because the raceway width of the 
angular contact ball bearing (7014AC) was 7 mm, the 
width of the X-ray irradiation area had to be smaller. 
To ensure a high accuracy of the residual stress mea-
surements, the smallest collimator was selected. The 
largest possible X-ray tube voltage and tube current 
were selected, as well as the longest counting time. 

After grinding, the bearing ring was cut into three 
sections using a linear cutting machine, so it was con-
venient to measure the residual stress of the inner ra-
ceway using an X-ray diffractometer. Figure 2 shows 
a photograph of a specimen.  

Generally, the residual stress of the raceway will be 
released when cutting the bearing ring into pieces. 
However, Yan et al. [19] used the finite element met-
hod to study the variation of the residual stress distri-
bution in a thick aluminum plate after cutting. The re-
sults showed that the residual stress is lowest at the 
cutting edge. When measuring the residual stress at a 
certain distance from the cutting edge, and the 
distance is approximately equal to the thickness of the 
test specimen, the variation of the residual stress is 
small and can be ignored. Therefore, when using a 
proper cutting method and a proper measurement me-
thod, the residual stress of the bearing raceway can be 
accurately measured. 

In order to ensure a high accuracy of the measure-
ments, the measurements had to be performed normal 
to the test point vertical. A small ball was used as atta-
chment, and the ball diameter was smaller than the ra-
ceway width. A small ball was used to determine the 
lowest point of the bearing raceway of the piece, and 
this stationary point was used as the measurement 
point for the X-350A X-ray diffractometer. The mea-
surement point was far away from the cutting edge, 
and the distance was far greater than the thickness of 
the bearing ring, so the measured residual stress of the 
ring was considered to be accurate. 
The residual stress of the raceway surface is in a biaxial 
stress state. In this study, we measured the axial resi-
dual stress and the circumferential residual stress of 
each bearing raceway. A total of nine groups of ortho-
gonal arrays were designed, with five rings in each 
group which were ground according to the grinding 
parameters of each group. Each ring was cut into three 
pieces. First, the residual stress of each section was 
measured, and then the average residual stress of each 
ring was calculated. Next, the average residual stress 
of the five rings in each group was calculated. The 
average residual stress of  the  rings  is   presented as 
the final measurement results. 
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Fig. 6 The bearing outer ring samples which are cut 

In order to verify the performed simulations, the 
residual stress of the bearing grinding raceway is com-
pared with the calculated values. Because the burn is 
strictly controlled during grinding, the influence of the 
phase transformation is ignored. In other words, the 
effects of grinding heat and grinding force on the re-
sidual stress of the bearing raceway are considered in 
the calculations. 

The temperature field is analyzed using the tempe-
rature unit (solid90). When the grinding temperature 
is obtained, the temperature unit is transformed into 
the structural unit (solid185) to couple the field analy-
sis. The calculation results of the grinding temperature 
field are introduced first, then the grinding load is ap-
plied and finally, the grinding residual stress is obta-
ined. The loading method is similar to that of the grin-
ding heat source. The movement process of grinding 
force along the workpiece surface is discretized. A uni-
formly distributed grinding force is loaded in a grin-
ding area in a very short time and moved to another 
area in the next period to load the uniformly distri-
buted grinding force, and the last result is taken as the 
initial condition of this time. 

After grinding, the test specimen is cut into small 
sections, and the residual stress of the small section is 
measured using an X-ray diffractometer (Company 
x350a, Country). After the ferrule is untied, the resi-
dual stress will be released to a certain extent. To en-
sure measurement accuracy, it is necessary to adopt 
appropriate measurement methods. When the 
distance between the measuring position and the 
cutting edge is much greater than the wall thickness of 
the ferrule, the measurement result is more accurate. 

Fig. 6 reveals that the distributions of experimental 
and calculated circumferential residual stress are rela-
tively consistent. The measured value of circumferen-
tial residual stress is about 30% larger than the finite 
element simulation value. In this paper, the grinding 
force model used in finite element simulation is an 

analytical solution, which is more accurate. The ther-
mal model of finite element simulation will bring some 
errors, so it leads to the error of the residual stress mo-
del. For the finite element thermal model, the error of 
30% is acceptable. 

 

 
Fig. 7 Comparison of circumferential residual stress simula-

tion experiment 

 

 

Fig. 8 Distribution of the axial residual stress  
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Fig. 7 indicates that the distributions of experimen-
tal and calculated circumferential residual stress are 
consistent, and the measured value of the circumfe-
rential residual stress is about 30% greater than the fi-
nite element simulation value. Because the axial di-
rection is perpendicular to the grinding direction, the 
contrast fluctuation between the measured and simu-
lated values of axial residual stress is more obvious. 
The simulation value of axial residual stress is compa-
red with the experimental value, which also verifies the 
correctness of the finite element thermal model, and 
the error is about 30%. 

 
Fig. 9 Test bench to measure the residual stress  

 Conclusion 

In the present study, a modified finite element 
grinding thermal model is proposed. The obtained re-
sults reveal that the accuracy of the thermal model is 
70%. 

The orthogonal temperature measurement experi-
ment is carried out to obtain the temperature field out-
side the contact area of dry grinding using an infrared 
thermal imager. The heat distribution ratio is 0.66, and 
the heat flux entering the workpiece is determined. 

Based on heat transfer and hydrodynamics, a met-
hod is proposed to calculate the convective heat trans-
fer coefficient in a grinding process. The convective 
heat transfer coefficient of 9 grinding orthogonal tests 
is 30,000-50,000. 

Using the modified heat flux and convective heat 
transfer coefficient, the finite element model of grin-
ding residual stress is established. Compared with the 
test results of residual stress, the effectiveness of the 
grinding thermal model is verified. 
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