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Abstract

:

In order to accurately obtain the contact stiffness of rough joint surfaces machined by turning and grinding, a research simulation is carried out by using the finite element method. Based on the surface modeling method under the combined machining mode, the three-dimensional (3D) solid model is constructed. Then, the finite element results of the normal contact stiffness were obtained through contact analysis. The comparative analysis was carried out with the analytical results of the KE model and the experimental results. The comparison results show that three results have the same trend of change. However, the maximum relative error of the finite element results is 6.03%, while that of the analytical results for the KE model is 60.07%. After that, the finite element results under different machining parameters are compared. The normal contact stiffness increases with the increase in the turning tool arc radius, grinding depth, and fractal dimension, but decreases with the increase in the turning feed rate and scale coefficient. The rationality of the results is explained by the distribution of the asperities and the contact deformation law of the asperities on the rough surface.






Keywords:


turning; grinding; combined machining mode; surface topography; rough joint surface; normal contact stiffness












1. Introduction


The normal contact stiffness is the key parameter to describe the contact characteristics of mechanical joint surfaces and directly affects the connection performance of mechanical parts [1,2]. In practice, due to the lack of accurate normal contact stiffness parameters, it is difficult to carry out the design of the mechanical structure for precision equipment. How to accurately and effectively obtain the normal contact stiffness of mechanical joint surfaces has become an urgent problem to be solved [3,4].



The normal contact stiffness of rough interfaces has always been an important topic in the field of tribology [1,5]. The research on normal contact stiffness can be traced back to the 1960s [6]. In terms of the different shapes of asperities, Greenwood and Williamson first proposed an analytical model of contact stiffness (GW model) [7] based on the assumption of hemispherical asperities. Bush used a parabola to simulate the profile of asperities on the rough surface and studied the normal contact stiffness of the rough joint surface based on the parabolic asperities [8]. Komvopoulos regarded the asperities on the machined surface as cylindrical and studied the normal contact stiffness of the rough joint based on the cylindrical asperities [9]. Horng extended the GW model in combination with semi-elliptical asperities and established a normal contact stiffness model based on semi-elliptical asperities [10]. An fitted the measured shape of asperities on rough surfaces and proposed a normal contact stiffness model based on sinusoidal asperities [11]. In terms of the contact deformation of the asperities, the asperities will undergo three processes of elastic, elastic–plastic, and plastic deformation during the compression deformation process. Chang considered elastic–plastic contact based on the volume conservation theory of plastic deformation, and then established the contact model (CEB model) [12]. Zhao used the template function to realize the transition from elastic deformation to plastic deformation of asperity and proposed the contact model (ZMC model) considering elastic, elastic–plastic, and plastic deformation [13,14]. Ciavarella introduced the interaction of asperities on rough surfaces into the theoretical analytical model and improved the previous GW model [15].



With the development of finite element technology, Kogut used the finite element method to analyze the contact between the hemisphere and the rigid plane. The empirical formula of the contact parameters changing with the indentation depth is obtained, and the finite element contact model (KE model) of the rough surface is established [16]. Based on the KE model, Chandrasekar considered the interaction of asperities in the deformation process of asperities and proposed a KE model considering the interaction of asperities [17]. After that, a simple contact model in which the mechanical bonding surfaces are close to complete contact was proposed [18]. Gao introduced the lateral contact problem of asperities into the KE model and established a contact stiffness model considering the contact angle of asperities [19]. In the process of establishing the contact stiffness model, Li combined the continuous smoothness of asperities on rough surfaces with the interaction of asperities [5].



The above research seems to be more inclined to research on the general contact model of rough joint surfaces, and the research process is not related to the processing method and processing parameters. The general model may not be able to meet the calculation accuracy for the contact stiffness, resulting in a deviation between the theoretical and experimental results. This fact has also been confirmed in the ultrasonic reflection coefficient experiments [20] and digital image correlation (DIC) experiments [21]. In addition, the deformation law of asperities on rough surfaces is more complicated. Due to the lack of a contact mechanics theory, there is no accurate and recognized analytical formula for the normal contact stiffness of rough joint surfaces. More importantly, the above research results cannot form guiding recommendations for the machining process.



The quality of the machined surface is the fundamental reason that affects the connection characteristics of the mechanical joint surface. The study of machining parameters and surface roughness can make people better understand the formation mechanism of rough surfaces, which is of great significance to the study of contact parameters of rough joint surfaces. The development of micro-measurement technology provides a basis for the research on the relationship between machining methods and the roughness of the machined surface. Yazman studied the effect of cutting speeds on the macrostructure, microstructure, and work hardening of as-cast and isothermal-quenched ductile iron chips [22]. Subsequently, Yazman discussed the influence of cold chamber die casting parameters on the machinability of AZ91 magnesium alloy high-speed drilling through experimental research [23,24]. Uludağ changed the microstructure of the Al–7Si alloy by adding AlSr15, AlTi5B1, and Al3B, and discussed the correlation between the bifilm index and the surface roughness of machined parts [25]. Aamir investigated the effects of uncoated tools and four tool coatings (TiN-, TiCN-, TiAlN-, and TiSiN) on hole quality and the microstructure [26]. The above research was based on the actual machining parameters and materials, and the research results have a guiding role for actual machining and have important engineering value.



Based on the above research, two issues seem to be overlooked. Firstly, most researchers seem to be limited to research on the normal contact stiffness of rough joint surfaces under a single processing mode. Secondly, the contact stiffness calculation results are not linked to the actual machining parameters. Both of the above issues will lead to discrepancies between analytical and experimental results. Therefore, based on the surface topography obtained by the machining parameters, the normal contact stiffness of rough joint surfaces machined by turning and grinding is calculated by the finite element method. Meanwhile, the variation law of the normal contact stiffness of rough joint surfaces with machining parameters will be explored, which has guiding significance for machining production.




2. Surface Modeling Method under the Combined Machining Mode


2.1. Turning Mode


The shape of the tool used in turning mode is regular, and the topography of the turning surface can be constructed based on the principle of turning kinematics [27]. It is worth noting that the turning surface topography is produced under longitudinal turning conditions. Figure 1a shows the schematic diagram of the modeling of the surface topography under turning mode based on the principle of turning kinematics. Suppose that the turning tool arc radius is r and the turning feed rate is f. As can be seen from Figure 1a, during the turning process, the turning tool and the work-piece move relative to each other, and the turning tool will remove the surface material of the work-piece.



With the rotation of the work-piece, the corresponding turning profile is left on the surface of the work-piece. The maximum height of the profile is defined as the residual height Rt. From the geometric relationship, the relationship between the residual height Rt, the turning tool arc radius r, and the feed rate f can be obtained, as shown in Equation (1).


   R t  = r −    r 2  −  f 2  / 4    



(1)







Based on the above analysis, when the arc radius and the turning feed rate are set, the turning surface’s topography can be determined. The formation process of the 3D topography of turning surfaces is introduced in detail in references [27,28], which will not be repeated here. According to the surface modeling process described in the literature, the 3D topography of turning surfaces can be constructed by using MATLAB software (R2018b, MathWorks, Natick, MA, USA). The 3D topography under the condition of r = 0.2 mm and f = 0.2 mm/r is shown in Figure 1b. The plan view of the measured topography for the turning surface and the 3D topography of the measured turning surface can be found in Figure S1. Since the contact pressure in the final result is within the unit area, the area of the 3D topography has no effect on the result. Considering the running efficiency and cost of the simulation software, the area of the 3D topography is taken as 0.25 mm × 0.25 mm, and this size is applicable to the following topography display graphics.




2.2. Grinding Mode


Different from the tools used in cutting, the formation of the topography of the grinding surface is essentially different from the turning mode. The shape of abrasive grains on the grinding wheel is disordered and irregular, so the construction process of the grinding surface is more complex. Aiming at this problem, fractal surfaces can well satisfy the complex topography of grinding surfaces [29]. Moreover, the relevant literature also confirmed that using a fractal surface to simulate a grinding surface has the advantage of fewer errors compared to other surfaces [30]. Therefore, the 3D fractal surface is used to simulate the grinding surface in this paper. The 3D fractal surface was proposed by Yan and Komvopoulos [31], and the functional expression of the 3D fractal surface was given in the literature, as shown in Equation (2).


    z  (  x , y  )  = L ⋅   (   G L   )    D s  − 2   ⋅   (    ln γ  M   )   1 / 2   ⋅       ∑  m = 1  M     ∑  n = 0    n  max       {   γ   (   D s  − 3  )  n   ×  [  cos  ϕ  m , n   − cos  (    2 π  γ n     (   x 2  +  y 2   )    1 / 2    L  × cos  (  arctan  (   y x   )  −   π m  M   )  +  ϕ  m , n    )   ]   }         



(2)




where z is the vertical height of the fractal surface, x and y are the coordinates of the data points in the X and Y directions, respectively, Ds is the fractal dimension of the fractal surface and 2 < Ds < 3, G is the scale coefficient of the fractal surface, γ is the frequency density parameter of fractal surface and γ > 1, L is the sampling length of the fractal surface, M is the number of overlapping wrinkles on the fractal surface, m and n are random phases, the value range is [0, 2π], nl is the minimum frequency, usually nl = 0, nmax is the maximum frequency and nmax = int[log(L/Ls)/log γ], Ls is the cut-off length, and φm,n is the initial phase.



Based on Equation (2), the construction of the 3D fractal surface can be realized by programming with MatlabR2018b software. The 3D fractal surface simulation process is shown in Figure 2a.



The modeling process of the 3D fractal surface can be divided into the following four steps. Firstly, the initial values of the simulation needs to be inputted: the initial values are M = 10, γ = 1.5, L = 1 × 10−3 m, Ls = 5 × 10−9 m, D = 2.5, G = 10−8, and φm,n = π/6, respectively [31]. Secondly, the simulation area is set and interpolated. 256 × 256 interpolation is performed on the simulation area in this paper, and the data after interpolation are taken as the x and y coordinate values. The next step is to use m and n as loop variables to calculate the vertical height z of the fractal surface. Through the above process, the topography of the 3D fractal surface can be obtained. Finally, the vertical height under the corresponding coordinates is displayed graphically. Figure 2b shows the 3D fractal surface under D = 2.5 and G = 10−8. The plan view of the measured topography for the grinding surface and the 3D topography of the measured grinding surface can be found in Figure S1.




2.3. Combined Machining Mode


Combined machining mode refers to a single work-piece that has undergone two machining processes. Turning and grinding are two commonly used combined machining modes. During actual machining, for large machining allowances, the turning method can remove surface material faster. However, it is difficult for a single turning method to meet the high surface quality. The combined machining method of turning and grinding can improve the efficiency of machining and meet the needs of higher surface quality. The surface modeling method under the combined machining mode is described below. Figure 3a shows the two-dimensional (2D) topography under the combined machining mode.



It can be seen from Figure 3a that the combined machining topography is a secondary grinding of the surface asperities on the basis of the original turning topography. Based on the cutting theory, during the secondary grinding process of the turning surface, the top area of the residual height of the turning surface will be cut off by the abrasive grains of the grinding wheel. That is, the secondary grinding process will leave the grinding topography on the top area of the original turning topography.



It should be noted that the combined machining mode involves the problem of grinding depth. In order to facilitate the comparison of the normal contact stiffness under different grinding depths, the parameter of the grinding depth ratio (δd) is defined. The δd is defined as the ratio of the grinding depth to the turning residual height Rt. The grinding depth coincides with the base height of the fractal surface, as shown by the dotted line in Figure 3a.



In the process of secondary grinding of the turning surface, not all the abrasive grains of the grinding wheel are involved in the grinding. For the part involved in grinding, the profile height of the grinding topography will be lower than the turning residual height. For the part not involved in grinding, the profile height of the grinding topography will be higher than the turning residual height.



Therefore, combining the turning topography, the grinding topography, and the grinding depth ratio (δd), the 3D surface topography under the combined machining mode can be obtained, as shown in Figure 3b. It can be seen from Figure 3b that after the work-piece has undergone two machining processes, the asperities on the original turning surface will be cut by the abrasive grains of the grinding wheel. Through this combined machining mode, the number of asperities on the surface can be increased, and the distribution of asperities can be more dispersed. Further, the purpose of reducing the surface roughness and improving the surface processing quality can be achieved.





3. Finite Element Contact Simulation


Based on the analysis in Section 2, the 3D topography under the combined machining mode can be obtained. Meanwhile, the point cloud data of the surface topography can be obtained. In this section, the inverse modeling method is used to realize the construction of the point cloud data into to a 3D solid model. Then, the contact analysis of the 3D model is carried out using the finite element method.



3.1. Construction of 3D Solid Model


The 3D solid model is the basis of finite element simulation. Based on the method described in Section 2, the point cloud data of the surface topography can be obtained. The modeling method of the 3D solid model based on the point cloud data will be introduced in this section. The modeling method based on point cloud data is also called inverse modeling, which is widely used in the field of construction machinery [32,33]. In this paper, this method is introduced into a 3D solid model.



The 3D solid model based on point cloud data is different from the modeling of traditional macroscopic objects. For rough surfaces, the microscopic topography has the characteristics of many detailed features and complex feature structures. The accuracy of the model is the basis to ensure the accuracy of the finite element results. Because of the poor modeling accuracy of finite element simulation software, other professional software is required for the modeling process.



The following is the modeling method of the 3D solid model based on point cloud data. Firstly, the point cloud data needs to be converted into a mesh file. Import the 3D topography point cloud data in the format .stl into the Meshlab software (2016, University of Pisa, Tuscany, Italy). Then, the point cloud data was converted into a mesh file in .ply format. In the process of creating the mesh file, the normal values of the point cloud data point set need to be calculated. After that, the rolling ball method is used to convert the point cloud data into a mesh file. Secondly, the mesh file needs to be converted into a 3D solid model. Import the obtained mesh file into the Solidwork modeling software (2018, Solidwork, Waltham, MA, USA). The 3D solid model based on point cloud data can be obtained by surface modeling, surface stitching, and materialization. Figure 4 shows the reverse modeling results based on point cloud data. Based on the above analysis, the construction of point cloud data into a 3D solid model can be realized, which provides a model basis for finite element simulation.




3.2. Finite Element Analysis


From the modeling process described in Section 3.1, the 3D solid model based on point cloud data can be obtained. Based on the solid model, the contact simulation process of the rough joint surface will be introduced in this section.



The finite element simulation process includes importing the model, defining contact material properties, assembling the contact model, defining contact types, setting boundary conditions, and outputting the final results. Import the 3D solid model obtained in Section 3.1 into the Abaqus software (6.14, Dassault Systemes S.A, Paris, France). Then, the material properties are defined as follows: elastic modulus E = 210 GPa and Poisson’s ratio ν = 0.3. During the contact process of the rough joint surface, the asperities on the rough surface will participate in the contact firstly. With the increase in contact pressure, the asperities will undergo a transition from elastic deformation to plastic deformation. It should be noted that the contact pressure during plastic deformation of the asperities is far from reaching the yield limit of macro-object deformation. Therefore, combined with the actual contact conditions, it is necessary to define the contact pressure and plastic strain in the plastic deformation. In order to ensure the accuracy of the simulation data, the plastic deformation of the sample is tested by a universal testing machine, and the obtained data are shown in Table 1.



After the material properties are defined, the two imported solid models are assembled. Two rough surfaces are set as contact pairs during assembly. In order to avoid interference at the initial position, an initial gap of 30 μm is set between the two rough surfaces. After the assembly is completed, the assembly is meshed. In order to improve the simulation’s efficiency and reduce the software’s running cost, the C3D8R hexahedral grid element is selected as the grid type. In addition, it is worth noting that in order to ensure the accuracy of the simulation results and improve the simulation’s efficiency, during the meshing process, the single 3D model is divided into three regions, and different mesh densities are set in the three regions. The grid sizes set in this paper are 0.001 mm, 0.005 mm, and 0.01 mm. The total number of grids for the two models is 153,260 and 142,852, respectively. The meshing result is shown in Figure 5a.



After meshing, the analysis steps are set as follows: the initial increment step is 1 × 10−20, the minimum increment step is 1 × 10−20, the maximum increment step is 1 × 10−5, and the increase in the number of incremental steps is 40,000.


  k =   Δ F   A ⋅ Δ x    



(3)




where A is the nominal contact area, ΔF is the variation of contact pressure, and Δx is the variation of contact displacement.



The definition equation of normal contact stiffness is shown in Equation (3). Since the normal contact stiffness cannot be obtained directly from the simulation results, two history outputs of contact pressure and contact displacement need to be created according to Equation (3). In combination with Equation (3), the variation curve of contact stiffness with contact pressure can be obtained. Meanwhile, the field output selects the stress, which is convenient to judge the correctness of the simulation results in the later stage.



After the above process setting is completed, the contact type and boundary conditions need to be set. Set the rough joint surface as face-to-face contact, and the interaction attribute is defined as tangential. The friction formula is set as a penalty function and the friction coefficient is set as 0.15 [34]. The load application results are shown in Figure 5b. The boundary condition is set as the load form with one end fixed and one end set with displacement. The displacement is set at four times the turning residual height Rt.



After the above process settings are completed, the simulation results can be obtained by submitting the job. The stress cloud diagram of the simulation results is shown in Figure 5c.





4. Comparison and Analysis of Results


In order to verify the accuracy of the finite element results in this paper, the finite element results, the analytical results of the KE model, and the experimental results are compared and analyzed. Then, the finite element simulation results under different machining parameters are compared, and the influence of machining parameters on the normal contact stiffness is explored.



4.1. Comparison Results under Different Methods


In order to ensure the comparability of different results, the work-piece is first processed by the combined machining mode. Meanwhile, the processing parameters are recorded, which is convenient for modeling the surface topography under the combined processing mode. In addition, the ZYGONexView non-contact micro-topography measurement system (ZYGO Corporation, Middlefield, CT, USA) is used to measure the micro-surface topography of the work-piece, which is convenient to obtain the initial value for the analytical calculation of the KE model. The analytical calculation process of the KE model is carried out according to the literature [16]. Due to space limitations, the specific process will not be repeated here. After the measurement of the surface topography, the experimental test can be carried out, and the experimental process is carried out according to the literature [11]. A schematic diagram and physical drawings of the contact stiffness test rig are shown in Figure S2. The experimental process is described in detail in the supplementary material. After processing the experimental data, the experimental results for the normal contact stiffness can be obtained. Furthermore, in order to ensure the reliability of the comparison results, each result is calculated three times respectively, and the average value of the three results is taken as the final result for display.



The finite element results, the analytical results of the KE model, and the experimental results are compared and analyzed firstly. The initial machining parameters are r = 0.2 mm, f = 0.2 mm/r, D = 2.5, G = 1 × 10−8, and δd = 80% respectively. The comparison results of normal contact stiffness under different methods are shown in Figure 6.



Based on the comparison results in Figure 6, the finite element results and the analytical results of the KE model have the same change trend as the experimental results. The comparison values of the contact stiffness and the relative error can be found in Table S1. The normal contact stiffness increases with the increase in contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 56.69 MPa/μm, 57.54 MPa/μm, and 62.89 MPa/μm, respectively. However, under the same contact pressure, there are differences among the three results, and this difference changes with the change in contact pressure. It can be seen from Figure 6 that under the same contact pressure, the analytical results of the KE model have larger values than other results. What is exciting is that the finite element results in this paper differ slightly from the experimental results. Segmental analysis of the results was performed. When F < 30 MPa, the difference between the three results gradually increased. However, with the further increase in the contact pressure, the difference between the three showed a decreasing trend. The maximum relative error between the finite element results and the experimental results is 6.03%, while the maximum relative error between the analytical results of the the KE model and experimental results is 60.07%.



The above results are analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Firstly, with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in a gradual increase in the contact stiffness. Secondly, when the contact pressure is small, the asperities that actually participate in the contact are formed by grinding. For the KE model, the model adopts the assumption of asperities with a uniform shape. The size of the asperities is obtained by averaging, and the contact process does not involve changes in the types of asperities. More importantly, in the process of calculating the asperity parameters, the turning topography that does not participate in the contact is included. The above reasons lead to an increase in the number of asperities involved in the contact during the analytical calculation process, which in turn causes the analytical results obtained at the initial stage of contact to be much larger than the real working conditions. With the increase in the contact pressure, the number of asperities participating in the contact increases. The difference between the analytical results and the other results will also gradually decrease. Finally, under the same contact pressure, the finite element results are slightly smaller than the experimental results, and the relative error between them is small. This phenomenon can also be attributed to asperities on the rough surface. In the process of surface modeling, some approximations are made for the surface topography. The built model fails to fully reflect all the details of the actual surface, resulting in the finite element results being slightly smaller than the experimental results.




4.2. Comparison Results under Different Machining Parameters


The following is the comparative analysis of the finite element results under different machining parameters. The machining parameters include the arc radius of the turning tools, the turning feed rate, the grinding depth, the fractal dimension, and the scale coefficient. The comparison values of the contact stiffness can be found in Tables S2–S6.



4.2.1. Turning Tool Arc Radius


Figure 7a shows the comparison results for the contact stiffness under different turning tool arc radii. The arc radii of the turning tool are 0.1 mm, 0.2 mm, 0.4 mm, and 0.8 mm, respectively, and the other machining parameters are f = 0.2 mm/r, D = 2.5, G = 1 × 10−8, and δd = 80%, respectively.



Based on the comparison results in Figure 7a, under the condition of the turning tool having the same arc radius, the normal contact stiffness increases with the increase in the contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 52.53 MPa/μm, 56.69 MPa/μm, 61.80 MPa/μm, and 67.11 MPa/μm, respectively. The above results can be analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Under the condition of the same arc radius and with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in a gradual increase in the contact stiffness.



Meanwhile, under the same contact pressure, the contact stiffness increases gradually with the increase in the arc radius. Under the condition of the same contact pressure, there are differences in the asperities involved in the contact under the conditions of different arc radii. Combined with Equation (1), with the increase in the arc radius, the residual height Rt of the turning surface decreases gradually. The decrease in Rt will increase the stability of the rough interface, which in turn leads to an increase in the normal contact stiffness.




4.2.2. Turning Feed Rate


Figure 7b shows the comparison results for contact stiffness under different turning feed rates. The turning feed rates are 0.05 mm/r, 0.1 mm/r, 0.15 mm/r, and 0.2 mm/r, respectively. Other parameters are r = 0.2 mm, D = 2.5, G = 1 × 10−8, and δd = 80%, respectively.



Based on the comparison results in Figure 7b, under the condition of the same turning feed rate, the normal contact stiffness increases with the increase in the contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 56.69 MPa/μm, 69.34 MPa/μm, 84.80 MPa/μm, and 103.71 MPa/μm, respectively. The above results can be analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Under the same turning feed rate and with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in an increase in the contact stiffness.



Meanwhile, under the same contact pressure, the contact stiffness decreases gradually with the increase in the turning feed rate. Under the same contact pressure, there are differences in the asperities involved in the contact under different turning feed rates. Combined with Equation (1), with the increase in the turning feed rate, the residual height Rt of the turning surface decreases gradually. The decrease of Rt will increase the stability of the rough joint surface, which in turn leads to an increase in the normal contact stiffness.



Moreover, for different contact pressures, the difference in contact stiffness under different feed rates is different, and this difference increases gradually with the increase in contact pressure. The difference in contact stiffness under different contact pressures is explained as follows. When the contact pressure is small, the asperities that actually participate in the contact are formed by grinding. Since the model surface is basically identical to the actual surface, the results for the normal contact stiffness will be almost the same. However, with the increase in contact pressure, the asperities produced by turning will occupy a dominant position. With the increase in the turning feed rate, the residual height of the asperities on the turning surface increases, and the density of the asperities on the turning surface per unit area decreases. In turn, the difference in normal contact stiffness increases gradually with the increase in contact pressure.




4.2.3. Grinding Depth


Figure 7c shows the comparison results for contact stiffness under different grinding depths. The grinding depth is taken as 0%, 20%, 40%, 60%, 80%, and 100% of the turning residual height, respectively. Other machining parameters are r = 0.2 mm, f = 0.2 mm/r, D = 2.5 and, G = 1 × 10−8, respectively.



Based on the comparison results in Figure 7c, under the condition of the same grinding depth, the normal contact stiffness increases with the increase in the contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 20.47 MPa/μm, 29.03 MPa/μm, 36.28 MPa/μm, 45.35 MPa/μm, 56.69 MPa/μm, and 62.30 MPa/μm, respectively. The above results can be analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Under the condition of the same arc radius and with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in a gradual increase in the contact stiffness.



Meanwhile, under the same contact pressure, the contact stiffness increases gradually with the increase in the grinding depth. Under the condition of the same contact pressure, there are differences in the asperities involved in the contact under the condition of different grinding depths. With the increase in the grinding depth, the proportion of the grinding surface in the combined machining surface increases gradually. Combined with the asperities on the rough surface, as the grinding depth increases, the size of the asperities on the rough surface is smaller, and the distribution density of the asperities is greater. The above factors will cause the normal contact stiffness to increase gradually with the increase in grinding depth.




4.2.4. Fractal Dimension


Figure 7d shows the comparison results for contact stiffness under different fractal dimensions. The fractal dimensions are 2.1, 2.3, 2.5, 2.7, and 2.9, respectively. Other machining parameters are r = 0.2 mm, f = 0.2 mm/r, G = 1 × 10−8, and δd = 80%, respectively.



Based on the comparison results in Figure 7d, under the condition of the same fractal dimension, the normal contact stiffness increases with the increase in the contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 40.33 MPa/μm, 47.82 MPa/μm, 56.69 MPa/μm, 64.76 MPa/μm, and72.73 MPa/μm, respectively. The above results can be analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Under the condition of the same fractal dimension and with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in a gradual increase in the contact stiffness.



Meanwhile, under the same contact pressure, the contact stiffness increases gradually with the increase in the grinding depth. Under the condition of the same contact pressure, there are differences in the asperities involved in the contact under the conditions of different fractal dimensions. With the increase in the fractal dimension, the density and number of asperities on the rough surface increase. The above factors will cause the normal contact stiffness to increase gradually with the increase in the fractal dimension.




4.2.5. Scale Coefficient


Figure 7e shows the comparison results for contact stiffness under different scale coefficients. The scale coefficients are 10−8, 10−9, 10−10, 10−11, and 10−12, respectively. Other parameters are r = 0.2 mm, f = 0.2 mm/r, D = 2.5, and δd = 80%, respectively.



Based on the comparison results in Figure 7e, under the condition of the same scale coefficient, the normal contact stiffness increases with the increase in the contact pressure. When the contact pressure F = 70 MPa, the contact stiffness reaches the maximum values, which are 56.69 MPa/μm, 71.91 MPa/μm, 91.21 MPa/μm, 115.69 MPa/μm, and 146.74 MPa/μm, respectively. The above results can be analyzed in combination with the distribution and deformation laws of asperities on the rough surface. Under the condition of the same scale coefficient, with the continuous increase in the contact pressure, the number of asperities involved in the contact on the rough surface increases, resulting in a gradual increase in the contact stiffness.



Meanwhile, under the same contact pressure, the contact stiffness decreases gradually with the increase in the scale coefficient. Under the condition of the same contact pressure, there are differences in the asperities involved in the contact under the conditions of different scale coefficients. With the increase in the scale factor, the contour amplitude of the asperities on the rough surface increases. The increase in the profile amplitude will lead to a decrease in the stability of the joint surface, which will cause the normal contact stiffness to gradually decrease with the increase in the scale coefficient.






5. Conclusions


The normal contact stiffness of the joint surface machined by turning and grinding is studied by the finite element method. The comparison results show that the finite element results are more accurate than the analytical results of the KE model. In addition, the finite element calculation results of normal contact stiffness under different machining parameters are compared. The normal contact stiffness increases with the increase in the turning tool arc radius, the grinding depth, and the fractal dimension, and decreases with the increase in the feed rate and the proportional coefficient. The method proposed in this paper provides a novel method for accurately obtaining the normal contact stiffness of rough joint surfaces under a combined machining mode and has guiding significance for machining production.



However, the modeling process fails to fully reflect the full details of the actual topography, which leads to deviations between the finite element results and the experimental results. How to improve the modeling accuracy will be carried out in future work.
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Figure 1. Turning mode. (a) The schematic diagram of the modeling principle; (b) 3D turning topography under r = 0.2 mm and f = 0.2 mm/r. 
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Figure 2. 3D fractal surface. (a) Modeling process; (b) 3D fractal surface under D = 2.5 and G = 1 × 10−8. 
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Figure 3. Surface topography under the combined machining mode. (a) The schematic diagram of the 2D topography; (b) The schematic diagram of the 3D topography. 
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Figure 4. Reverse modeling results. (a) Point cloud data; (b) Mesh file; (c) Feature surface; (d) Solid mode. 
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Figure 5. Finite element processing flow. (a) Meshing result; (b) Load application and boundary conditions; (c) Stress cloud diagram of the simulation result. 
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Figure 6. Comparison results of normal contact stiffness under different methods. 
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Figure 7. Comparison results for normal contact stiffness. (a) Different arc radii of turning tools; (b) Different turning feed rates; (c) Different grinding depths; (d) Different fractal dimensions; (e) Different scale coefficients. 
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Table 1. The stress–strain correspondence of plastic deformation.
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	Stress (MPa)
	418
	500
	605
	695
	780
	829
	882
	908
	921
	932
	955



	Plastic strain

(%)
	0
	1.6
	3.0
	5.6
	9.5
	15.8
	25.1
	35.6
	45.5
	55.9
	65.3
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