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Abstract

:

Precision spindle and bearings are the key components in precision machine tools. These structures greatly affect the machining accuracy and service life of the machine tools. In this paper, considering the uncertainty of rolling elements when the bearings are working at high speed, a new 2D equivalent simulation model of angular contact ball bearing was established based on the general finite element software, Abaqus. Meanwhile, the equivalent material parameters of virtual bearing ball in this 2D model were obtained via a standard bearing stiffness test and a parametric inversed method. The time to calculate of this model is reduced by 200 times compared with the 3D bearing simulation model. Then, the 2D equivalent simulation model of the spindle was established based on the 2D bearing model, which is used to calculate the axial stiffness and maximum contact stress between bearing balls and inner/outer rings in different assembly parameters. The results show that the stiffness of the spindle increases slowly at first, but then increases rapidly to a peak value after the bearing inner spacer sleeve is in contact with the bearing inner ring, and finally tends to stable, with the preload of the spindle continuing to increase.
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1. Introduction


As the key component of machine tools, high-precision spindle plays an important role in the manufacturing of a machine tool. Structural stiffness, manufacturing accuracy and motion performance of the spindle all determine the quality and cutting efficiency during machining. As the key component of the spindle, bearings greatly affect the service performance of the spindle. Considering the structure, accuracy and performance of all the kinds of bearings, angular contact ball bearing is generally selected as the support bearings of the spindle due to their nice stability, high accuracy, stable operation and ability to bear radial and axial load at the same time. It is a kind of rolling bearings. Usually, angular contact ball bearings are installed on the spindle in pairs and are widely used in precision machine tool spindles. In order to improve the machining accuracy of the precision machine tool and extend its service life, it is necessary to establish accurate and effective models of spindle and angular contact ball bearings, which can be used to analyze their stress state, optimize structure and improve performance.



Since the 1950s, numerous scholars have used analytical calculation methods to conduct theoretical research and modeling on the spindle and bearing system. For example, Palmgren [1] proposed to use the static model of ball bearing to calculate the bearing deflection and load distribution under combined load. After the “raceway control hypothesis” was proposed, Jones [2,3] established a classical bearing dynamics analysis model considering the centrifugal force and gyroscopic moment of the bearing ball based on this theory. However, Wang [4] abandoned the “raceway control hypothesis” and proposed a new quasi-static analysis model. In addition to this method, people also use the dynamic analysis method. Gupta [5,6] developed a complete dynamic model to simulate the transient motion of the ball and cage. It can also simulate the running state of the ball. Xi et al. [7] proposed the dynamic model of contact ball bearing based on the model developed by Gupta, established the finite element model of spindle based on Timoshenko beam theory, simulated and calculated the time-history response of the tool under different cutting forces and ultimately verified it through experiments. Cao et al. [8] used the Gupta dynamics model to calculate the machining error of the machine tool spindle, and optimized the fit clearance of the bearing to meet the design requirements of the spindle. The establishment of the above mathematical models has greatly promoted research on the contact theory of the spindle and bearings of precision machine tools.



After the emergence of computer simulation technology, people applied this technology to analyze the spindle and bearing system, and established an entity model close to the structure and service condition of the spindle and bearing, which greatly improved the efficiency and accuracy of calculation. Liu et al. [9] obtained the temperature field of the spindle system in the thermal equilibrium state using the finite element simulation method, and calculated the maximum thermal deformation of the spindle at different speeds. Yu et al. [10] proved that the finite element solution of dynamic contact characteristic parameter calculation of high-speed precision angular contact ball bearing is in great agreement with the analytical solution of Hertz contact theory, based on finite element simulation. Wang et al. [11] used the finite element method and established a 3D simulation model of the bearing. Then he analyzed the contact characteristics of thrust ball bearing with large contact angle. Comparing the calculation results with the classical Hertz contact theory solution, it can be proved that the bearing capacity of the designed bearing meets the requirements. The above results prove that the computer simulation technology can meet the requirement of researching spindle and bearing system.



As one of the important parameters of bearings, stiffness determines these service performances. In order to increase bearings stiffness, usually a certain preload should be applied to them before serving. So in production, the bearing stiffness is generally improved by increasing the preload. The spindle preload can be divided into positioning preload and constant pressure preload. Zhang et al. [12] compared the bearing stiffness under different preload modes via the analytical method, and the results supported that the larger the preload, the better the bearings stiffness, no matter whether there is a positioning preload or a constant pressure preload. In addition, under positioning preload, the bearings stiffness changes less with the rotation speed, which is more suitable for rough machining. Through the comparison of temperature rise, dynamic stiffness and service life of bearing under high speed and light load, Jiang et al. [13] concluded that the hydraulic preload with variable pressure could effectively improve the bearing performance compared with the traditional constant pressure preload. The spindle studied in this paper is in positioning preload, and it can be applied through the height difference between inner and outer spacer sleeves.



At the same time, the increase of the preload will make the contact load between the bearing rolling element and the ring raceway larger, which will aggravate the wear of the bearings. It is important to balance the bearing stiffness and the contact load, which aims to minimize the bearings wear with great stiffness. Li et al. [14] established a model of spindle to conduct modal simulation of the preloaded bearing system. Taking 7005C bearing [15] as an object, he studied the contact characteristics between rolling elements and raceway. Then he used the model to obtain bearings stiffness for finite element simulation analysis, and verified the accuracy of the simulation results through the modal test. Liu et al. [16] explored the raceway contact performance of bearings under dynamic load, and used the “slice model” to illustrate the necessity of considering the non-uniformity of the load for the study of contact performance of rolling bearings. It can be seen that the non-uniformity of the load will also affect the contact performance of the rolling bearing. Li et al. [17] found that non-uniform preload can improve the stability of the spindle by comparing the rotation centers of the spindle under different preloads.



The above research results show that preload has great impact on spindle stiffness. Naturally, some scholars raised the question whether the spindle stiffness can be predicted with the preload value. E. Ozturk et al. [18] established a stability model of cutting edge, FRF and cutting force coefficient combined with speed to predict spindle stiffness under different preload. Establishing effective and accurate calculation models is an important means for the research of spindle and bearings. Not only the mathematical models, but the computer simulation models should be established. Due to the improvement of machine tools’ accuracy and the expansion of production scale in recent years, the calculation accuracy and efficiency of simulation models have been given higher requirements. In the research of angular contact ball bearings at home and abroad, many mathematicians establish local reduced 3D models for calculation according to the symmetry of bearings, in order to obtain accurate and reliable calculation results. However, due to the complexity of the 3D model, the number of meshes and nodes is large but computational efficiency is low, so they cannot meet large-scale simulation calculation requirements. In order to improve the calculation efficiency, in this paper, a new equivalent 2D axisymmetric model of 7008 angular contact ball bearing [19] was established by using the general finite element software, Abaqus. At the same time, a standard bearing stiffness test was carried out to verify its practicability. Applying the bearing equivalent 2D model to the spindle, the spindle equivalent 2D model is established. The spindle stiffness in different assembly and structure parameters was calculated to ensure that the spindle can resist deformation. Meanwhile, the contact stress between bearing rolling element and raceway during the preloading process can also be calculated to provide a reference for the subsequent prediction of service life.




2. Bearing and Spindle


2.1. Angular Contact Ball Bearing—7008C


The bearing studied in this paper is angular contact ball bearing—7008C, which is widely used in the spindle serving at high speed and precision. As shown in Figure 1a, it is mainly composed of an inner ring, an outer ring, a rolling element (18 pieces), a cage and lubricating grease. And then, the important parameters of the bearing can be tagged in the simplified principal section without the cage, as shown in Figure 1b.



The main structural dimensions are shown in Table 1. It needs to be noted that the simulation models used in this paper are static analysis models; the influence of grease and the cage is ignored. The material of the bearing rings is GCr15, and the material of the rolling elements is Si3N4. The material parameters are shown in Table 2.



Using the bearing above, the standard bearing stiffness test was carried out to obtain the stickout of this bearing (7008) under different preloads. In this test, the data of eight test samples was totally collected. The stickout measuring instrument is shown in Figure 2, and the measuring result is shown in Table 3. According to the test’s result, the increase trend of the stickout with preload can be obtained.




2.2. Mechanical Spindle—BT30


The spindle studied in this paper is a mechanical spindle used in a precision drilling and tapping machine tool, as shown in Figure 3. It is mainly composed of a mandrel, an external sleeve, an inner spacer sleeve, an outer spacer sleeve, an angular contact ball bearings, a front end cover, a labyrinth ring, a rear end cover, a lock nut, etc. The angular contact ball bearing is the key component, and a single spindle is equipped with four bearings, which are assembled in pairs front and rear in DT mode. The main structure and their dimensions are shown in Table 4.





3. Methodology


3.1. Equivalent 2D Model of Bearing


Considering the uncertainty of bearing balls when the bearing is working at high speed, the limited number of rolling elements of the bearing can be simplified as a virtual rotating element which is shaped like a hoop, as shown in Figure 4a. After equivalence, the structure of all the bearing components is rotary bodies. Theoretically, when the bearings only sustain axial load, each cross section of one bearing has the same stress state. An equivalent 2D bearing model can be established to substitute for the 3D model, which can reflect the stress state of bearing cross section, as shown in Figure 4b.



Table 5 shows the mesh parameters of two models. It can be seen that the number of nodes and elements of the equivalent 2D model decreases significantly, compared with the full-scale 3D model. As a result, the calculation speed of 2D model is substantially improved compared with the 3D model.




3.2. Parametric Inversed Method


The virtual rolling element in the equivalent 2D bearing model is a hoop-like rotating structure rather than a series of balls; therefore, the experimental mechanical property parameters of ceramic balls can no longer be used in this model. The corresponding equivalent material property parameters of virtual bearing ball in the 2D bearing model can be obtained by using a parametric revered method.



Firstly, assuming that the virtual bearing ball is an isotropic elastomer, its elastic modulus  E  and Poisson’s ratio  μ  are constants. Then, a series 2D bearings model is established using different equivalent material property parameters of virtual rolling element    E i    and    μ j   . The simulated stickout    L  i , j , k  S    and preload    F k    curve of bearing with different material parameters of    E i    and    μ j    can be obtained based on the 2D bearing model, as follows:


   L  i , j , k  S  =  f 1     F k  ,    E i  ,  μ j     



(1)







It is assumed that the experimental stickout    L k E    with different preload    F k    is:


   L k E  =  f 2     F k     



(2)







By comparing the simulated and experimental data, the maximum simulated deviation    D  i , j   m a x     of each simulated stickout    L  i , j , k  S    can be expressed as follows:


   D  i , j   m a x   =   m a x  k       L  i , j , k  S  −  L k E       



(3)







A simple inversed method has been proposed in this paper; the corresponding    E i    and    μ j    are the inversed equivalent elastic modulus and Poisson’s ratio, when    D  i , j   m a x     is at its minimum.


        Minimize :    D  i , j   m a x          Subject   to  :        E  m i n   <  E i  <  E  m a x          μ  m i n   <  μ j  <  μ  m a x                



(4)








3.3. Hertz Point/Line Contact Theory


The contact stress between bearing inner/outer rings and balls obtained via the 2D bearing model is different from the actual contact stress of the 3D bearing model, due to the simplification of the 2D bearing model. Therefore, an indirect method was introduced to calculate the actual contact stress of the 3D bearing model by using the contact stress results of the 2D bearing model, based on the classical Hertz point and line contact theory [20,21].



According to the classical Hertz point contact theory, the contact region’s projection of two elastomers is approximately elliptic. For the elliptic contact region, the stress at its geometric center can be calculated as follows:


  σ =   3 P   2 π a b    



(5)




where  P  is the contact pressure on two objects;  a  and  b  represent the major and minor axes of the projected ellipse in the contact region. The values of  a  and  b  can be calculated via the curvature function of the components. This theory is applicable to the calculation of the maximum contact stress in the 3D bearing model.



In Figure 5, the bearing ball is denoted as 1, the bearing inner ring as 2 and the main plane is denoted by x and y, respectively. In this way, the radius of curvature of the bearing ball in plane x can be denoted as    R  1 x    , and the curvature is the reciprocal of the curvature radius. In addition, the curvature is specified to be positive for convex surfaces and negative for concave surfaces. The equations are as follows:


   ρ  1 x   = 1 /  R  1 x    



(6)






   ρ  1 y   = 1 /  R  1 y    



(7)






   ρ  2 x   = 1 /  R  2 x    



(8)






   ρ  2 y   = − 1 /  R  2 y    



(9)







In order to accurately describe the contact state between the two corresponding rotary surfaces, the equations of the sum of curvatures and the differences of curvatures are defined as:


  ∑ ρ =  ρ  1 x   +  ρ  1 y   +  ρ  2 x   +  ρ  2 y    



(10)






   F   ρ    =      ρ  1 x   −  ρ  1 y     +    ρ  2 x   −  ρ  2 y       ∑ ρ    



(11)







   F   ρ      can also be calculated by another equation as follows [22]:


   F   ρ    =      k 2  + 1   E − 2 F      k 2  − 1   E    



(12)




where  k  is the elliptic eccentricity parameter;  E  and  F  are the complete elliptic integrals of the first and second kinds, respectively. The relevant equations are as follows:


  k =  a b   



(13)






  E =   ∫  0   π 2        1 −   1 −  1   k 2        sin  2  ϕ      1 2    d ϕ  



(14)






  F =   ∫  0   π 2        1 −   1 −  1   k 2        sin  2  ϕ     −  1 2    d ϕ  



(15)







Brewe and Hamrock proposed a set of simplified approximate equations for  k ,   E   and  F  by means of the least square method of linear regression [22]. Firstly, the equivalent radius in each direction can be defined as follows:


   R x  = 1 /    ρ  1 x   +  ρ  2 x      



(16)






   R y  = 1 /    ρ  1 y   +  ρ  2 y      



(17)







Then the simplified approximate equations of  k ,  E  and  F  are as follows:


  k ≈ 1.0339      R y  /  R x      0.6360    



(18)






  E ≈ 1.0003 + 0.5968    R x  /  R y     



(19)






  F ≈ 1.5277 + 0.6023 l n    R y  /  R x     



(20)







Based on elastic theory, the contact ellipse parameters  a ,  b  and the elliptial-contact deformation at the center of contact  δ  can be calculated as follows:


  a =  a *  ·       3 P   2 ∑ ρ       1 −  μ 1 2     E 1    +   1 −  μ 2 2     E 2           1 3     



(21)






  b =  b *  ·       3 P   2 ∑ ρ       1 −  μ 1 2     E 1    +   1 −  μ 2 2     E 2           1 3     



(22)






  δ =  δ *  ·       3 P   2 ∑ ρ       1 −  μ 1 2     E 1    +   1 −  μ 2 2     E 2           2 3      ∑ ρ  2   



(23)




where   ∑ ρ   can be calculated with Equation (10), and    a *   ,    b *    and    δ *    can be calculated with the following equations:


   a *  =       2  k 2  E  π       1 3     



(24)






   b *  =       2 E   π k        1 3     



(25)






   δ *  =   2 F  π       π  2  k 2  E        1 3     



(26)







For the elliptic contact region of the bearing 3D model, the maximum contact stress appears in the geometric center, and the equation is as follows, based on Equation (5):


   σ  m a x − 3 D   =   3 Q   2 π a b · N    



(27)




where  Q  is the total normal contact pressure in the 3D model;  N  is the number of rolling elements. According to Equation (27), the value of two contact ellipse parameters  a  and  b  should be obtained to calculate the maximum contact stress. Firstly, define    E ′    as the equivalent elastic constant, which can be calculated as follows:


   E ′  =   1 −  μ 1 2     E 1    +   1 −  μ 2 2     E 2     



(28)







The parameters  a  and  b  of the contact ellipse can be expressed by the following equations:


  a =  a *  ·       3 Q   2 ∑ ρ ·  E ′  · N        1 3     



(29)






  b =  b *  ·       3 Q   2 ∑ ρ ·  E ′  · N        1 3     



(30)







Based on the above equations, it can be deduced that the equation to calculate the maximum contact stress between the ring and the ball is:


   σ  m a x − 3 D   =  3  2 π  a *  ·  b *  ·      3  2 ∑ ρ        2 3    ·      1   E  3 D  ′         2 3           Q N       1 3     



(31)







For the equivalent 2D model, the “hoop” and the bearing rings are in line contact. Similar to the calculation method of point contacts, the maximum contact stress between the ring and the virtual ball can be calculated with the following equations according to the Hertz line contact theory:


  R = 1 /   1 /  R 1  + 1 /  R 2     



(32)






  σ =      E ′  ·  Q ′    π l R      



(33)




where   Q ′   is the total normal contact pressure on the “hoop”, and assuming that the normal contact pressure is evenly distributed;    R 1    and    R 2    are the normal radius of the two elastomers;  R  is the equivalent normal radius;  l  is the length of the contact line.



According to Equations (28) and (33), the maximum contact stress between the ring and the virtual ball in the 2D model is calculated by the following equation:


   σ  m a x − 2 D   =      E  2 D  ′  ·  Q ′    π l R      



(34)







Considering the total normal contact pressure   Q ′   in the 2D model is equal to the  Q  in the 3D model, the relationship between the maximum contact stress of the 2D equivalent model and the 3D model can be expressed by the following equation:


   σ  m a x − 3 D   =      3 2       1 3    ·       ∑ ρ      2 3    ·      E  3 D  ′       2 3    ·  R   1 3    ·  l   1 3       π   2 3    ·  a *  ·  b *  ·      E  2 D  ′       1 3    ·  N   1 3      ·  σ  m a x − 2 D    2 3     



(35)








3.4. Equivalent 2D Model of Spindle


Considering the symmetry of the spindle structure, an equivalent 2D model of spindle has been established in this paper based on the equivalent 2D model of bearing, which is shown in Figure 6. The four bearings are divided into two groups, bearing 1, 2 for the first group, bearing 3, 4 for the second group, the first group is installed at the front end of the spindle in pairs, and the second group is installed at the back end of the spindle in pairs. The back end is the preloaded end.



At the same time, it needs to be noted that the unnecessary assemblies and structures, such as couplings, cutting rings and springs of the spindle can be omitted to simplify the model because each component has little influence on the macroscopic stiffness and microscopic stress calculation of the spindle. Table 6 shows the mesh parameters of the important components. The same as the 2D bearing model is that the meshes of the components in the 2D spindle model also used quad-dominated meshes. This technique is free and the algorithm is the default algorithm, advancing front.





4. Results and Discussion


4.1. Parameter Reversion of 2D Virtual Bearing Ball


The virtual rolling element in the equivalent 2D bearing model is a hoop-like rotating structure rather than a series of balls, and the corresponding equivalent material property parameters of virtual bearing ball in a 2D bearing model can be obtained by using a revered method as shown in Section 3.2. Figure 7 shows the maximum simulated deviation    D  i , j   m a x     by using different virtual elastic modulus  E  and poisson’s ration  μ  in 2D model.



It can be seen in Figure 7 that within a certain range of  E ,    D  i , j   m a x     decreases firstly, and then increases with  μ  in the 2D model, in the case of  E  in the 2D model being constant. Similarly,    D  i , j   m a x     decreases firstly and then increases with the increase of  E  in the 2D model, in the case of  μ  in the 2D model being constant.



The smaller the value of    D  i , j   m a x    , the better the fitting effect will be, when the  E  and  μ  corresponding to the    D  i , j   m a x     are applied to the 2D model. In order to obtain the optimal  E  and  μ  more clearly, summarize the minimum value of    D  i , j   m a x     corresponding to different  E , as shown in Figure 8. It can be seen that the minimum value of    D  i , j   m a x     decreases firstly and then increases with the increase in  E . When  E  is in the range of 6000–8000 MPa, the relationship curve of    D  i , j   m a x     and  E  has a “flat bottom”, and the maximum value is less than 1 μm.



When the  E  of the equivalent rolling element is 6500 MPa and  μ  is 0.44, the value of    D  i , j   m a x     is the smallest, which is 0.53 μm. This is the optimum elastic modulus and Poisson’s ratio. Considering that the measuring accuracy of the bearing’s stickout measuring instrument at this stage is 1 μm, this calculation error is acceptable in the research object of this paper. Therefore, the above equivalent material property parameters of the bearing’s 2D rolling elements obtained via reverse fitting, including elastic modulus and Poisson’s ratio, can be used as the material property parameters of the rolling elements in the equivalent 2D model of bearing.



Based on the obtained optimal material property parameters of the equivalent rolling element of the bearing, the relationship curve of F and l calculated by using the 2D simulation model of the bearing is compared with the experimental curve (fitting the experimental result shown in Table 3), which is shown in Figure 9.



It can be concluded that the relationship curve between force (F) and displacement (l) calculated for the bearing equivalent 2D simulation model is well fitted with the experimental results. Therefore, the stiffness of the actual bearing can be well simulated by using the 2D axisymmetric model with the rolling elements which have equivalent material parameters.




4.2. Contact Stress Calculation of 2D Bearing Model


According to Section 3.3, the actual maximum contact stress of the 3D bearing can be calculated through the maximum contact stress of the 2D equivalent axisymmetric model by using Equation (35). By substituting the structural and material parameters of bearing into Equation (35), the power function relationships related to maximum contact stress of the bearing ring and balls in the 3D model and the 2D model can be obtained:



For the inner ring:


   σ  m a x − 3 D   = 179.864 ·  σ  m a x − 2 D   0.667    



(36)







For the outer ring:


   σ  m a x − 3 D   = 210.708 ·  σ  m a x − 2 D   0.667    



(37)







The above equations can be used to calculate the actual maximum contact stress of the 3D bearing ring, based on the bearing rings’ maximum contact stress of the 2D axisymmetric model. In this way, the practicability of the 2D axisymmetric model can be improved substantially.




4.3. Effect of Preload on Mechanical Properties of Spindle


Preload has a significant effect on the mechanical performance of the spindle. Based on the 2D model of the spindle, it can be calculated that the axial stiffness of the spindle increases with the increase of preload, as shown in Figure 10, which is consistent with the previous calculation results [12]. During the above process, other structural parameters of the spindle remain unchanged: the interval difference of the spacer sleeve is set to 30 μm, and the amount of end cover pressing is 10 μm.



According to Figure 10, the axial stiffness increases sharply when the preload is 800–900 N, but then hardly changes with the preload and stabilizes at the peak value of 135 N/μm even though the preload reaches 4000–5000 N. In order to explore the reason for the steep rise in stiffness, the maximum contact stress on the top and bottom surfaces of the inner spacer is extracted when the preload is in the range of 30–2000 N, and the result is shown in Figure 11. Within the range of 30–800 N, there is no contact stress on the surface of the inner spacer, but the value of the contact stress is not zero within the range of 900–2000 N.



It can be concluded that when the preload is less than 800 N, the inner ring of the rolling bearing 3 is not in contact with the inner spacer sleeve of the spindle, and the stiffness is small at this time. When the preload reaches a certain value between 800 N and 900 N, the contact stress between the inner ring of bearing 3 and the inner spacer sleeve of the spindle occurs. At the same time, the inner spacer sleeve begins to participate in the resistance to deformation, which leads to the sharp increase in the stiffness of the spindle in the range of 800–900 N preload. After that, with the increase of preload, the stiffness increases little, but basically is steady at a certain value.



Therefore, when the spindle is assembled, the preload should be larger than 900N to ensure that the inner spacer sleeve of the spindle is fully in contact with the inner ring of rolling bearing 3, which can improve the stiffness of the spindle. However, excessive preload is not needed; it has no significant influence on the lifting stiffness.



In addition to stiffness, the effect of preload on the maximum contact stress is also important for predicting the service life of the spindle. In accordance with Equations (36) and (37), based on the simulation results of the 2D model, the maximum contact stress of four bearings mounted on the spindle is calculated, as shown in Figure 12.



It can be concluded that the maximum contact stress of inner and outer rings of the bearings increases monotonically with the increase of preload. The maximum contact stress of the bearing inner ring is always greater than that of the outer ring. In addition, the maximum contact stress of the second group of bearings installed at the back end of the spindle is larger than that of the first group of bearings.



According to the calculation results, the contact stress of the bearing ring is not only related to the preload force, but also to the installation position of the spindle during serving. On the premise of ensuring high stiffness, the preload of the spindle should not be too large to avoid excessive contact stress, which will affect the bearing service life. When the preload is determined to a certain value, the back-end bearings of the spindle tend to be under greater contact pressure, especially the inner rings of the bearing, so more attention needs to be paid to them during serving.





5. Conclusions


The axial stiffness related to the mechanical properties and the maximum contact stress of the bearings related to the service life of spindle were investigated via a simplified mathematical model in this paper. The following conclusions can be drawn from this study:




	(1)

	
The new 2D axisymmetric simulation models of bearing and spindle were established by introducing a virtual rotating structure. The corresponding equivalent material parameters of virtual rotating structure were obtained via a parametric inversed method and the stickout measured result of bearing.




	(2)

	
The relationship of the actual maximum contact stress between the roller and the inner/outer ring between the 2D and the 3D bearing model was deduced via the Hertz point and line contact theory of bearing; it can be used to calculate the contact stress of the bearing under different spindle structure and assembly.




	(3)

	
The 2D simulation model established in this paper can be used to calculate the stiffness of the spindle and the contact stress of the bearing in the spindle under different bearing structure, spindle structure and spindle assembly parameters.




	(4)

	
As the preload of the spindle increases, the axial stiffness of the spindle increases slowly at first, then increases rapidly in the case of the bearing ring being in contact with the spindle spacer sleeve and finally increases very slowly when the contact between the bearing ring and the spindle spacer sleeve is stable.




	(5)

	
The maximum contact stress of the bearings’ inner and outer ring is positively correlated with the preload of the spindle. The preload shall be reduced as much as possible under the premise of ensuring that the spindle has a great rigidity to extend its service life.
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Figure 1. (a) Angular contact ball bearing 7008C and (b) important parameters in the simplified principal section. 
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Figure 2. Stickout measuring instrument of angular contact ball bearing. 
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Figure 3. Mechanical spindle—BT30. 
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Figure 4. The equivalent 2D model of bearing. (a) The equivalent 3D bearing model in high speed. (b) The meshes of 2D bearing model. 






Figure 4. The equivalent 2D model of bearing. (a) The equivalent 3D bearing model in high speed. (b) The meshes of 2D bearing model.



[image: Machines 11 00461 g004]







[image: Machines 11 00461 g005 550] 





Figure 5. Schematic diagram of contact geometry. 
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Figure 6. (a) The equivalent 2D model of a spindle. (b) The meshes of the top half of the spindle. (c) The meshes of the bottom half of the spindle. 
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Figure 7. The maximum simulated deviation    D  i , j   m a x     by using different  E  and  μ . 
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Figure 8. The relationship between the minimum value of    D  i , j   m a x     and the equivalent elastic modulus  E  of rolling elements in different  E . 
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Figure 9. Comparison of F-l curve of bearing’s 2D model and fitting curve of stickout measuring experiment results. 
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Figure 10. The relation curve between axial stiffness and preload of spindle. 
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Figure 11. The relationship curve between preload and the maximum contact stress of top and bottom end faces of inner spacer. 
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Figure 12. The relationship curve between maximum contact stress of inner/outer ring and preload of spindle. (a) Rolling bearing 1. (b) Rolling bearing 2. (c) Rolling bearing 3. (d) Rolling bearing 4. 
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Table 1. Structure parameters of angular contact ball bearing.
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	Notation
	Specification
	Value





	D
	External diameter
	68 mm



	d
	Internal diameter
	40 mm



	B
	Width
	15 mm



	Z
	Number of rolling elements
	18



	Dw
	Diameter of rolling elements
	7.938 mm



	α
	Contact angle
	18°



	Dwp
	Diameter of pitch circle
	54 mm



	fe
	External groove curvature
	0.53



	fi
	Internal groove curvature
	0.55



	ai
	External groove position
	7.696 mm



	ae
	Internal groove position
	7.5 mm



	D2
	Diameter of the outer ring’s flange
	59.04 mm



	d2
	Diameter of the inner ring’s flange
	49.19 mm



	De
	Diameter of the outer ring’s groove bottom circle
	61.961 mm



	di
	Diameter of the inner ring’s groove bottom circle
	46.023 mm



	t
	Height of the outer ring’s locking
	0.084 mm
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Table 2. Material parameters of bearing ring and rolling element.
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	Material
	Elastic Modulus
	Poisson’s Ratio





	Bearing ring
	GCr15
	208 GPa
	0.3



	Rolling element
	Si3N4
	310 GPa
	0.26
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Table 3. Stickout measuring result of the test bearing samples under different preloads.
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Preload (N)

	
Number of the Test Bearing Samples




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
30

	
19

	
18

	
22

	
23

	
15

	
12

	
30

	
28




	
60

	
22

	
20

	
23

	
24

	
16

	
13

	
31

	
30




	
90

	
23

	
21

	
24

	
24

	
17

	
14

	
32

	
31




	
120

	
24

	
22

	
25

	
25

	
18

	
16

	
34

	
32




	
150

	
25

	
23

	
25

	
26

	
19

	
17

	
35

	
34




	
180

	
26

	
24

	
26

	
28

	
20

	
18

	
36

	
35




	
210

	
27

	
25

	
28

	
29

	
21

	
19

	
37

	
36




	
270

	
29

	
27

	
30

	
31

	
24

	
22

	
39

	
38




	
330

	
30

	
29

	
31

	
32

	
25

	
23

	
40

	
39




	
360

	
31

	
29

	
32

	
33

	
26

	
24

	
41

	
39




	
390

	
32

	
30

	
32

	
34

	
27

	
24

	
42

	
40




	
420

	
32

	
30

	
33

	
34

	
27

	
24

	
43

	
41
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Table 4. Parameters of mechanical spindle BT30′s components.
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	Component
	Height
	Thickness
	Diameter





	External sleeve
	330.98 mm
	5.5 mm
	40 mm (external)



	Mandrel
	162.5 mm
	13.5 mm
	68 mm (internal)



	Inner spacer sleeve
	90.5 mm
	5.5 mm
	40 mm (internal)



	Outer spacer sleeve
	90.5 mm
	5.5 mm
	68 mm (external)



	Lock nut
	24 mm
	5.5 mm
	40 mm (internal)
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Table 5. Comparison of mesh parameters between 3D and 2D model of bearing.
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	Type of Model
	3D Model
	2D Model





	Number of nodes
	332,683
	2085



	Number of elements
	228,831
	1906



	Minimum size of meshes
	0.5 mm
	0.05 mm



	Type of elements
	C3D8R
	CAX4R



	Shape of elements
	Tet
	Quad-dominated



	Technique
	Free
	Free



	Algorithm
	Default algorithm
	Advancing front (default)
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Table 6. Mesh parameters of important components in spindle.
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	Component
	Number of Mesh Elements
	Type of Mesh
	Minimum Mesh Size





	External sleeve
	4403
	CAX4R
	0.2 mm



	Mandrel
	2131
	CAX4RT
	1 mm



	Inner spacer sleeve
	2157
	CAX4R
	0.2 mm



	Outer spacer sleeve
	2242
	CAX4R
	0.2 mm



	Lock nut
	305
	CAX4R
	0.2 mm
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