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Abstract

:

The spindle and grinding wheel flange (GWF) adopt double positioning of a tapered surface and end face. Due to the processing quality, the contact state of the spindle–GWF interface cannot be determined accurately. Based on the theory of finite element and the Yoshimura integral method, an analysis method for the contact stiffness of the spindle–GWF interface was established. In addition, the effects of the spindle–GWF interface’s original clearance and tightening torque on the contact pressure, final contact state and contact stiffness of the spindle–GWF interface were investigated and experimentally verified. It was found that the final contact state of the spindle–GWF changed when the tightening torque increased, especially when the original contact state was tapered contact, and the final contact state changed significantly after assembly. The contact pressure and contact stiffness of the spindle–GWF interface are increased by increasing the tightening torque. The radial stiffness is more affected by the end clearance variation compared to the axial and angular stiffness. When the original contact state is tapered contact, the radial stiffness of the interface is at maximum in three contact states. This research provides theoretical guidance for GWF assembly on gear-grinding machines.
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1. Introduction


In the automotive and construction machinery industries, high-efficiency and high-precision worm gear-grinding machines are used for precision grinding of mass-produced involute cylindrical gears [1]. In order to facilitate disassembly, and improve interchangeability and machining efficiency, the worm grinding-wheel is installed on the spindle through the grinding wheel flange (GWF), and the double positioning of the tapered surface and end face is adopted between the spindle and the GWF. There are three contact states of the spindle–GWF interface due to manufacturing errors: end contact, tapered contact and two-sided contact. To ensure the reliability of the fit, it is very important to ensure the two-face contact condition of the spindle–GWF interface after assembly. Contact stiffness is an important parameter to describe interface characteristics, and has an important impact on the contact pressure distribution, vibration and wear of the mechanical system [2]. During the assembly stage, it is important to ensure proper stiffness of the spindle–GWF interface.



At present, research on the spindle system of the precision grinding machine mainly focuses on the bearing [3], the grinding chatter [4,5], the modeling [6] and shape modification [7] of the grinding wheel, and grinding quality analysis of product [8]. There is a lack of analysis and prediction of the spindle–GWF interface stiffness, which is important for the structural design and assembly design of the spindle and GWF. Research on the interface of other types of machine tool systems is mainly focused on the gear meshing surfaces [9,10], the ball–screw interfaces [11,12], and the spindle–tool-holder interfaces [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. There are two methods to study the contact characteristics of the interface: experiment and simulation. On the basis of the experiment, Wan and Du [15,16] identified the contact pressure of the surface using an ultrasonic method, established a calculation model of the interface stiffness, and analyzed the influencing factors of the interface stiffness. Namazi et al. [17] used the minimum error between experimental measurements and the estimated frequency response of the spindle assembly to determine the contact stiffness and damping of the spindle–tool-holder interface. Ozsahin et al. [18] gave the complex stiffness matrix at the holder–tool and spindle–holder interfaces in a closed-form manner on the basis of experiments. Cica et al. [19] used a genetic algorithm, simulated annealing, and particle swarm optimization to identify the contact dynamics in spindle–holder–tool assemblies, and a model based on the adaptive neural fuzzy; the results showed that the model can predict the dynamic contact parameters in the spindle cage tool assembly very accurately. Xuan et al. [20] identified the contact stiffness of tool holder–tool interface using inverse receptance coupling from experimental measurements. The above interface stiffness was obtained based on the experimental frequency function, which required several experiments, had low efficiency, and for which the testing process was affected by noise. In order to reduce the number of shock tests and improve the efficiency of the dynamic prediction, Liao et al. [21] proposed an efficient experimental method to derive rotational receptors from translational receptors on a single experimental setup using the improved receptor-coupling technique. Yang et al. [22] established the motion equations of the spindle–holder–tool system using the Timoshenko beam theory and the substructure synthesis method. Without experiments, the analytical method cannot accurately predict the spindle–tool-holder stiffness. Thus, the above analysis methods cannot eliminate the restriction of the experimental method in essence, and those methods cannot be used to predict the dynamic stiffness of the spindle system in the design stages.



In order to predict the dynamic characteristics of the spindle at the design and assembly stages, some scholars have proposed several analytical methods to identify the spindle–tool-holder contact stiffness in isolation using experiments. Xu et al. [23] used the finite element method to obtain the pressure distribution and contact stiffness of the spindle–tool-holder interface, and analyzed the effect of centrifugal force and clamping force on the contact pressure. Cui et al. [24] analyzed the elastic contact deformation, plastic contact deformation and elasto-plastic contact deformation states of the spindle–tool holder using fractal theory; they presented a nominal stiffness prediction model for the HSK tool holder–spindle flange interface considering fractal multi-scale contact properties, and analyzed the effect of actual interference and actual clamping force on the nominal stiffness of the HSK tool holder–spindle interface. Liu et al. [25] proposed an analytical model for the contact stiffness of the spindle–tool-holder interface based on fractal theory and a multiscale contact mechanics model, and discussed the effects of cutting forces, average roughness, material properties, preload forces and temperature variations on the contact stiffness. Guo et al. [26] developed a static model of a BT40 tapered joint based on virtual materials and analyzed the effect of preload force on stiffness. Liao et al. [27] proposed a method based on the Hertz contact theory and fractal geometry theory to determine the contact stiffness and contact force of shrink-fit tool-holder joints, and obtained the relationship between contact stiffness and normal contact pressure. Song et al. [28] proposed a contact stiffness model of a spindle–tool-holder joint based on the fractal topography theory, which can obtain the contact stiffness and contact area of the whole contact surface. Gao et al. [29] considered the micro-fractal characteristics of the interface and proposed an analytical method that combined classical elasticity theory, which considers the effect of cutting forces, with MB fractal theory, to estimate the contact stiffness of the spindle–tool-holder interface. The above studies have given the calculation methods of contact pressure distribution and contact stiffness of the tapered surface of the spindle-tool holder, and analyzed the factors influencing the contact pressure and contact stiffness. However, most of the existing studies have not investigated the contact stiffness prediction model of the spindle–GWF interface when the contact state of the spindle–GWF interface is two-sided contact. Additionally, a contact stiffness prediction model of the spindle–GWF considering the fit clearance has not been performed. In order to ensure the high stiffness characteristics of the spindle–GWF interface after GWF assembly, an in-depth analysis of the relationship between the fit clearance, the tightening torque, the contact state and the contact stiffness of the interface should be conducted. This paper aims to present a method of modeling the stiffness of the spindle–GWF interface, considering the fit clearance and the contact states. The spindle–GWF tapered surface and end face are taken as a whole, and the contact stiffness model is established by combining the finite element and Yoshimura integration methods. This method compensates the problem of unequal contact pressure per unit area of the interface. Based on this model, the effects of assembly parameters such as original end clearance and tightening torque on the contact state of the spindle–GWF interface are analyzed, and the effects of original contact states on the contact stiffness of the spindle–GWF interface are evaluated. Additionally, the relationships between the end face clearance, tightening torque and interface stiffness are analyzed. The research in this paper provides theoretical and technical support for the design and assembly process of spindle–GWF of similar interfaces. The rest of this article is arranged as follows. The modeling of the contact stiffness of the spindle–GWF interface is introduced in Section 2; the effects of the fit clearance and tightening torque on the contact pressure, contact state and contact stiffness of the spindle–GWF interface are analyzed in Section 3; the building of the vibration test bench of the spindle system is described, and the vibration under different contact conditions is analyzed and compared with the simulation results in Section 4; and finally, the conclusions are summarized in Section 5.




2. Modeling of Contact Stiffness for the Spindle–GWF Interface


2.1. Applied Load Analysis of the Spindle–GWF


The assembly relationship of the worm grinding-wheel is shown in Figure 1. The GWF and spindle are positioned by the taper and end face. The worm grinding-wheel is installed on the spindle through the GWF and pressed by the end cap. The load and motion of the spindle are transferred to the worm grinding-wheel through the spindle–GWF interface.



The eccentricity of the spindle-worm grinding-wheel system is inevitable due to the clearance fit between the worm grinding-wheel and the GWF, and the uneven quality of the worm grinding-wheel. In order to eliminate the effect of the worm grinding-wheel eccentricity, the worm grinding-wheel is not considered when performing the spindle–GWF interface stiffness analysis. The forces on the GWF and spindle are bolt preload and centrifugal force, and the forces acting on GWF are shown in Figure 2a. Fy is the axial force caused by the tightening torque applied to the bolt during assembly. Fa is the centrifugal force on the GWF, α is the half-taper angle of the tapered surface, and ω is the rotational speed of the spindle. The coordinate system of spindle–GWF is shown in Figure 2b, where o-xyz is the global coordinate system of the spindle system; o2-x2y2z2 is the local coordinate system of the tapered surface of the spindle–GWF interface; and o1-x1y1z1 is the local coordinate system of the end surface of the spindle–GWF interface.




2.2. Spindle–GWF Interface Contact Stiffness Calculation


The spindle–GWF interface is modeled by a spring [15,20]. The stiffness of the spindle–GWF interface is equivalent to the spring total stiffness. According to the actual motion of the spindle and the GWF, the spindle has three degrees of freedom: tangential translation, normal translation and mutual rotation. The contact stiffness of the spindle–GWF can be equivalent to axial stiffness, radial stiffness and angular stiffness. Yoshimura proved [30] that the dynamic performances of the interface per unit area are the same for the same average contact pressure. The spindle–GWF interface is the two-sided contact that includes a tapered surface and an end surface. The contact pressure of each unit area on the contact surface is different, so it does not meet the conditions for use of the Yoshimura method. The finite element method is used to divide the tapered interface into N elements and the end interface into m elements, as shown in Figure 3, where dyi is the element length; Di and Di+1 are the diameters of the i-th and i + 1-th node of the taper part of the interface; dxj is the element length; and Dxj and Dxj+1 are the diameters of the j-th and j + 1-th node of the end face of the interface. It is assumed that the contact pressure of each unit area is equal, which satisfies the conditions of the Yoshimura method. According to the Yoshimura method, the stiffness of the spring on each corresponding element can be obtained, and then the total stiffness of the spindle–GWF interface can be calculated according to the spring-parallel relationship.



The spring stiffness of the i-th element is:


   {     K  n i   =  k  n i   d S      K  τ i   =  k  τ i   d S      



(1)




where Kni, Kτi are the normal and tangential stiffness of the equivalent spring on the i-th element, respectively; kni, kτi are the normal and tangential contact stiffness on the unit area of the i-th element, respectively; and dS is the area of i-th element.



The contact stiffness per unit area is related to the contact pressure, and the relationship between the interface stiffness and the contact pressure is [29]:


   {     k  n i   =  α n   P  n i    β n         k  τ i   =  α τ   P  n i    β τ         



(2)




where αn, βn, ατ, βτ are the normal and tangential contact characteristic coefficients, respectively, when the steel–steel contact surface roughness Ra is 0.8 μm, αn = 3.262540 × 1012, βn = 0.604, ατ = 2.68894 × 1011, and βτ = 0.48 [31]; and Pni is the normal pressure on the i-th element of the interface.



In the global coordinate system, the axial stiffness and radial stiffness on the tapered surface of the spindle–GWF are as follows:


   (     K  x i        K  y i      )  =  (      cos α     − sin α       sin α     cos α      )   (     K  n i        K  τ i      )   



(3)




where Kxi, Kyi are the radial contact stiffness and axial stiffness of the equivalent spring on the i-th element.



For the i-th element, the translational spring is converted to a rotational spring when the element is deformed by rotation, as shown in Figure 4. When the element causes a small displacement component dyi along the y-axis by the applied force dFy, it will simultaneously rotate around the z-axis by an angle of dθz. According to the relationship between force and displacement, the relationship between axial stiffness and angular stiffness is shown as follows:


   {     k  n i   =  α n   P  n i    β n         k  τ i   =  α τ   P  n i    β τ         



(4)






   K  θ i   =   d  M i    d  θ z     



(5)




where Kθi is the angular stiffness of the equivalent spring on the i-th element, and dMi is the rotational moment of the i-th element relative to the spindle axis.


  d  M i  = 2 × d  F i  ×    D i   2  =  K  y i   ×    D i 2   2  × d  θ z   



(6)







According to the parallel connection relationship of the equivalent spring at the spindle–GWF interface, the contact stiffness on the taper is given as follows:


   {     K  c x   =   ∑  i = 1  N    K  x i          K  c y   =   ∑  i = 1  N    K  y i          K  c θ   =   ∑  i = 1  N    K  θ i          



(7)







According to the parallel connection relationship of the equivalent spring at the spindle–GWF interface, the contact stiffness on the end face is given as follows:


   {     K  e x   =   ∑  i = 1  m    K  τ i          K  e y   =   ∑  i = 1  m    K  n i          K  e θ   =   ∑  i = 1  m    K  θ i          



(8)







The spindle–GWF interface consists of the tapered surface and the end face. When the two surfaces are in contact, the interface is modeled by equivalent springs that are connected in parallel so that the total stiffness of the spindle–GWF interface is as follows:


   {     K x  =  K  e x   +  K  c x        K y  =  K  e y   +  K  cy        K θ  =  K  e θ   +  K  c θ        



(9)







Equations (1)–(8) constitute the calculation model for the contact stiffness of the spindle–GWF interface. Firstly, the contact pressure can be solved using the commercial software ANSYS. Secondly, the calculated contact pressure is brought into Equation (3). Finally, the interface contact stiffness is calculated using Equations (4)–(9). The specific process is shown in Figure 5.





3. Results and Discussions


The spindle–GWF interface of the gear precision grinder is studied. The material of the spindle and the GWF is the same steel, Young’s modulus is 2 × 105 MPa, and Poisson’s ratio is 0.3. The main structure parameters of the spindle and the GWF are shown in Figure 6.



3.1. Contact State Analysis of the Spindle–GWF Interface


Since the geometry of the spindle and GWF and the loads applied to them are symmetric, axisymmetric elements are used instead of 3D solid elements for modeling when performing FEA. The element type is PLANE182. Structures that have less influence on the contact pressure of the spindle–GWF interface, such as screw holes, oiling holes, bolt holes, etc., are ignored in the modeling. The spindle–GWF mesh and boundary conditions are shown in Figure 7. The boundary condition is that the right end of the spindle is completely fixed, and the axial force is applied on the left end of the GWF. Establishing contact pairs at the spindle–GWF connection, end face and taper of the spindle are target surfaces, and the element type is TARGET169. The end face and taper of the GWF are contact surfaces, and the element type is CONTACT172.



When the original end clearance is 50 μm, the tightening torque is 20 N·m, the contact stiffness of the spindle–GWF interface under different mesh sizes is shown in Table 1. As can be seen from the table, the deviation of the two results does not exceed 4%, which meets the requirements of finite element calculation. In order to improve the calculation speed, the larger mesh size is chosen for the calculation.



The fit clearance between the spindle and GWF includes end clearance and taper clearance. Under no-load conditions, when the end clearance between the spindle and GWF is equal to 0 μm and the taper clearance between the spindle and GWF is greater than 0 μm, the original contact state of the spindle–GWF interface is end contact; when the end clearance between the spindle and GWF is greater than 0 μm and the taper clearance between the spindle and GWF is equal to 0 μm, the original contact state of the spindle–GWF interface is tapered contact; when the end clearance between the spindle and GWF is equal to 0 μm and the taper clearance between the spindle and GWF is equal to 0 μm, the original contact state of the spindle–GWF interface is two-sided contact. The spindle and the GWF are fixed by bolts, and the tightening torque range of the bolts is 20 N·m~50 N·m. the effect of the tightening torque on the contact pressure of the spindle–GWF interface under different contact conditions is analyzed.




	(1)

	
End contact









The tapered contact length is the distance of the contact point from the origin of the local coordinate system o2-x2y2z2. The end contact length is the distance between the contact point and the origin of the local coordinate system o1-x1y1z1. When the contact pressures on both contact surfaces are greater than 0 MPa, the interface final contact state is full two-sided contact. When the contact pressures on both contact surfaces are partially greater than 0 MPa, the interface final contact state is partial two-sided contact. When the contact pressures on only one contact surface are greater than 0 MPa, the interface final contact state is end contact or tapered contact.



When the original taper clearances are 1 μm, 2 μm, 3 μm and 5 μm, respectively, the effect of the original taper clearance on the contact pressure of the spindle–GWF interface under different tightening torques are as shown in Figure 8. Under the above clearance and tightening torque conditions, the contact state of the end face is full contact, while the tapered face has a transition from no contact to partial contact to full contact. For the end contact pressure, it can be seen from Figure 8(a2,b2,c2,d2) that the overall contact pressure increases as the tightening torque increases, e.g., when the tightening torque is increased from 20 N·m to 50 N·m, the minimum contact pressure increases from 13.2 MPa to 32.5 MPa. However, comparing Figure 8(a2) with Figure 8(d2), it can be seen that the original taper clearance has little effect on the end face pressure distribution when the tightening torque is relatively small. Moreover, when the original taper clearance increases from 1 μm to 5 μm, the maximum value of the contact pressure difference increases as the tightening torque increases, e.g., when the original taper clearance increases from 1 μm to 5 μm, the maximum contact pressure difference is only 2.33 MPa in Figure 8(a2), while the difference is 16.5 MPa in Figure 8(d2). Figure 8(b2,c2) show the same regularity. This is mainly because when the final contact states of the spindle–GWF interface are single-sided contact (Figure 8(a1,a2)) with a taper clearance of 2~5 μm, the load only acts on the end face, the contact area remains the same, and the differences in contact pressure distribution are small. When the original taper clearance is 1μm, the spindle–GWF is partial two-sided contact, and most of the load still acts on the end face due to the small taper angle.



In the case of contact state, the coupling law between the original clearance and the tightening torque is more complex. However, in general, the increase in tightening torque effectively increases the length of the tapered contact. As an example, when the original taper clearance is 1 μm, it can be seen from the black curves in Figure 8(a1,b1,c1,d1) that the final contact state of taper changes from partial contact to full contact as the tightening torque increases. When the original taper clearance is 2 μm (blue curve in Figure 8), the final contact state transitions from no contact (Figure 8(a1)) to a minority of partial (Figure 8(a1,c1)) to a majority of full contact (Figure 8(d1)). However, when the clearance is too large, such as an original clearance of 5 μm (red curve in Figure 8), the tightening torque does not effectively eliminate the original taper clearance, and the final contact state of the spindle–GWF interface is always in end contact. From Figure 8, it can be seen that when the original taper clearance is 1 μm and the tightening torque is from 30 N·m to 50 N·m the contact state of the spindle–GWF interface after assembly is full two-sided contact. The above phenomena show that the final contact state of the spindle–GWF interface is a result of the coupling action of the original clearance and the tightening torque, which will certainly lead to a complex coupling relationship between the contact stiffness, the original clearance and the tightening torque.




	(2)

	
Tapered contact









When the original end clearances are 50 μm, 100 μm, 160 μm, 200 μm and 250 μm, respectively, the effects of the original end clearance on the contact pressure of the spindle–GWF interface under different tightening torques are shown in Figure 9. Under the above end clearance and tightening torque conditions, the final contact state of taper is full contact, while the end face has a transition from no contact to partial contact to full contact. For the contact pressure on the interface, it can be seen from Figure 9 that the overall contact pressure increases as the tightening torque increases. As shown in Figure 9(a1,b1,c1,d1), when the tightening torque is increased from 20 N·m to 50 N·m, the minimum tapered contact pressure increases from 20.2 MPa to 25.3 MPa. As shown in Figure 9(a2,b2,c2,d2), when the tightening torque is increased from 20 N·m to 50 N·m, the minimum end contact pressure increases from 0 MPa to 14.7 MPa. However, comparing Figure 9(a1) with Figure 9(d1), it can be seen that when the tightening torque is relatively small, the effect of the original end clearance on the pressure distribution on the tapered surface is influenced by the contact state. As shown in Figure 9(a1), when the original end clearances are greater than 160 μm, the final contact state is tapered contact or a minority of partial two-sided contact, and the difference in contact pressure between the end contact clearances of 160 μm and 250 μm is only 2.78 MPa. When the original end clearances are less than 100 μm, the final contact states are full two-sided contact, and the difference in contact pressure between the end clearances of 50 μm and 100 μm is 45.4 MPa. Meanwhile, in Figure 9(d1), as the end clearance increases, the contact pressure on the tapered surface decreases and the contact pressure on the end surface increases. Figure 9(b1,c1) show the same regularity. This is mainly because when the final contact states of the spindle–GWF interface are single-sided contact (Figure 9(a1,a2)) with a taper clearance of 160~250 μm, the load only acts on the tapered face, the contact area remains the same, and the differences in contact pressure distribution are small. When the final contact states of the spindle–GWF interface are two-sided contact, the load applied to the tapered surface increases with the increase in the original end clearance, while the load applied to the end surface decreases with the increase in the original end clearance.



In the case of the contact state, a more complex coupling law is reflected between the original end clearance and the tightening torque. An increase in the tightening torque effectively increases the length of the end contact. Taking the original end clearance of 160 μm as an example, the blue curves in Figure 9(a2,b2,c2,d2) show that the tapered final contact state changes from a partial contact state (Figure 9(a2)) to a full contact state (Figure 9(b2,c2,d2)) as the tightening torque increases. When the clearances are 200 μm and 250 μm, the contact states of the spindle–GWF interface have the same regularity with an increase in tightening torque (the green curves and red curves in Figure 9(a2,b2,c2,d2)). From Figure 9(a2,b2,c2,d2), it can be seen that the original end clearance can be effectively eliminated as the tightening torque increases, so that the final contact state of the spindle–GWF interface is full two-sided contact. When the tightening torque is 20 N·m and the original end clearances are less than or equal to 100 μm, the tightening torque is 30 N·m and the original end clearances are less than or equal to 160 μm; when the tightening torque is 40 N·m and the original end clearances are less than or equal to 200 μm, the tightening torque is 50 N·m; and when the original end clearances are less than or equal to 250 μm, the final contact states of the spindle–GWF interfaces after assembly are full two-sided contact. The above phenomena show that when the original contact state of the spindle–GWF interface is tapered contact, increasing the tightening torque can effectively change the contact state of the interface.




	(3)

	
Two-sided contact









When the original contact state of the spindle–GWF interface is two-sided contact and the tightening torques are 20 N·m, 30 N·m, 40 N·m and 50 N·m, respectively, the effect of the tightening torque on the contact pressure at the spindle–GWF interface is as shown in Figure 10. Under the above conditions of clearance and tightening torque, the interfaces are in full two-sided contact. It can be seen from Figure 10 that the overall contact pressure increases as the tightening torque increases. When the tightening torque increases from 20 N·m to 50 N·m, the minimum contact pressure at the tapered surface increases from 3.5 MPa to 8.5 MPa, and the minimum contact pressure at the end surface increases from 12.8 MPa to 32.1 MPa. This is because the increase in tightening torque does not change the contact state in the case of two-sided contact. Since the contact area remains constant, the contact pressure increases with the increase in the tightening torque.



According to the geometric relationship between the tapered surface and the end face of the spindle–GWF interface, the relationship between the taper clearance ut and the end clearance ue is    u e  = −  u t  / sin α  . When the final contact states of the spindle–GWF interface after assembly are two-sided contact, the range of assembly parameters are as shown in Figure 11. When the original end clearance and tightening torque are within the blue area, the final contact state of the spindle–GWF interface after assembly is two-sided contact. In engineering, GWF assembly can be guided by the original end clearance and Figure 11.




3.2. Analysis of Factors Affecting the Contact Stiffness of the Spindle–GWF Interface


There is a complex coupling between the contact stiffness of the bonding surface and the original clearance and tightening torque. The effect of original end clearance and tightening torque on the spindle–GWF joint stiffness is shown in Figure 12. In Figure 12, the dots are the simulation results. According to the simulation results, using the commercial software TableCurve, AkimaIII interpolation is used to plot the relationship surfaces between end face clearance, tightening torque and bond surface stiffness, as shown on the surface of Figure 12. In engineering, the bond surface stiffness can be determined by the original end clearance and tightening torque, according to Figure 12. In Figure 12, it can be found that with the same tightening torque, the axial stiffness and angular stiffness of the spindle–GWF interface increases when the original end clearance increases, while the radial stiffness of the spindle–GWF interface decreases when the original end clearance increases. At the same original end clearance, the stiffness of the spindle–GWF interface increases when the tightening torque increases. When the tightening torque is 20 N·m and the original end clearances are greater than 200 μm, the contact stiffness values of the spindle–GWF interface are equal. This is because when the original end clearances are greater than 200 μm, only the taper is contacted, the end face is not contacted, and the contact pressure of the spindle–GWF interface remains constant. When the tightening torques are 20 N·m, 30 N·m, 40 N·m and 50 N·m, the original end clearance is increased from 0 μm by 250 μm; the axial stiffness of the spindle–GWF interface decreases by 53.5%, 54.1%, 26.6% and 13.4%; the radial stiffness increases the spindle–GWF interface by 393.1%, 396.8%, 335.8% and 289.8%; and the angular stiffness of the spindle–GWF interface decreases by 70.7%, 71.1%, 36.2% and 22.2%, respectively. According to the geometric relationship between the tapered surface and the end face of the spindle–GWF interface, when the original end clearances are negative and the taper clearance is 0 μm, the original contact state of the spindle–GWF interface is end contact. When the original contact state is end contact, the tightening torque is 20 N·m and the original end clearances are less than −6.4 μm; when the tightening torque is 30 N·m and the original end clearances are less than −12.8 μm, the tightening torque is 40 N·m; when the original end clearances are less than −19.2 μm, the tightening torque is 50 N·m; and when the original end clearances are less than −32 μm, the contact stiffness values of the spindle–GWF interface are equal. When the tightening torques are 20 N·m, 30 N·m, 40 N·m and 50 N·m, the original end clearance is increased from −32 μm to −6.4 μm; the axial stiffness of the spindle–GWF interface increases by 2.9%, 4.9%, 5.1% and 5.6%; the radial stiffness of the spindle–GWF interface increases by 72.9%, 84.1%, 86.1% and 87.6%; and the angular stiffness of the spindle–GWF interface increases by 1.5%, 2.6%, 2.5% and 2.8%, respectively. This is because according to the relationship between end clearance and taper clearance, when the original clearance of the taper is greater than 0 μm and the original clearance of the end face is 0 μm, it is equivalent to a taper clearance of 0 μm, and the original clearance of the end face is negative. When the end clearance reaches a certain value, when the tapered surface is not contacted and when the stiffness is mainly from the end face, the contact stiffness of the spindle–GWF interface tends to be stable; the tapered contact area decreases as the end clearance increases; the contact pressures of the spindle–GWF interface increase; and the contact stiffness increases. The above phenomena show that the effect of the original end clearance on the radial stiffness of the spindle–GWF interface is greater than that of the axial and angular stiffness of the spindle–GWF interface for the same tightening torque.



The effects of original end clearance on the ratio of taper stiffness to the spindle–GWF interface stiffness at different tightening torques are shown in Figure 13, where ra is the ratio of taper axial stiffness to the spindle–GWF interface axial stiffness; rr is the ratio of tapered radial stiffness to the spindle–GWF interface radial stiffness; and rθ is the ratio of tapered angular stiffness to the spindle–GWF interface angular stiffness. From Figure 13, it can be found that the ratio of tapered stiffness to the spindle–GWF interface stiffness increases when the original end clearance increases. When the final contact state of the spindle–GWF interface is full two-sided contact after loading (see Figure 11 for tightening torque and end clearance parameters), the maximum ratio of tapered axial stiffness to the spindle–GWF interface axial stiffness is 0.43. The original end clearance is less 0 μm; the maximum ratio of tapered axial stiffness to the spindle–GWF interface axial stiffness is only 0.09; and the maximum ratio of tapered angular stiffness to the spindle–GWF interface angular stiffness is only 0.06. The tightening torque has little effect on these ratios. The ratio of tapered radial stiffness to the spindle–GWF interface radial stiffness is greater than 0.84. As the original end clearance increases, the ratio of tapered radial stiffness to the spindle–GWF interface radial stiffness increases up to 1. This is because as the original end clearance increases, the contact area of the end face gradually decreases to 0. The above phenomena show that when the final contact state of the spindle–GWF interface is two-sided contact after loading, the axial stiffness and angular stiffness mainly come from the end face, while the radial stiffness mainly comes from the tapered surface.



When the final contact state of the spindle–GWF interface is full two-sided contact after being loaded, the axial stiffness and angular stiffness of the spindle–GWF interface are mainly from the end face, and the radial stiffness of the spindle–GWF interface is mainly from the taper. When the original contact state of the spindle–GWF interface is tapered contact or two-sided contact, it is easier to ensure the radial stiffness of the spindle–GWF interface after assembly. When the original contact state is end contact, it is difficult to ensure the radial stiffness and full two-sided contact of the spindle–GWF interface after assembly. In order to ensure sufficient rigidity and stability of the spindle–GWF interface, the original contact state between the spindle and the GWF should be tapered contact or two-sided contact.





4. Experimental Verification


The interface stiffness cannot be measured directly, and is usually obtained indirectly by measuring the frequency response of the system at different points [19,20,21,22,23]. To identify and separate the dynamic characteristics of related structures, it is necessary to establish the dynamic equation with the Timoshenko beam theory. Moreover, some parameter optimization algorithms, such as the genetic algorithm and particle swarm optimization, are used to identify the parameters of the interface. The solution is influenced by the initial value, crossover rate and variation rate; the calculation is large, and the measuring instrument must have a very high resolution. Therefore, it is very difficult to measure, identify and separate the interface stiffness. Because the stiffness of the interface affects the spindle system stiffness, and then affects its dynamic characteristics, the smaller the stiffness of the spindle system, the greater the vibration. The greater the stiffness of the shaft system, the higher the cutting stability [32]. In order to quickly compare the radial stiffness of the three contact states, the interface stiffness can be verified indirectly by measuring the displacement amplitude of vibration of the spindle system. Therefore, the effect of the spindle–GWF interface original contact state on the contact stiffness can be indirectly verified by the effect of the spindle–GWF interface contact state on the spindle system vibration. A vibration characteristics test rig of a grinding machine spindle system was established, as shown in Figure 14a, and was an actual grinding machine spindle system. In the experiment, the electro-spindle rotating speed was adjusted by an inverter (model ACS880-01-072A-3+D150) and was measured using a Laser Tacho Probe-MM0360 rotating speed sensor. The radial vibration displacement of the spindle end was measured by a displacement sensor mounted on the shaft end. The displacement sensor model was capaNCDT6500, probe model CS1, with a measurement range of 0~500 μm. The signal acquisition device was Pak mobile MK Ⅱ.



The test flow of the spindle vibration is shown in Figure 15. The GWF was installed on the spindle under the action of tightening torque. After installation, the rotation error was measured at the front, middle and rear of the grinding wheel flange. When the rotation error was less than 3 μm, the experiment was started. After the experiment, the tightening torque was adjusted or the GWF replaced, and the above operation was repeated, until the experiments for the three contact states under four tightening torques were completed. During the experiment, the spindle speed was 2000 r/min, and the vibration signal of the spindle was measured using a displacement sensor. The time-frequency signal was filtered using a finite impulse response filter with a filter frequency of 5 Hz.



The parameters of the three original contact states of the spindle–GWF were as follows: the original contact state of the spindle–GWF interface was end contact with an end-face interference of 20 μm and a taper clearance of 0 μm; the original contact state of the spindle–GWF interface was tapered contact with an end clearance of 30 μm and a taper clearance of 0 μm; the original contact state of the spindle–GWF interface was two-sided contact with an end clearance of 0 μm and a taper clearance of 0 μm. According to the calculation method of interface stiffness in part 2, the radial stiffness of the three original contact states was obtained using a simulation, as shown in Figure 16. It can be seen that in the three contact states, the radial stiffness is the smallest in end contact, the second largest in two-sided contact, and the largest in tapered contact. In all three original contact states, the contact stiffness increases with increasing tightening torque, while for end contact, this change is not significant.



Here, the root mean square (RMS) of the time-frequency vibration signal was used to describe the vibration amplitude. The RMS values of spindle radial vibration for the three original contact states are shown Figure 17. It can be seen that the RMS of radial vibration displacement of the spindle in the three original contact states is the smallest in the tapered contact, the second largest in the two-face contact, and the largest in the end-face contact. This is consistent with the law that states that the greater the stiffness of the spindle–GWF interface, the smaller the vibration. As the tightening torque increases, the RMS values in the three original contact states decrease. This law has the same trend as the effect of the tightening torque on the radial stiffness of the spindle–GWF interface, but the degree of reduction is different. This is because the spindle vibration is not only related to the contact stiffness of the spindle–GWF interface, but it is also affected by the contact state of the spindle–GWF interface. As can be seen from Figure 8, when the end clearance is 20 μm and the tightening torque is less than 40 N·m, the contact state of the spindle–GWF interface after assembly is end contact, and the tapered surface is not in contact. The lack of radial positioning between the spindle and the GWF results in poor radial stability of the spindle and expansion of the spindle radial vibration. As the tightening torque increases, the tapered contact area increases and radial vibration decreases rapidly. It is also indirectly verified that the spindle operation is more stable when the spindle–GWF contact state is two-sided contact after assembly.




5. Conclusions


In order to study the influence of fit clearance and tightening torque on interface characteristics, a two-sided contact stiffness model considering fit clearance was established. Based on this model, the influence of fit clearance and tightening torque on the contact state and contact stiffness of the interface was analyzed, and vibration test experiments were used to indirectly verify the accuracy of the stiffness model of the spindle–GWF interface. The main conclusions are as follows:




	(1)

	
Based on the finite element and Yoshimura integration methods, the calculation method of the contact stiffness for the two-sided contact of a tapered surface and an end face is proposed.




	(2)

	
The effects of tightening torque, original end clearance and original taper clearance on the contact pressure, final contact state and interface stiffness of the spindle–GWF interface were analyzed. It was found that increasing the tightening torque and reducing the clearance could improve the contact states of the spindle–GWF interface. However, when the original contact state of the spindle–GWF interface is end contact, the final contact state after assembly is difficult to change by increasing the tightening torque. At the same clearance, increasing the tightening torque can improve the stiffness of the interface. Under the same conditions, the change in radial stiffness by changing the clearance is much larger than the change in axial stiffness and angular stiffness.




	(3)

	
In engineering, the final contact state and contact stiffness of the spindle–GWF interface after assembly can be determined based on the original end clearance, tightening torque, contact state and contact stiffness of the spindle–GWF interface relationship figures.




	(4)

	
A spindle–GWF vibration test bench was established, and it was found that when the original contact state of the spindle–GWF interface is tapered, the spindle vibration is the smallest. Moreover, it was indirectly verified that the radial stiffness of the spindle–GWF interface is the largest when tapered contact is made, which is in accordance with the simulation law.









This paper presents a mathematical model for calculation of the contact stiffness of two-sided contact. The proposed model can be applied to preload the relationship between clearance of the interface, the tightening torque, the contact state and the contact stiffness of the spindle–GWF interface, which is important for guiding the assembly of the spindle–GWF system.
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Figure 1. Schematic of the worm grinding-wheel assembly. 
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Figure 2. Applied load and coordinate system of the spindle–GWF: (a) applied load of the GWF; (b) local coordinate system of the spindle–GWF interface. 
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Figure 3. Applied load and coordinate system of the spindle–GWF. 
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Figure 4. Relationship between axial stiffness and angular stiffness. 
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Figure 5. Flow chart of contact stiffness calculation of the spindle–GWF interface. 
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Figure 6. Structure parameters of the spindle and GWF. 
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Figure 7. Spindle–GWF mesh and boundary conditions. 
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Figure 8. Effect of original taper clearance on contact pressure of the spindle–GWF interface under different tightening torques: (a1,a2) tapered contact pressure and end contact pressure of interface when tightening torque is 20 N·m; (b1,b2) tapered contact pressure and end contact pressure of interface when tightening torque is 30 N·m; (c1,c2) tapered contact pressure and end contact pressure of interface when tightening torque is 40 N·m; (d1,d2) tapered contact pressure and end contact pressure of interface when tightening torque is 50 N·m. 
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Figure 9. Effect of end clearance on contact pressure of the spindle–GWF interface under different tightening torques: (a1,a2) tapered contact pressure and end contact pressure of interface when tightening torque is 20 N·m; (b1,b2) tapered contact pressure and end contact pressure of interface when tightening torque is 30 N·m; (c1,c2) tapered contact pressure and end contact pressure of interface when tightening torque is 40 N·m; (d1,d2) tapered contact pressure and end contact pressure of interface when tightening torque is 50 N·m. 
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Figure 10. Effect of tightening torque on contact pressure of the spindle–GWF interface: (a) effect of tightening torque on tapered contact pressure of interface; (b) effect of tightening torque on end contact pressure of interface. 
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Figure 11. The ranges of the tightening torque and the end clearance when the contact state of the spindle–GWF interface is two-sided contact after assembly. 






Figure 11. The ranges of the tightening torque and the end clearance when the contact state of the spindle–GWF interface is two-sided contact after assembly.



[image: Machines 10 00298 g011]







[image: Machines 10 00298 g012 550] 





Figure 12. Effect of original end clearance on contact stiffness of the spindle–GWF interface under different tightening torques: (a) axial stiffness of the spindle–GWF interface; (b) radial stiffness of the spindle–GWF interface; (c) angular stiffness of the spindle–GWF interface. 
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Figure 13. Effects of end clearance on the ratio of taper stiffness to the spindle–GWF interface stiffness at different tightening torques: (a) ratio of tapered axial stiffness to the spindle–GWF interface axial stiffness; (b) ratio of tapered radial stiffness to the spindle–GWF interface radial stiffness; (c) ratio of tapered angular stiffness to the spindle–GWF interface angular stiffness. 
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Figure 14. Vibration characteristics test rig for grinding machine spindle system: (a) experimental setup; (b) schematic of experimental setup. 
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Figure 15. The test flow of spindle vibration. 
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Figure 16. Radial stiffness under different contact states. 
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Figure 17. Effect of contact state on radial vibration. 
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Table 1. Stiffness of interface under different mesh sizes.
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	Projects
	The Element Length of Contact Areas
	Size of the Other Parts
	No. of Elements
	No. of Nodes
	Axial Stiffness
	Radial Stiffness
	Angular Stiffness





	Values
	0.05 mm
	0.5 mm
	276,450
	277,667
	4.237 × 107 N/mm
	5.314 × 107 N/mm
	2.0013 × 1011 N∙mm/rad



	Values
	0.1 mm
	1 mm
	68,883
	70,154
	4.158 × 107 N/mm
	5.130 × 107 N/mm
	1.9634 × 1011 N∙mm/rad



	Deviation
	—
	—
	—
	—
	3.48%
	1.875%
	1.895%
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