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Abstract

:

Silicon carbide (SiC) is a typical, difficult-to-machine material that has been widely used in the fabrication of optical elements and structural and heat-resistant materials. Parallel grinding has been frequently adopted to produce a high-quality surface finish. Surface generation is a vital issue for assessing surface quality, and extensive modeling has been developed. However, most of the models were based on a disc wheel with a cylindrical surface, whereas the surface topography generation based on an arc-shaped tool has been paid relatively little attention. In this study, a new theoretical model for surface generation in ultra-precision parallel grinding has been established by considering the arc-shaped effect, synchronous vibration of the wheel, and cutting profile interference in the tool feed direction. Finally, the ground surface generation mechanism and grinding ductility were analyzed in the grinding of SiC ceramics. The results showed that the spiral and straight-line mode vibration patterns were the main feature of the machined surface, and its continuity was mainly affected by the phase shift. Furthermore, for the in-phase shift condition, the grinding ductility was more significant than for the out-of-phase shift due to the continuously decreasing relative linear speed between the wheel and workpiece.
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1. Introduction


SiC is an advanced engineered ceramic widely used in optics (hot-press mold and telescope mirror) [1,2,3], electronics [4], and biomedical fields [5] due to its excellent unique properties, such as extreme hardness, good wear resistance, high intensity, high durability, and excellent thermal stability [6,7,8]. Despite the salient potential properties of SiC ceramics, it is a typical hard-to-machine material and has poor machinability due to lower fracture toughness and extreme hardness. At present, ultra-precision grinding (a root-mean-square figure accuracy of <0.1 μm and a surface roughness Sq of < 0.01 μm) is the predominant cutting technique to produce a high-quality surface in the machining of hard and brittle materials [9,10,11]. In ultra-precision grinding, the machined surface quality principally depends on the motion precision and machining method of the CNC grinding machine. A microremoval process of target materials and the fabrication of curved surface shapes can be realized by precisely controlling the movement path of the grinding wheel [12,13,14]. According to the relative motion relationship between the grinding wheel spindle and the workpiece rotation spindle, the methods can be divided into the parallel grinding method [15], transverse grinding method [16], and oblique grinding method [17]. Oblique axis grinding can be further divided into spherical grinding wheel grinding, point grinding, normal grinding, and generating grinding according to the contact state and motion mode between the grinding wheel and workpiece [18]. Even with the same processing parameters, different grinding methods will produce completely different surface morphologies. This is mainly because grinding follows the “copy” nature, and different grinding surface morphologies are formed due to the different trajectories of abrasive particle movement and the different degrees and modes of mutual interference in different paths. Parallel grinding is the most commonly used complex surface machining method. The workpiece spindle and grinding wheel spindle are controlled by the x–z slides to machine various rotary symmetric surfaces. In this method, the cutting direction of the grinding wheel is consistent with the rotation direction of the workpiece on the cutting zone between the tool and the workpiece, so the grinding surface is formed along the radial direction of the spiral trajectory. In this grinding mode, a diamond arc grinding wheel or spherical grinding wheel is generally adopted.



To achieve a “damage free” surface, extensive research has been carried out on surface generation mechanisms in the grinding of SiC ceramics. There are two types of surface generation mechanisms in grinding: brittle fracture or ductile mode [19]. To obtain a good surface finish, the ductile grinding mode needs to be the dominant mechanism [20,21]. Therefore, much research has been conducted on the influence of physical parameters on the ductile-to-brittle transition. The nanoindentation test [22,23,24] and single abrasive scratch [25,26,27,28] experiment were widely employed in the study of crack damage and the surface formation mechanism in the grinding of SiC ceramics. The primary goal of these studies was to determine the threshold for the ductile-to-brittle transition in order to control the grinding load below the critical value, so as to achieve crack-free machining with a good surface finish. This research provided the quantitative relationship between the load and crack size; however, the surface generation resulted from the combined effect of the wheel geometry and tool dynamic characteristics has received little attention [29,30,31]. In grinding, surface generation is a function of the wheel shape and trajectory path and hence is affected by the tool motion error and tool geometry. In fact, the wheel spindle vibration oriented primarily perpendicular to the workpiece surface is the sensitive direction of the surface topography generation, which has a great impact on the machining accuracy and surface roughness [32,33,34,35]. Chen et al. [36] investigated the influence of wheel vibration on surface roughness, and a theoretical kinematic model for surface generation was established by simplifying the wheel into a circular section. Cao et al. [37] developed a topography generation model by considering unbalanced wheel vibration, and the influence of vibration amplitude, grit size, and machining parameters on surface roughness and surface microwaviness were investigated. However, the waviness generation was considered as a motion copy of the tool oscillation locus and ignored the influence of the wheel shape. Since a 2D cross section of the wheel (cylinder grinding wheel) was picked to simulate the surface generation, it cannot be used to evaluate the impact of vibration phase shift on surface topography generation. Chen et al. [38] investigated the influence of grinding parameters on surface generation and found that the phase shift had a dominant impact on both surface roughness and waviness features. Based on the authors’ experimental results, the distribution of cutting points in parallel grinding was studied, and a waviness pattern model was developed. The results showed that the phase shift had a remarkable effect on waviness geometry evolution, and a strategy was proposed to suppress the surface waviness [39]. Pan et al. [40] proposed a new method to improve the ground surface quality and uniformity in the grinding of a complex optical surface with a non-integer rotation speed ratio (phase shift effect).



However, most of the previous modeling work for ground surface generation was based on a disc wheel with a cylindrical surface, and the cutting profile interference in the circumferential direction of the workpiece was considered. In fact, the surface generation was more sensitive in the cross-feed direction when a grinding wheel with an arc cutting edge was adopted. The surface generation process is governed by many factors, such as wheel vibration, material properties, wheel geometry, and phase shift, which are essential in achieving surface quality control and grinding process optimization. In order to predict the surface generation more accurately, in this study, a new model for surface generation in parallel grinding was developed by comprehensively taking into account the effect of phase shift, tool vibration, and wheel cutting nose radius. The phase shift effect involved in the surface generation in the grinding of SiC ceramics was analyzed.




2. Modeling of Surface Generation in Ultra-Precision Grinding Considering Tool Vibration


In parallel grinding, a diamond grinding wheel with a circular arc on the cutting edge profile is mostly adopted. The cutting direction of the grinding wheel is tangentially parallel to the rotation direction of the workpiece, but the direction of their linear velocities are opposite to each other (reverse grinding). Figure 1 is a typical schematic diagram of parallel grinding. When the wheel rotates, it moves toward the center of the workpiece at a constant feed rate. Since the rotation speed and feed rate of the workpiece remain constant, the distance the grinding wheel moves toward the center of the workpiece is constant for each cycle the workpiece rotates; thus the tool path of parallel grinding on the workpiece surface is a spiral. In the grinding process, the linear velocity of the workpiece is different at different cutting points of the grinding wheel, and the volume of the material removed when the grinding wheel completes one circle is proportional to the radial position of the grinding point on the workpiece surface. Therefore, the relative motion error of the grinding wheel, geometrical shape of the grinding wheel, and machining parameters will have an important influence on the ground surface topography generation. In ultra-precision parallel grinding, the workpiece spindle is vertical to the grinding wheel spindle, and the wheel performs a linear feed motion from the edge of the workpiece to the rotating center along a spiral path to realize the material removal process, as shown in Figure 1.



In parallel grinding, an extremely tiny depth of cut and a low rotational speed of the workpiece spindle combined with a high-speed grinding wheel are generally selected to achieve the microvolume of material removal. In this process, the grinding wheel cutting profile is constantly fed horizontally along the wheel axis direction (ignoring abrasive grains) to generate the micromachined topography. As shown in Figure 2, the spindle speed of the grinding wheel (ω2) and the tool feed speed (vf) together generate the tool interference in the adjacent cutting path interval, in which the surface residual profile (radial direction) forms. The angular position of the grinding wheel cutting point (θi) on the workpiece is equal to the angle of rotation of the workpiece. The grinding operation parameters can determine the relative cutting position and tool path of the grinding wheel with respect to the workpiece, which can affect the surface topography generation of the workpiece. Therefore, the machining parameters, the geometry of the grinding wheel cutting profile, and the relative position of and error between the grinding wheel and the workpiece have a great influence on the formation of the ground surface.



The ground surface generation strongly depends on the relative travel trajectory of the cutting tool, which is determined by the operation parameters, tool geometry, and movement errors. The most significant of these is the relative motion error of the grinding wheel in the normal direction, which causes the varying engaged depth of the tool. This leads to the increment in surface residual height and degrades the surface roughness. In the case of non-constant grinding conditions due to the motion errors acting on the grinding wheel, the resultant machined surface is a function of the tool cutting edge geometry and the relative movement of the tool.



In grinding, the relative motion of the wheel is the result of the superposition of the motion of each axis, which transfers characteristics of the wheel cutting profile to the part surface and determines the final machined surface generation. Therefore, the geometric modeling of surface topography generation can be calculated according to the motion process of each axis. Figure 2 schematically shows the motions of the wheel and workpiece in ultra-precision parallel grinding, which include the rotation of the workpiece and grinding wheel as well as the linear movement of the machine table along the feed direction (x axis). However, the vibration with the same frequency as the wheel rotation is the dominant mode of tool vibration, which is responsible for the ground surface profile variation and degrades the surface quality.



According to the geometric relation of the relative motion of the grinding wheel with respect to the workpiece, the coordinates of the circular arc contour of the grinding wheel in each radial position of the workpiece and the intersection point of the adjacent circular arc contour were obtained, with which the residual surface profile can be calculated to reconstruct the finished surface. The coordinate system X1-Y1-Z1 was employed to calculate the workpiece surface profile generation. The discrete workpiece surface can be established in the radical and circumferential directions, in which it is divided into a certain number of segments along the circumferential and radical directions of the workpiece with an equal angle interval (  Δ θ  ) and tool path interval ( S ), respectively. The number of cutting positions on the workpiece surface can be expressed as:


         N r  =   2 π   Δ θ          N c  =    R s   S  ,   S =    v 1     v f           



(1)




where   Δ θ  —the discrete angle value (rad);



   R s   —the radius of the workpiece (mm);



 S —the feed rate (mm/r);



   v 1   —the rotation speed of the workpiece (r/min);



   v f   —the feed speed (mm/min).



In parallel grinding, the workpiece spindle rotates with a slow angular velocity, and the grinding wheel slowly moves towards the center of the workpiece transversely with a constant feed speed, whereby the tool trajectory is a spiral in the XY plane. In order to accurately predict the surface topography of the workpiece under the condition of tool vibration, it is first necessary to evaluate the motion trajectory of the cutting profile in the workpiece coordinate system. In polar coordinates, the movement trajectory of the wheel in discrete form can be calculated as follows:


         θ w  ( i ) = i ⋅ Δ θ + j ⋅ 2 π ,   i = 0 , 1 , 2 ⋯ ,  N r  − 1        R w  ( i ) =  R s  −     Δ θ   2 π   ⋅ i + j   ⋅ S , j = 0 , 1 , 2 ⋯ ,  N c  − 1        Z w  ( i ) = A sin (  ω 2    Δ θ i + 2 π j    ω 1    + φ )        



(2)




where  A —the vibration amplitude of the grinding wheel (mm);



   ω 1   —the angular speed of the workpiece (rad/min);



   ω 2   —the angular speed of the wheel (rad/min);



 φ —phase angle (rad).



In ultra-precision grinding, the residual height generation on the workpiece surface is tracked by the wheel location movement. The discrete tool path model represents a series of wheel loci. For a given pair of tool positions, there is an intersection between the two cutting profiles of the grinding wheel due to the fine feed rate in ultra-precision parallel grinding. In order to calculate the intersected segment, a cutting plane is defined, which includes the lowest engagement point of the wheel and leaves the deepest scratch on the machined surface, as shown in Figure 3. Therefore, the machined surface can be obtained by calculating the intersection of two adjacent cutting profiles.



There is an arc edge on the cutting profile of the grinding wheel, which moves in a single path of approximately a circle, which is expressed as:


    ( y − i S )  2  +     z +  Z w  ( i )    2  =  r 2   



(3)







In the process of ground surface generation, the tool cutting profile of the grinding wheel moves along the spiral tool path, and the tool–workpiece interference in the feed direction envelopes the final machined surface. In actual grinding, the wheel axis changes due to the existence of vibration, which in turn results in a variable residual profile on the machined surface. Therefore, the surface topography of a certain section of processing, the influence of the previous feed, and the subsequent feed should be fully considered. The specific consideration method is as follows:


          [ y − ( i − 1 ) S ]  2  +     z + A sin [  ω 2    Δ θ i + 2 π ( j − 1 )    ω 1    + φ ]    2  =  r 2          ( y − i S )  2  +     z + A sin (  ω 2    Δ θ i + 2 π j    ω 1    + φ )    2  =  r 2          [ y − ( i + 1 ) S ]  2  +     z + A sin [  ω 2    Δ θ i + 2 π ( j + 1 )    ω 1    + φ ]    2  =  r 2         



(4)







The scallop height is calculated at a cutting point by comparing the height value of neighboring tool cutting profiles and selecting the minimum value, which is responsible for the final ground surface generation. The surface residual height of each cutting point can be expressed as:


   z e  = min    z  i , j − 1   ( ρ , θ ) ,  z  i , j   ( ρ , θ ) ,  z  i , j + 1   ( ρ , θ )    



(5)







The experiments were performed on a four-axis grinding machine (Moore Nanotech 450UPL). The ultra-precision grinding machine consists of two linear guides (x axis and z axis) and two rotation spindles (workpiece spindle and wheel spindle), as shown in Figure 4. The samples were mounted on an aluminum fixture, which was placed on the vacuum chuck of the workpiece spindle. Before grinding, dynamic balancing of the two spindles was carried out to make the radial runout less than 10 nm. In order to obtain the amplitude of the wheel vibration, a laser displacement sensor with high resolution was employed. A resin-bonded diamond grinding wheel was selected with a 1500# mesh size. The parallel grinding tests were performed on reaction-sintered SiC to investigate surface generation and verify the ground surface model. Before the test, all the samples were ground to obtain a relatively flat surface to reduce the effect of tool wear, and we then preformed the wheel dressing operation before each experiment. A Taylor Hobson roughness profiler (Form TalySurf PGI 1240; measuring error: 0.8 nm vertical resolution) was used to measure the machined surface after the tests.



Table 1 shows the grinding conditions and operation parameters adopted for the machining tests. A diamond arc-shaped wheel was chosen with a 0.5 mm nose radius. The influence of phase shift with respect to wheel synchronous vibration can have a significant effect on surface topography generation in ultra-precision parallel grinding, which can be selected by adjusting the grinding wheel speed.




3. Experiment Results and Discussion


3.1. Experimental Results and Validations


To verify the surface generation model, a series of grinding tests under different phase shifts were conducted. A laser displacement sensor was used to measure the wheel spindle error motion. The amplitude of the tool vibration was obtained by recording 5 values under variable phase shifts, and it was found that the average amplitude value was about 2.5 μm in all ranges of wheel speeds. The cross section profiles of the ground surface were measured under different phase shifts: Figure 5(a1,a2) phase = 0, Figure 6(a1,a2) phase = 0.1, Figure 6(b1,b2) phase = 0.3, Figure 6(c1,c2) phase = 0.5, Figure 6 (d1,d2) phase = 0.7, and Figure 6(e1,e2) phase = 0.9. Figure 5 shows a comparison between the simulated surface profile and the measured results, in which the surface profile height and period are highly consistent. The machined surface had different waviness patterns and evolved continuously with the processing cycles, and it finally developed a series of microwaviness marks around the rotation center of the workpiece. In the process of machining, microwaviness stripes were formed on the workpiece surface by the grinding wheel vibration, which was affected by the grinding wheel speed, feed speed, and workpiece speed, resulting in the formation of surface stripes with different geometric patterns.



The continuous waviness structure formed when the phase shift was 0, 0.1, and 0.9, as shown in Figure 5(a1) and Figure 6(a1,e1); however, a discontinuously structured wave pattern was generated when the phase shift was 0.3, 0.5, and 0.7, as shown in Figure 6(b1,c1,d1). This indicates that the phase shift has a significant effect on the surface finish, in which the wheel speed only has a minor change (for example, 0.385% for the wheel speed change from 39,000 rpm to 39,150 rpm in Figure 5(a2) and Figure 6(a2), respectively). The theoretical surface profile height in Figure 5(a2) shows a maximum at the phase shift of 0 (out-of-phase shift), in which the wheel speed is equal to an integer multiple of the workpiece speed (V1/V2 = 39,000/1500 = 26). With the further increase in phase shift (in-phase shift), however, the machined surface profile height presents a dramatic decrease (height amplitude decreases from 2.5μm to 0.5μm), and the speed ratio is not an integer number (such as V1/V2 = 39,150/1500 = 26.1 in Figure 6(a2)). With the development of the phase shift, the discontinuity of the waviness pattern occurs at the phase shift of 0.3, 0.5, and 0.7, as shown in Figure 6(b1,c1,d1). In this case, there is a larger difference in the tool depth of cut at adjacent tool tracks in the presence of grinding wheel vibration. As the phase shift increases from 0 to 0.5, the cross section profile height of the machined surface decreases; however, the profile height increases when the phase shift further increases from 0.7 to 0.9 (the phase shift is close to 1). This shows that the phase shift can contribute to reducing the surface scallop height and improving the machined surface quality. These results showed that the theoretical model could accurately predict the resulting surface generation, including the surface waviness and profile. In comparison to the conventional modeling approaches that take into account the surface generation in the wheel cutting direction, the proposed modeling algorithm, by considering the cutting profile interference in the tool feed direction, is more accurate in predicting the surface waviness profile generation in the parallel grinding operation, in which the effects of the phase shift, wheel vibration, and wheel cutting nose on surface generation are comprehensively calculated.



The model is capable of estimating the ground surface generation precisely and determining the role of the phase shift in the ultra-precision parallel grinding as well. However, the deviation from the actual experiments was attributed to the wheel wear in the grinding of the SiC ceramics.



From the results above, it is found that the surface waviness is the main characteristic of machined surface generation, which is caused by the synchronous vibration of the grinding wheel. The phase shift plays a key role in governing the surface waviness profile, in which the phase shift farther away from an integer is more conducive to generating denser waviness and a lower surface profile height.




3.2. Experimental Analysis of Surface Generation


The machined surface images of the samples under different phase conditions (out of phase and in phase) are shown in Figure 7. It can be clearly observed that a spiral mark formed on the ground surface, and the mark period changed with the phase shift development which is caused by the vibration of the grinding wheel. In the central area, the vibration mark evolved into a straight-line mode, which acted along the tangent orientation of a circular section (uncut area). The straight-line pattern for the vibration marks were attributed to the gradually decreasing linear velocity when the cutting point between the tool and workpiece moved from the outer regime to the centers of the rotation for the part spindle. We found a more ductile area for the ground surface generation in the center area in comparison with the edge regime for parallel grinding of SiC. This shows a higher grinding ductility in the center area, which is caused by the gradually decreasing chip size under constant decreasing liner cutting speed. Furthermore, the ground surface condition improved with the appearance of the phase shift both for the edge and center regions, in which a less fractured area was formed due to smaller chips generated by a higher degree of wheel cutter trajectory interference, as shown in Figure 7a,b. This shows that the phase shift is an important factor both for the evolution of vibration marks and grinding ductility. The main reason for this is the increase in interference on adjacent cutting paths under in-phase shift conditions, which results in the decrease in surface residual height. This indicates that the radial interference of adjacent grinding paths has a significant effect on the machined surface quality and cannot be ignored. The phase shift alters the relative grinding wheel position between neighboring tool paths with respect to the workpiece, which directly influences the relative depth of cut for abrasive grains distributed on the wheel and in turn effects the ductility for material removal. The phase shift effect can enhance the interference of adjacent abrasive grains’ cutting paths and help to reduce the surface residual height, which can significantly improve the surface quality of grinding.





4. Conclusions


In this study, the surface generation mechanism in ultra-precision parallel grinding of RB-SiC ceramics was investigated, and a model for surface generation was established by considering wheel synchronous vibration to calculate the evolution mechanism of vibration marks on the ground surface. The surface generation model was established by considering multiple factors including the arc-shaped effect, tool synchronous vibration, and cutting profile interference in the tool feed direction, in which the effect of the phase shift on the surface topography generation was validated. The main conclusions are as follows:




	(1)

	
Wheel synchronous vibration has a dominant impact on surface generation, in which slight changes in the rotational speed of the grinding wheel leads to great waviness in pattern variation. This is due to the huge difference in depth of cut for tool cutting profiles which interferes with neighboring cutting edges in the feed direction.




	(2)

	
The phase shift has a great influence on the continuity of waviness generation; the phase (phase = 0, 0.1, and 0.9) closer to an integer tends to generate continuous waviness, whereas the phase (phase = 0.3 and 0.5) farther away from an integer tends to generate discontinuous waviness patterns. This is caused by the relative changes in the depth of cut between adjacent tool paths.




	(3)

	
In parallel grinding, the surface generation by way of the ductile mode is more susceptible to appear in the central location of the ground surface due to the decreasing linear velocity. The phase shift has an effect on grinding ductility; for in phase, a ductile removal surface is more likely formed.









There is a good agreement between the novel, developed model and the real experimental results. The theoretical model and experimental results for surface generation provide an effective method to control surface quality and suppress the surface microwaviness in the parallel grinding of ceramic materials.
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Figure 1. Schematic diagram of ultra-precision parallel grinding. 
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Figure 2. Schematic of locus of the grinding wheel movement in ultra-precision parallel grinding (red solid line indicates tool path and blue dash line represents wheel vibration locus). 
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Figure 3. Schematic diagram of surface generation modeling in grinding. 
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Figure 4. Configurations of 4-axis ultra-precision grinding machine: (a) ultra-precision machine tool for grinding experiments; (b) structural layout of the grinding machine. 
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Figure 5. Simulated surface and measured surface under out-of-phase shift (phase = 0): (a1) simulated surface topography; (a2) surface profile height. 
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Figure 6. Simulated surface and measured surface under different phase shifts: (a1–e1) simulated surface topography; (a2–e2) surface profile height. 
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Figure 7. SEM micrographs of RB-SiC ground surface: (a) out of phase (phase shift = 0); (b) in phase (phase shift = 0.1). 
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Table 1. Grinding operating conditions.
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	Contents
	Parameter Setting





	Diamond grinding wheel
	Resin bond, thickness: 6 mm, diameter: 20 mm, nose radius: 0.5 mm, grit size: 1500#



	Workpiece material
	RB-SiC, thickness: 5 mm, diameter: 12 mm



	Operating parameters
	Wheel speed: 39,000 rpm–40,350 rpm, workpiece speed: 1500 rpm, depth of cut: 10 μm, feed speed: 10 mm/min
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