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Abstract: Subsurface residual stress and damaged layer play a vital role in determining the accuracy 

maintenance and fatigue performance of parts. Due to the advantages of machining quality and 

efficiency, high-speed grinding technology is being applied to the machining of precision parts. At 

present, the influence of high-speed grinding on the damaged layers generation and residual stress 

distribution has not been completely recognized, and there has been little quantitative research on the 

mechanism of thermo-mechanical coupling influence on the distribution of residual stress generated in 

the high-speed grinding process. In this study, a finite-element model comprehensively considering 

grinding force and thermal field was proposed to investigate the subsurface residual stress and heat 

influenced layer of AISI 52100 bearing steel. The subsurface damaged layer and residual stress fields 

were measured to validate the analytical results. Mathematical models were proposed to quantitatively 

analyze the thermo-mechanical coupling influence on the distribution characteristics of subsurface 

residual stress. The theoretical and experimental results demonstrate that when the grinding speed 

surpasses the critical value of 45 m/s, the depth of residual stress and damaged layer decrease 

simultaneously with the increase of grinding speed. Higher grinding speeds exceeding 60 m/s are 

supposed to restrain the maximum value of both the tensile and compressive residual stress, which helps 

to enhance the precision retention and fatigue performance of components. Base on this study, the 

performance of the subsurface can be controlled by selecting the proper grinding speed in the high-speed 

range. 

Keywords: high-speed grinding, residual stress, damaged layer, thermo-mechanical influence 

1. Introduction 

Accelerated by the high need for dependability in high-end industries, such as aviation, high-grade 

machine tools, and medical equipment, high-performance bearings with high reliability and long fatigue 

life are being demanded. As a wildly used precision finishing method of bearings, the high-speed 

grinding process is in achieving desired machining quality to meet high-quality part requirements. The 

coupling effect of thermo-mechanical produced in the grinding process induces the residual stress and 

damaged layer which were proved to reduce the contact fatigue strength of bearings [1]. By adopting 
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proper grinding parameters, the grinding surface residual stress and damaged layer can be effectively 

controlled. Therefore, numerous researchers have concentrated on surface integrity under the grinding 

speed effect [2]. 

Residual stress, including its distribution, is considered to be the most significant factor influencing 

the component performance. The residual stress is redistributed during the machining process as a result 

of the combined interaction of mechanical and thermal factors, which influences the fatigue behavior of 

components [3]. Compressive residual stress induced by grinding was found to improve contact fatigue 

life [4]. Deep compressive residual stress was found to be more beneficial to bearing fatigue life than 

shallower stress of greater magnitude [5]. The existence of residual tensile stress can accelerate the 

initiation of fatigue cracks and promote the crack growth rate. In addition, the greater the depth of the 

residual tensile stress in the subsurface, the more significant this effect is [6]. Savaria et al. [7] proposed 

a fatigue model considering the effect of residual stress and surface roughness on fatigue behaviors. 

When the model was compared to experimental data, it was discovered that residual stress had a 

substantial impact on fatigue behavior. Besides affecting the fatigue strength and service life, the residual 

stress affects the geometric shape stability of parts. The relationship between residual stress and 

deformation caused by weak rigid parts, especially thin-walled parts, machining was investigated by 

Masoudi et al. [8]. The findings indicate that residual stress difference and imbalance can enhance 

workpiece deformation. Thus, the effect of residual stress depth and differential on ground parts should 

be investigated further in the field of high-speed grinding. 

The high energy consumption in grinding may result in a high temperature, causing thermal damage 

to the workpiece. When the temperature rises too quickly, many types of thermal damage occur. Thermal 

damage and heat distortion make it harder to maintain workpiece fatigue behavior and dimensional 

accuracy [9]. Damaged layers produced during machining differ in hardness and surface characteristics 

from the bulk material [10]. Extreme plastic deformation and high temperatures damage and weaken the 

top layer near the surface [11]. Guo et al. [12] discovered that the damaged layer has a substantial impact 

on the mechanical qualities of the workpiece, such as wear resistance and fatigue behavior, and that the 

dark layer features determine the distribution of residual stress. As a result, investigations into the 

damaged layers are required to enhance the workpiece's performance. The research of Zhao et al.  [13] 

shown that the force and temperature field of grinding can be well reproduced by introducing the 

measured grinding wheel topography. 

Grinding speed is the most important parameter in the grinding process because it has a complicated 

impact on thermo-mechanical load and surface integrity. High-speed grinding is becoming more popular 

as an efficient way of machining bearings with thin walls and long service lives. Since Salomon (1931) 

proposed the well-known hypothesis on high-speed machining that the temperature in metal cutting 

increases up to a certain point and then decreases as the cutting speed continuously rises, the advantages 



 

3 

 

of high-speed machining in controlling deformation and improving price and quality have been 

continually discovered. Increasing the grinding and workpiece speed, according to Ni and Li [14], may 

minimize phase transition and residual tension stress on the top layer. Jerolajev et al. [15] observed that 

the contact time and contact zone temperature during grinding had a substantial impact on the material's 

modification caused by the varied mechanical stresses and retained austenite. The force and heat load 

also have an effect on the deformed layer and residual stress throughout the machining process. The 

influence of grinding settings on workpiece wear-resisting property and residual stress was studied by 

[16]. Naskar et al. [2] claimed in their study that high-speed grinding may minimize machining forces 

and heat when compared to conventional methods, and that the majority of heat created during the 

grinding process can be dissipated by chips, resulting in a low workpiece temperature. In summary, 

high-speed grinding is thought to have a smaller damage layer and a more controlled residual stress 

distribution when compared to other machining processes. Although it is well accepted that high-speed 

grinding is good for controlling residual stress distribution and reducing damaged layer thickness, the 

interactions between the grinding-caused thermo-mechanical coupling load and residual stress 

indicators are still poorly understood at present. 

Although numerous simulations and experiments have been carried out to study the impact of 

processing parameters on grinding quality, the lack of research on the complex relationship between 

thermo-mechanical coupling influence and grinding limits the understanding of grinding induced 

damaged layer and residual stress distribution mechanism. In this work, the grinding process under 

thermo-mechanical circumstances was examined using simulation and experimental investigation. 

Rather of reducing the heat source distribution into an abstract function to obviate the need for 

simulation, a grinding simulation model was built by explicitly simulating the topography of abrasive 

grain based on measurement data to obtain a more accurate temperature field and grinding force. 

Grinding force and heat distribution parameters were collected, and a mathematical model was proposed 

between them and the major indications of subsurface residual stress. The mechanisms by which heat 

and force influenced residual stress during grinding were investigated in both a single and combined 

manner. The findings of this paper's research can be utilized to demonstrate the unique mechanism and 

benefits of high-speed grinding, which may differ from the phenomenon observed in grinding at general 

speed. Fig. 1 depicts the simulation and experimental techniques used in this research. The 

experimentally observed subsurface damaged layers and residual stress were compared to the modeling 

findings. The computation of almost limitless process parameters is avoided by concentrating on the 

mechanism of grinding force and heat impacts on surface integrity. The impact and benefits of high-

speed grinding were investigated further, and a process optimization strategy to manage residual stress 

and decrease damaged layer is presented. The results in this research have been partially applied in 

bearing manufacturing enterprises.  
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Fig. 1. Procedures for experiment and simulation 

2. Experimental method 

2.1 Grinding experiments 

Cylindrical grinding was performed in this study. Fig. 2 depicts the experimental equipment. 

Grinding tests were carried out using a MQ1350B grinder. In the experiment, a 120-grit ceramic grinding 

wheel (120KVS) with a maximum speed of 60 m/s was employed. The topography of the grinding wheel 

was measured prior to the grinding tests. Each workpiece used in the experiment contains four 

cylindrical specimens with a diameter of ∅30 mm  and a width of 15 mm so that different process 

parameters can be used for different specimens once the workpiece was installed.  

 

 Fig. 2. Experimental equipment. 

2.2 Instruments and procedures of measurement 

The associated test devices and objects used in this study are shown in Fig. 3. The topography of 

the grinding wheel (Fig 3(a)) was measured using a KH-7700 3D Digital Microscope (Hirox Inc., USA) 

to reconstruct the morphology of abrasive grains.  

The X-ray stress measurement system (Proton Manufacturing Ltd., USA) was used to measure the 
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distribution of residual stress in the subsurface using the sin2φ method (Fig 3(b)). The distribution of 

residual stress on the subsurface was measured by etching and polishing layer by layer and recording 

the thickness of the etched layer. To measure the {211} peak of the AISI52100 bearing steel, a Cr target 

was chosen. Five tilt angles φ of 0°, ± 7.5°and ± 15° were measured. The grinding surface was polished 

layer by layer (Fig 3(c)) to obtain the distribution of subsurface residual stress using a PROTO polishing 

device.  

Microscope observations was used to determine the thickness of the subsurface damaged layers. 

As specimens, small pieces were cut from the machined workpieces (Fig 3(d)). With the characteristic 

of low hardness and poor corrosion resistance, the damaged layer will turn black after being treated by 

acid corrosion. The dark layer existing on the subsurface is the main damage form in the grinding process 

of workpieces that influence the surface integrity and weaken the contact fatigue life of parts. The 

specimens were coldly inlaid into samples using resin; then, to observe, cross-sections of the specimens 

were polished (Fig 3(e)) and etched with 7 percent Nitric acid. 

 

Fig. 3. Related test devices and objects. (a) grinding wheel topography detection; (b) residual stress test; 

(c) electro-polishing device; (d) specimens cut from workpiece; (e) test specimen. 

2.3 Material and process parameters 

In the grinding experiments, AISI52100 bearing steel workpieces were used, the chemical 

composition of which is shown in Table 1. The heat treatment procedure of workpieces is as follows: 

the steel is heated and quenched in oil before being tempered for 2 hours at 160 °C to reduce initial 

residual stress in workpieces. 

The process parameters for experiments with a variable of grinding speed and constant depth of cut 

were established with the goal of guaranteeing machining efficiency. The maximum undeformed 

thickness changes as the grinding speed changes. The process parameters can be utilized to investigate 
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the effect of grinding speed on temperature, force, subsurface residual stress, and damaged layer in 

greater depth. To make the influence of grinding speed clearer and control the number of experimental 

group, the workpiece speed 𝑣𝑠 was fixed at 1.57 m/s. Combinations of process parameters are obtained 

by selecting different parameter settings. Table 2 displays the experimental process parameter settings 

for grinding. Limited by the capacity of the grinding machine, grinding experiments with the wheel 

speed not exceeding 60 m/s were carried out (test no. 1 to 3), and all the process parameters listed were 

simulated in finite element software.  

The damaged layer depth and residual stress are investigated at various grinding speeds and 

compared to the experimental findings to confirm the prediction model's correctness under the specified 

process parameter combination. Based on the analysis of experimental and simulation results, a further 

grinding speed optimization strategy can be provided.  

Table 1 

Chemical compositions (wt.%) of AISI 52100 steel. 

Element Cr C Mn Si Ni P S 

Content 
(%) 1.4-1.6 0.98-1.10 0.25-0.35 0.2-0.3 

0.08-
0.12 

<0.025 <0.025 

Table 2 

Parameters of grinding processes. 

No. Wheel speed 𝑣𝑠 
(m/s) 

Depth of cut 𝑎𝑝 

(mm) 

Maximum undeformed 
chip thickness 𝑎𝑔𝑚𝑎𝑥 

(μm) 

Workpiece 
speed 𝑣𝑠 

(m/s) 
1 30.00 0.21 6.49  

1.57 

2 45.00 0.14 3.60  
3 60.00 0.10 2.30  
4 75.00 0.08 1.66  
5 90.00 0.07 1.27  
6 110.00 0.06 0.93  

3. Finite element analysis 

By simulating the removal of material by a single abrasive grain the machining process of high-

speed grinding can be characterized, and the feasibility of this method has been fully verified by 

scholars[17–19]. Based on the geometric modeling of the grinding motion, the microscopic grinding 

parameters are determined. The formation of the residual stress field and damaged layers is significantly 

influenced by the thermo-mechanical coupling effect of grinding force, temperature, and their 

distribution field. However, it is hard to measure the grinding force, temperature, especially heat 

distribution field during the grinding process. Therefore, the Finite Element Method (FEM) was ultilized 

to simulate the grinding process so as to overcome the constraints of experimental measurement. To 

simulate the grinding process, the AdvantEdge™ software was used. After the grinding operation, the 
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thermal field in the grinding area can be analyzed, the grinding force and distribution of residual stress 

can be collected. Furthermore, by studying the heat impacted layer, the influence of grinding wheel 

speed on grinding damaged layer can be determined. Furthermore, the process of residual stress 

production owing to the thermo-mechanical coupling effect can be explained. The FEM was used in this 

work to estimate continuous residual stress distributions in a certain subsurface region. In the experiment, 

just a few discrete points along the depth direction were chosen for measurement. By comparing the 

simulation and experimental findings, the correctness of the FEM results can be confirmed.  

3.1 Motion geometric model 

The grinding motion geometric model was established to simulate the cylindrical grinding process 

shown in Fig. 4. During the grinding process, the material was separated by abrasive cutting from the 

workpiece. The maximum undeformed thickness 𝑎𝑔max was utilized to represent the depth of a single 

abrasive entering the material: 𝑎𝑔max = 2𝛾𝑠𝑙 𝑣𝑤𝑣𝑠 √𝑎𝑝(𝑑𝑠+𝑑𝑤𝑑𝑠𝑑𝑤 )                                                     (1) 

where 𝑎𝑝  is the depth of cut, 𝑑𝑤  and 𝑑𝑠  is the workpiece and wheel diameter, 𝑣𝑤  and 𝑣𝑠  is the 

workpiece and wheel speed and 𝛾𝑠𝑙 is the distance of continuous cutting grit. 

 

Fig. 4. Interaction mode between the abrasive grain and workpiece. 

In order to make the finite element model closer to the experimental conditions and increase the 

reliability of the calculation results, the geometric model of abrasive grains was reconstructed based on 

the observation results. The dimensions of abrasive grains are obtained by measure the topography of 

the grinding wheel shown in Fig. 5. The detection magnification was 350 ×, and the measuring area on 

the wheel surface was 1.0 × 0.6 mm . The 3D topography of the abrasive grains (Fig. 5(b)) can be 

obtained from the selected area on the grinding wheel surface, and then cross sections of the grains (Fig. 

5(c)) can be obtained by applying the cut line. According to the observation results, the cross section of 

abrasive grain is reconstructed into a rounded trapezoid. The continuous cutting-edge distance of 

abrasive grains 𝛾𝑠𝑙, the average radius size 𝑟, length 𝑙𝑔 and the grain cone angle 𝜃 were obtained and 

calculated by using the analysis software listed in Table 3. 
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Fig. 5. Grinding wheel topography detection. (a) Distribution of abrasive grains on grinding wheel; (b) 

3D topography of abrasive grain; (c) Cross section of measured abrasive grain. 

Table 3 

Topography parameter of the grinding wheel. 𝜽 (degree) 𝒓 (𝛍𝐦) 𝒍𝒈 (𝛍𝐦) 𝜸𝒔𝒍 (mm) 

57 26 40 0.73 

3.2 FE modeling 

The complete process in which the workpieces contact with grains, form chips, complete grinding, 

and cooled to room temperature (20 ℃) spontaneously, were simulated to obtain the heat influenced 

layers and subsurface residual stress. A 2-D grinding FE model was created whose local enlarged image 

was shown in Fig. 6. The abrasive grain size and grinding settings chosen matched those performed in 

the experiments. The CPE4RT bilinearly displaced four-node coupled plane-strain element was used 

[20]. The workpiece was represented by an elastic-plastic body, whereas the tool was represented by an 

elastic body. The minimum mesh element sizes of workpiece and grain were 0.2 μm  and 0.4 μm , 

respectively. The mesh on the workpiece was adaptively redivided at various stages during the 

simulation process. However, the refined mesh in the required depth of mesh refinement will be kept all 

the time instead of being coarsened to calculate the residual stress.  

 

Fig. 6. FE model and boundary conditions of grinding. 

As the boundary condition, the bottom of the workpiece was fixed from x and y directions. To 

prevent the potential of mesh distortion, the arbitrary Lagrange-Euler (ALE) method was used [21]. A 

fully coupled thermo-mechanical simulation was used to analyze the model. Adaptive meshing was used 

to model the chip generation process. The material behavior in the grinding process was described using 



 

9 

 

the Johnson-Cook (J-C) model [22]. The constitutive equation is as follows: 𝜎 = [𝐴 + 𝐵𝜀n][1 + 𝐶ln (𝜀̇/𝜀0̇)]{1 − [(𝑇 − 𝑇𝑟)/(𝑇𝑚 − 𝑇𝑟)]𝑚}                        (2) 

where 𝐴, 𝐵, 𝐶, 𝑛, 𝑚 are material constants,  𝜎 is the flow stress, 𝜀̇/𝜀0̇ is a nondimensional plastic 

strain rate, ε is the plastic strain, 𝑇𝑟 is the room temperature, 𝑇𝑚 is the material temperature. Table 4 

gives the parameters of the Johnson-Cook material constitutive data. 

Table 4 

Parameters of Johnson-Cook material constitutive of AISI52100 [23]. 𝑨 (MPa) 𝑩 (MPa) 𝑪 𝒎 𝒏 

2482.4 1498.5 0.027 1.21 0.391 

3.3 Simulation results 

The tangential and normal grinding forces, as well as the heat distribution during grinding, were 

thoroughly investigated in order to determine the internal mechanism of their impacts on the formation 

of damaged layers and the residual stress field. 

The simulation temperature fields at the wheel speed of 30, 60, and 110 m/s are selected and shown 

in Fig. 7. To show the heat distribution on the workpiece and abrasive grain respectively, the 

workpiece and abrasive are displayed separately. The common characteristics of thermal distribution 

show that the maximum temperature of workpiece is near the contact area with the abrasive. Some of 

the heat is carried away from the workpiece with chips, and most remaining heat is transferred to the 

inside of the material. In addition, by comparing the thermal field characteristics of workpieces under 

different wheel speeds, it can be found that with the increase of grinding speed the thickness of heat 

affected layer decreases, which leads to a smaller thickness of the damaged layer. Higher grinding speed 

reduces the maximum undeformed thickness of a single abrasive grain and leads to smaller plastic 

deformation thickness and grinding energy. Furthermore, the high-speed movement of the abrasive grain 

will make the heat leave the workpiece before it reaches the inside of the material. At the same time, the 

higher grinding wheel speed significantly reduces the influence of heat on abrasive grains, which can 

avoid the accumulation of heat and prolong the life of the grinding wheel.  
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Fig. 7. The thermal fields during grinding when the grinding speeds are (a) 𝑣𝑠 = 30 𝑚/𝑠  (b) 𝑣𝑠 =60 𝑚/𝑠 (c) 𝑣𝑠 = 110 𝑚/𝑠. 

The tangential residual stress distribution illustrated in Fig. 8 is the result of a change in force and 

thermal load after grinding and cooling. The distribution of residual stress (Fig. 8(a)) shows that 

maximum compressive residual stress appears close to the grinding surface and below it exists tensile 

stress. The stress curve along the depth direction (Fig. 8(b)) extracted from FE simulation results was 

exemplified to illustrate the distribution of residual stress in depth. The distances from the surface to the 

disappearance of compressive stress 𝑑𝑐 and tensile stress 𝑑𝑡 are considered as the influence depth of 

these two kinds of residual stress. The value of 𝑑𝑐∗ and 𝑑𝑡∗ represents the depth of maximum compressive 

stress and tensile stress, respectively. Furthermore, the difference between the maximum tensile 𝜎𝑡 stress 

and maximum compressive stress 𝜎𝑐 is defined as the residual stress difference 𝜎𝑑 that can affect the 

deformation and accuracy retention of precision parts, especially thin-walled parts. Reducing the stress 

difference is conducive to control the machining deformation of thin-walled parts.  

  

Fig. 8. Distribution of tangential subsurface residual stress. (a) residual stress field; (b) stress curve 

extracted from simulation results. 
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4. Results and discussions 

4.1 Formation mechanisms of damaged layers 

The simulation results of grinding force at various grinding speeds are shown in Fig. 9. The 

tangential force and normal force caused by abrasive grains are analyzed respectively when the grinding 

process is stable. Although this is generally that the grinding force decreases as the grinding speed 

increases, the grinding force is not completely monotonically related to the grinding speed. The normal 

force does not begin to decrease with the grinding speed until the grinding speed exceeds 45 m/s. A 

higher grinding speed can reduce the maximum micro-deformation thickness of a single abrasive 

particle when other process parameters remain unchanged, which plays a positive role in reducing the 

grinding force.  

 

Fig. 9. Influence of grinding speed on force. 

The influence of grinding speed on the thermal field is shown in Fig. 10. With the increase of 

grinding speed, the grinding temperature and the depth of the heat affected layer are basically decreasing. 

Note that the grinding temperature and thermal affected layer depth reach the maximum values when 

the grinding speed is 45 m/s. Since Salomon advocated a similar appearance for the first time in 1931 

that the grinding heat reaches the maximum value when the grinding speed reaches a certain value and 

then gradually decreases, the restraining effect of high-speed machining on temperature has been 

continuously studied and verified [24]. For the AISI51200 bearing steel in this study, the grinding speed 

of 45 m/s at which the temperature will experience a turning point is determined and is verified by 

experiments. When the temperature exceeds the tempering temperature (150 ℃ for AISI52100 bearing 

steel) the material would be tempered and turn to tempered martensite, which is the cause of subsurface 

damage. As a consequence, the region that experienced a temperature of more than 150 °C is regarded 

as the damaged area. The influence of grinding speed on temperature and thermal affected layer depth 

is verified by measuring the thickness of damaged layer closely related with the heat change in material.  
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Fig. 10. Influence of grinding speed on the thermal field compared with experimental results. 

Fig. 11 shows the damaged layers at different grinding speeds measured in experiments, which is 

used to verify the simulation results. Chou and Song [25] proved that the heat influenced depth has a 

significant impact on the damaged thickness in high-speed machining. The main component of the 

damaged layer is tempered martensite, which is caused by local grinding temperature exceeding 

tempering temperature. The heat in material is gradually transiting during the grinding process so the 

dark layer formed has a vague boundary. Although the measured damaged layers are deeper than that 

obtained by simulation, the consistent trend of change can be used to ensure the credibility of the 

simulation results. Under the condition of high-speed grinding with the grinding speed exceeding 45 

m/s, the temperature and damaged layer thickness decrease with the increase of speed. The opposite 

situations occur when the grinding speed is less than 45 m/s. High-speed grinding leads to a phenomenon 

the excess heat is removed before it transfers to the inside of the material.  

 

Fig. 11. Depth of damaged layers measured at different grinding speeds. 

4.2 Analysis of residual stress results 

The important indexes of residual stress including position, value of maximum residual stress, as 

well as the residual stress depth, were extracted for detailed analysis and comparison. The residual stress 

data were obtained from the simulation results, which were further verified by experiment results.  

The comparison of residual stress depth affected by different grinding speeds was shown in Fig. 

12. With the increase of wheel speed, the affected depth of residual stress and the depth of maximum 
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residual tend to decrease. In the above simulation findings, the fast speed of the grinding wheel results 

in a reduced grinding force and heat impacted depth. Compared with the low-speed grinding processes, 

the material experienced smaller strain and temperature rise during high-speed grinding, which lead to 

a shallower depth of residual stress. With the increase of grinding speed from 45 m/s to 110 m/s, the 

effect depth of residual tensile stress decreases by 19%. The control of residual stress distribution is 

beneficial to machining deformation and service life of parts. A shallow residual stress distribution depth 

is beneficial to control machining deformation and precision stability of parts, especially thin-walled 

parts. At the same time, controlling the distribution depth of residual tensile stress can reduce the 

propagation rate of fatigue cracks on the subsurface and prolong the fatigue life.  

 

       Fig. 12. Influence of grinding speed on residual stress depth. 

In contrast, the influence of grinding wheel speed on the maximum residual stress is close to 

piecewise linearity in Fig. 13. With the increase of wheel speed, the residual compressive and tensile 

stress first increase, and then decrease when the grinding speed exceeds 60 m/s. In fact, the thermo-

mechanical coupling effect in the grinding process controls the value of residual stress. The analysis 

results of grinding force and heat have a similar trend to the maximum value of residual stress, that is, 

the force and heat load increases first and then decreases with the increase of grinding speed.  
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Fig. 13. Influence of wheel speed on the maximum value of residual stress. 

The experimental subsurface residual stress distribution results were shown in Fig.14 whose 

detailed data were compared with simulation results listed in Table 5. The simulated residual stresses 

are greater than those of the experimental observations in absolute values. To acquire the surface residual 

stresses, the specimens were cut, polished, and corroded shortly after grinding, and a part of the residual 

stress was inevitably released during the sample preparation procedure. At the same time, the layer-by-

layer polishing may make the measuring position miss the depth where the maximum stress is located. 

Despite this, the experimental and simulation results were generally consistent in their patterns. The 

average differences of the residual stress maximum value and depth between the FE results and the 

experiments are lower than 20%, which illustrates that the simulated residual stress pattern and 

magnitude agree with the test data in general. 

 

Fig. 14. Experimental subsurface residual stress. 

Table 5 

Difference ratio of simulated and experimental detection residual stress.  
 Maximum value of residual stress (MPa) 
 Test no. Simulation Experiments Difference (%) 

Compressive stress 
1 -440.4 -362.3 21.7  
2 -533.4 -452.4 18.0  
3 -614.7 -511.6 22.3  

Tensile stress 
1 157.6 136.4 15.5  
2 203.6 173.6 17.3  
3 257.1 224.8 14.3  

Average difference   18.2 

 Depth of residual stress (μm) 
 Test no. Simulation Experiments Difference (%) 
Depth of 
compressive stress 

1 9.27 8.2 13.0  
2 8.16 7.4 10.3  
3 7.76 6.6 17.6  

Depth of tensile 
stress 

1 21.13 32.4 34.8 
2 23.12 30.1 23.3 
3 22.19 26.8 17.2 

Average difference    19.3 
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4.3 Thermo-mechanical coupling effects on subsurface residual stress 

The above analysis shows that the difference of force and heat effects during the grinding process 

are the direct cause of the change of surface integrity. In this section, mathematical models were formed 

to investigate the internal relationship between thermo-mechanical coupling effect and key indicators 

of residual stress, and the mechanism of high-speed grinding is further discussed. 

The response surface model was defined by a polynomial function in a definite scope of 

independent variables. The relationships between grinding force-thermal effects and residual stress field 

were explored by regressively fitting the results and factors in the global scope. In this mathematical 

mode, grinding temperature 𝑡, thickness of heat affected layer ℎ, normal force 𝐹𝑛, and tangential force 𝐹𝑡 are selected as independent variables 𝑥. Difference of residual compressive and tensile stresses 𝜎𝑑 

and their respective influence depth 𝑑𝑐 and 𝑑𝑡 are dependent variables 𝑌.  

Linear function in Eq. 3 is first tried to reflect the direct impact of each indicator on 𝑌; if the lack 

of fit P-value exceeds 0.05 the second-order function in Eq. 4 will be adopted. The primary function for 

approximation can be formulated as the following: 𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖𝑘𝑖=1                                                  (3) 𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖𝑘𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖2𝑘𝑖=1 + ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗𝑘𝑖=1                                (4) 

In both formulae, 𝛽 is the undefined coefficient, 𝑘 is the quantity of designed independent variables, 𝑌 is the dependent variable, 𝛽0 is offset items, 𝛽𝑖 is linear offset items, 𝛽𝑖𝑖 is second-order item, 𝛽𝑖𝑗 is 

interaction coefficient. These coefficients are defined and estimated by the least square adjustment 

method, which can give a definite mathematical model when the model was proven to be effective. The 

following indices are used to evaluate the goodness of fit of the formula for the residual stress parameters: 

(1) Lack of fit P-value: the model test is significant when P<0.05. (2) Multiple-R: characterizes how 

well the formula fits the data which should be closed to 1. 

Due to the consistent change trend, the relationship between the tangential grinding force and the 

depth of the residual compressive stress was expressed by a linear formula in Eq. 5. The comparison 

between the predicted value and the actual value was shown in Fig. 15.  𝑑𝑐 = 1.36𝐹𝑡 + 4.82                                  (5) 
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Fig. 15. Prediction model for residual stress. 

The influence depth of tensile stress and stress difference are closely related to the quadratic 

function of force and thermal index, the second-order formulas are as follows:  

    𝑑𝑡 = 0.053ℎ + 6.6 × 10−5𝑡2 − 0.059𝐹𝑡𝐹𝑛 − 17.86                       (6) 𝜎𝑑 = −23028𝐹𝑡 − 30.9𝐹𝑡ℎ + 28.7𝐹𝑡𝑡 + 4232.1                      (7) 

Note that the P-values of coefficients of both intercept and independent in the above formulas are 

less than 0.05 and the Multiple-R is over 0.9.  

Through the mathematical models constructed, the mechanisms of thermo-mechanical coupling 

effect on the distribution of subsurface residual stress can be resolved and analyzed. The depth of 

residual compressive stress seems to be linearly related to tangential grinding force. The tangential force 

causes the material to be continuously compressed during grinding and formed the plastic deformation 

of compression after grinding. In contrast, the thermal effect on residual compressive stress is far less 

than that of force. In addition, the residual tensile stress is sensitive to grinding temperature. The cooling 

process following grinding causes the volume of the thermally affected layer to compress, resulting in 

tensile stress [26]. The increase of grinding temperature or thermal influenced depth will deepen the 

distribution depth of residual tensile stress. Both tangential force and normal force tend to restrain the 

depth of residual tensile stress. In summary, the grinding mechanical loads promote the formation of 

residual compressive stress, and the residual tensile stress will reach the deeper area in the subsurface 

under the contribution of grinding heat. Furthermore, the stress difference is affected by the multiple 

factors of tangential grinding force, grinding temperature, and thickness of thermal influenced layer. 

The concentrated heat source formed by grinding can increase the stress difference. A deeper depth of 

thermal influence, which leads to a smaller temperature gradient, can reduce the difference between 

residual tensile stress and compressive stress. To minimize the residual stress difference, the heat caused 

by grinding can be reduced by improving cooling efficiency.  

In conclusion, when the grinding speed is high enough to reach the range of high-speed grinding, 

the grinding force and thermal field decreases with the increase of grinding speed. Influenced by the 
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coupling effect of thermal and mechanical load in high-speed grinding, the reduction of residual tensile 

stress depth far exceeds the reduction of residual compressive stress depth. In addition, due to the 

reduction of temperature influence depth, smaller residual stress difference also obtained in high-speed 

grinding.  

Furthermore, by studying the grinding essence of thermo-mechanical load, the conclusion of this 

study is universal and not limited by specific process parameters. Based on the simulation and 

experimental methods in this paper, the conclusions of this study can be extended to the grinding of 

other alloy carburized steels. However, the influence of grinding wheel wear on grinding quality has not 

been considered in this study. The research of Macerol et al. [27] shows that the wear and passivation 

of abrasive particles will aggravate the formation of damaged layer. The influence of phase transition 

can also be considered in the future to improve this study. 

5. Conclusions 

The influence of grinding speed on subsurface residual stress and damaged layers was evaluated 

using simulation and experimental research, and the particular phenomena of high-speed grinding was 

discussed in detail. Mathematical models were presented to characterize the process of thermo-

mechanical coupling impact on subsurface residual stress, and the benefits of high-speed grinding were 

proven further. The following are the conclusions: 

（1）When the grinding speed exceeds the critical value of 45 m/s, the grinding force and 

temperature decrease simultaneously with the increase of grinding speed for AISI52100 bearing steel. 

Furthermore, the thickness of the damaged layer generated by tempered martensite can be reduced by 

controlling the grinding speed in the high-speed grinding range. However, in the low-speed grinding 

range (𝑣𝑠<45 m/s), increasing the grinding speed can aggravate the temperature and the formation of 

the damaged layer. 

（2）The value and distribution depth of residual stress decrease can be reduced using high 

grinding speed (𝑣𝑠>60 m/s). In this study, the depth of residual tensile stress was reduced by 19% by 

applying high-speed grinding. The difference between residual compressive stress and tensile stress also 

decreases with the increase of grinding speed,  which helps to enhance the precision retention and fatigue 

performance of components. 

（3）A mathematical model was proposed to reflect the mechanism of thermo-mechanical 

coupling effect on residual stress distribution. The grinding mechanical loads, tangential grinding force 

especially, promote the formation of residual compressive stress, and the depth of residual compressive 

stress is proportional to the tangential grinding force. While the residual tensile stress will reach the 

deeper area in the subsurface under the contribution of grinding temperature and thermal influenced 

depth. Therefore, to minimize the difference of residual stress, grinding parameters leading to lower 
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processing temperatures and good cooling conditions should be applied in the manufacture of high-

performance parts. 
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