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Abstract

:

To improve machining efficiency and product precision in scroll manufacturing, we studied three adaptive milling processes: adaptive feed rate planning, chatter suppression measures, and optimization of milling parameters during the rough, semi-fine, and fine machining of scrolls. In the rough machining of scrolls, adaptive feed rate planning was used to compute the cutting area per cutter tooth in real time in order to adjust the feed rate and optimize the material removal rate (MRR) under a given maximum acceptable cutting load. To suppress the possibility of chatter in the semi-fine and fine machining processes, the chatter frequencies were detected with a microphone and the spindle speeds were promptly modified using a developed program in combination with the controller of the milling machine. Based on the Taguchi method and analysis of variance (ANOVA), we determined the optimum milling parameters for the fine machining processes to improve contour characteristics, such as the profile errors and surface roughness of scrolls. Experimental tests were implemented to demonstrate and verify the feasibility of the adaptive milling processes proposed in this study.
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1. Introduction


Scroll-type compressors, which were first patented by Léon Creux [1] and commercialized in the 1980s, are widely used in small- and medium-sized refrigeration and air conditioning systems. The key components of a scroll-type compressor are a pair of fixed and orbiting involute scrolls, where the fixed scroll meshes with the moving one in a revolving orbital motion. A method for describing the scroll geometry and a thermodynamic model of the scroll compressor have been proposed by Blunier et al. [2]. For the scroll-type compressor, Liu et al. [3] developed a design optimization procedure and investigated the problem of reducing frictional losses in bearing components. Unlike conventional compressors, the scroll-type compressor is the only type of compressor that utilizes multiple symmetric compressing chambers during its operational periods, and it has few moving parts. This leads to advantages such as lower energy use, smooth operation, less vibration, and noise-producing benefits [4]. However, the manufacture of scroll-type compressors generally needs longer machining time and higher product precision.



Considering the requirements for rapid material removal rates and high product precision in the manufacture of scroll components, conventional methods commonly use trial and error to approach the most appropriate machining parameters. However, these usually yield lower efficiency and have higher costs. To shorten the machining time and improve the product precision, various strategies, such as feed rate planning, chatter suppression measures, and optimization of milling parameters, have been proposed for consideration in the manufacturing of scrolls.



Regarding feed rate planning, Altintas and Erkorkmaz [5] developed a feed rate optimization technique to minimize the cycle time for machining spline tool paths. Dong et al. [6] examined the possibility of scheduling or varying the feed rate by considering the geometry of the contour. Saï et al. [7] suggested an adaptive feed rate based on the chip thickness and the different types of tool motions. Calleja et al. [8] proposed a method to generate the flank milling paths of ball-end-mill tools in five-axis CNC machining. Tunc [9] examined how tool-path planning and generation can be used to decrease the total cycle time in five-axis milling. Hashemian et al. [10] presented a jerk minimization algorithm in the context of multi-axis flank CNC machining, the tool path of which was reparameterized with a B-spline function. Li et al. [11] investigated how the total machining can be reduced and presented a multi-pass tool-path generation method for flank milling of thin-walled workpieces at the semi-finish and finish machining stages.



With regard to the issue of chatter suppression [12,13,14], Delio et al. [15] showed that a microphone can provide a proper and consistent signal for reliable chatter detection and control using frequency domain processing and deterministic frequency domain chatter theory. Quintana et al. [16] determined the stability lobe diagram (SLD) for a milling process using a sound mapping methodology by collecting the milling process sounds with a microphone placed inside the machine-tool enclosure. Using the semi-discretization method and the geometrical modeling approach, Tehranizadeh et al. [17] studied the stability of crest-cut tools and analyzed the effect of edge wave geometry on stability. Wang et al. [18] proposed a rapid method for the acquisition of the time-varying modal parameters of a workpiece by combining experimental measurements with the receptance coupling method.



To obtain the appropriate milling parameters for scroll manufacturing, Ghani et al. [19], for example, used the Taguchi method to optimize the cutting parameters in end milling. They considered the machining processes under semi-fine and fine high-speed cutting conditions and evaluated the milling parameters, such as cutting speed, feed rate, and depth of cut. Kato et al. [20] determined the wearing mechanism that could reduce tool wear, supplied an effective coolant system, and developed an appropriate tool geometry for the milling of scrolls with high precision and efficiency. For the rapid measurement of scroll profiles, Yang et al. [21] proposed a measurement system and analyzed the measurement errors. Coşkun et al. [22] planned experiments based on the Taguchi L27 orthogonal array to investigate and optimize the effects of control parameters on system performance in waste heat recovery applications using a mechanical heat pump. Zhang et al. [23] focused on estimating the performance of a scroll-type hydrogen pump for fuel-cell vehicles and utilized the Taguchi method to determine the optimum conditions for volumetric efficiency and evaluate the effects of design factors.



To improve machining efficiency and product precision, this study proposes three adaptive milling processes for scroll manufacturing applications: adaptive feed rate planning, chatter suppression measures, and optimization of milling parameters. For the adaptive feed rate planning implemented with rough machining processes, we computed the cutting area per cutter tooth to simulate the cutting amount and the adjustable feed rate during the milling processes. The results were used to increase the material removal rate (MRR) under a given maximum acceptable cutting load. For the chatter suppression measures considered for the semi-fine and fine machining processes, we developed programs based on MATLAB that can connect a PC and the controller (Delta NC311A) of a milling machine to process the signals of the chatter frequency detected with a microphone. The developed programs can also be used to adjust the real-time spindle speeds to suppress the occurrence of chatter. For the determination of the optimum milling parameters in the fine machining processes, such as the spindle speed, tool feed rate, and tool path, we applied the Taguchi method to implement optimization processes and analysis of variance (ANOVA) to analyze the profile accuracy, such as the profile errors and surface roughness of scrolls. Using a TMV-760 vertical milling machine made by Tongtai Company, we also undertook actual experiments and tests to demonstrate and verify the feasibility of the proposed methods.




2. Adaptive Feed Rate Planning


In the production of scrolls, a chunk of aluminum alloy, which is the material most widely used, is sequentially machined in rough, semi-fine, and fine machining processes. As about 65% of the whole material is removed during the rough machining process, it is worth increasing the material removal rate to shorten the overall machining time. Conventionally, increasing the material removal rate means directly increasing the feed rate during the machining processes. However, the overall stiffness of the milling machine, the surface smoothness of the workpiece, and the cutter lifetime are diminished if the feed rate is too high. In this section, in contrast to conventional solutions, adaptive feed rate planning, which can be used to adjust the feed rate during machining processes where cutting loads are kept close to a given maximum acceptable value, is proposed to increase machining efficiency.



Earlier research has shown that the real tooth path of a milling cutter is a trochoid [24,25]. A trochoidal tooth path is often used to simulate and compute the chip thickness for machining conditions involving a fixed cutting width and depth. In the analysis of scroll manufacturing, however, the simulation of a trochoidal tooth path is cumbersome and not easy to compute. Therefore, we used circular arcs to approximately simulate the tooth path and then determine the cutting area, which is the intersection of the tooth path and the workpiece’s shape. From the cutting area per cutter tooth, we also determined the cutting amount per cutter tooth, since machining scrolls is also a kind of plane-milling process.



As shown in Figure 1, the cutting area per cutter tooth can be obtained from the calculation of the area intersected by two adjacent tooth paths; i.e., the circular arc segments depicted by red curves and the workpiece’s shape depicted by the blue block. The feed rate per cutter tooth, denoted    F z   , and the average cutting area per cutter tooth for each path segment, denoted    A z   , can be obtained with the following equations:


   F z  =  F  S · Z    



(1)






   A z  =   A ·  F z   l   



(2)




where F is the feed rate, S is the spindle speed, Z is the number of teeth for a cutter, A is the cutting area for each path segment, and l is the length of each path segment.



Combining Equations (1) and (2) and eliminating Fz yields:


   F  a d p   =    A z  · l · S · Z  A   



(3)




where Fadp is the adaptive feed rate, which can be deduced from the cutting area per cutter tooth. By inputting the adaptive feed rate obtained with Equation (3) into the controller of the milling machine, we were able to accomplish adaptive feed rate planning.




3. Chatter Suppression


After the rough machining processes, most of the workpiece materials are removed and the stiffness of the scrolls is significantly diminished. The overall stiffness of the milling machine will be also reduced if the spindle speed and the feed rate are raised to increase the machining efficiency. These conditions are prone to eventually induce the occurrence of chatter. Therefore, it is worth considering the issues of chatter suppression while confronting such conditions during the machining of thin-wall workpieces for the manufacture of scrolls, as mentioned above.



In end-milling processes, Altintas [26] proposed the vibration model to be a system with two degrees of freedom. The vibration amplitude simulated from this system corresponds to the regenerative waviness and can be used to compute the chip thickness. The phase shift occurring between two tool paths affects the chip thickness, decreases the machining quality, and varies the force on the cutting edge. Applying a varying force to a machining process system eventually induces the occurrence of chatter. Therefore, to stabilize the machining processes, it is necessary to keep the chip thickness consistent and avoid the occurrence of phase shifts. The relationship between vibration frequency and tooth frequency is shown by the following equation [27]:


   h   h z    = N +  ε  2 π    



(4)




where h is the vibration frequency, hz is the tooth frequency, N is the number of complete waveforms between adjacent teeth, and ε is the phase shift angle between two corrugations. When chatter occurs, the vibration frequency h shown in Equation (4) is also called the chatter frequency. As mentioned above, the phase shifts between the cutting ripples occurring in the milling processes, except for phase angles equal to 0° and 180°, vary the chip thickness and are prone to induce the occurrence of chatter. It can also be observed from Equation (4) that the ratio between vibration frequency and tooth frequency is not an integer when chatter occurs.



As shown in Figure 2, the relationships between the spindle speed and the depth of the cut, which are named the stability lobes, can be obtained from the transfer function of the vibration system mentioned above. The results shown in Figure 2 can also be obtained by subjecting the cutter to a percussion test. In the milling process, the machining parameters may be located in the upper region of the stability lobes (for example, the red diamond indicated in Figure 2), and this also means that cutting instability occurs. To prevent the occurrence of chatter, two methods can be used: one is to reduce the axial cutting depth and the other is to change the spindle speed. For example, as shown in Figure 2, the red diamond can be moved to the locations of the green dots or blue squares, which are stable regions. As the axial cutting depth cannot be directly changed during the machining process, we changed the real-time spindle speed to suppress the occurrence of chatter.



Differently from the detecting methods used by Munoa et al. [28]—i.e., with vibration sensors embedded in the spindle—we utilized a microphone to capture the audio signals and detect the tooth frequency. A general-purpose microphone was sufficient for the experiments since the monitored chatter frequency was around 2300 Hz. In addition, a line-directional microphone was chosen to minimize the effects of environmental noise. The fast Fourier transformation (FFT) was used to convert the audio frequencies from the time domain to the frequency domain promptly. The results were used to observe the distribution and intensity of the tooth frequency. We also used the amplitude to determine the magnitude of the tooth frequency when chatter occurred and calculated the multiple factor, which is denoted K and defined as the ratio between the tooth frequency and the vibration frequency detected by the microphone. The multiple factor K can indicate the position of the current machining parameter on the stability lobes. It can be expressed as:


  K =   60  f c    Z · S    



(5)




where fc is the chatter frequency detected by the microphone. The purpose of this study was not to derive and predict the occurrence of chatter frequency but to recognize it using the detecting sensor (i.e., a microphone) and then implement the proposed suppression processes. Equation (5) was used to locate the possible position of the chatter frequency on the stability lobe diagram. When the value of K is an integer (i.e., the chatter frequency (fc) is an integer multiple of the product of the number of cutter teeth (Z) and the spindle speeds (S)), the chip thickness is consistent and cutting instability can be avoided to retain the machining quality since there is no phase shift between the cutting ripples. It also means that the machining parameters will be located at the peak values of the stability lobes, as shown in Figure 2, and the system vibration will be a kind of forced vibration.



As mentioned previously, we changed the real-time spindle speed to suppress chatter. Furthermore, considering that the stability lobes can be shifted by the effects of external disturbances and system defects, we gave priority to increasing the spindle speed to a specific value, as shown in Figure 2, which uses the peak value of the multiple factor K. To avoid cutting instability, the new spindle speed, indicated by Snew, can be obtained as:


   S  n e w   =   60  f c    Z ·  K  n e w      



(6)




where Knew denotes the nearby peak value of K that is input into the simulation system.



The flowchart of the PC-based program for chatter suppression developed using MATLAB is illustrated in Figure 3, and the operation interface of the program is shown in Figure 4. The audio frequency detected by the microphone is shown in the time domain in Figure 4a, and the user can select the amount of data displayed in the diagram. Figure 4b shows the spectrum, which can be instantly obtained by using the FFT on the audio frequency, and the user can input the background noise conditions to filter the audio signals with frequencies or intensity that are too low. The part of the interface in Figure 4c lists the frequencies with the top five intensities and reveals the current spindle speed. Users can manually input the spindle speed into the system or automatically read the spindle speed from the controller in the milling machine. In the part of the interface shown in Figure 4d, the user can input the conditions of the cutter and the upper limit of the cutting conditions to avoid the spindle or tool speed being too high. After detecting the frequency and intensity of chatter, we could command the controller to change the spindle speed and achieve real-time chatter suppression when chatter occurs.




4. Optimization of Milling Parameters


In accordance with the procedures of the Taguchi method [29,30] shown in Figure 5, we investigated the problem of optimizing the milling parameters in fine machining processes for scroll manufacturing and determined the quality characteristics to be the scroll profile errors and surface roughness. Considering the factors affecting the scroll’s quality characteristics, such as the tool path, feed rate, cutting depth, cutter tooth, etc., we selected the tool path, feed rate, and rotational speed of spindle as the control factors. For the experiments, we designed an L9(33) orthogonal array with three factors, each being at three levels. After the machining experiments, the profile errors and surface roughness of the scrolls were measured. The signal-to-noise (S/N) ratios were calculated and analysis of variance (ANOVA) was conducted to determine the optimum combination of machining parameters for the tool path, feed rate, and rotational speed of spindle that would lead to minimum profile errors and surface roughness. Finally, validation experiments were implemented to verify the obtained results concerning the optimum combination of machining parameters.




5. Experimental Results and Discussion


Figure 6 shows the vertical milling machine utilized in this study to implement the experiments testing the methods described in the previous sections. In these experiments, the material of the workpieces was aluminum–magnesium alloy Al6061, and the diameter was 96.0 mm and the height 75.0 mm. The maximum tensile strength of Al6061 is 150 MPa, and the maximum yield strength is 83 MPa.



5.1. Tests of Adaptive Feed Rate Planning


To verify the effects of the adaptive feed rate planning on the promotion of machining efficiency and the consistency of machining quality, we conducted experimental tests on the rough machining processes of scrolls (Video S1: Scroll machining processes). In these experiments, the cutter was a Starpoint S2009, the specifications of which are shown in Table 1. As shown in Figure 7, a tool holder embedded with sensors was used to measure the tension, bending moment, and torque. Table 2 shows the specifications of the tool holder, which was based on a BT-40. As the data transmission frequency was 2.45 GHz, the sampling rate reached up to 1.8 kHz, and the spindle speed was 6000 rpm. This was sufficient for experiments on the estimation of the dynamic performance.



Utilizing Equations (1) and (2), Figure 8 shows the simulation results for the cutting area per cutter tooth, which were calculated with a spindle speed of 6000 rpm and a feed rate of 800 mm/min. Based on the adaptive feed rate planning method (i.e., Equation (3)), we were able to simulate adjustable feed rates with different cutting areas per cutter tooth Az, such as 0.4, 0.5, and 0.6 mm2. The simulated results are depicted in Figure 9.



To compare the different effects of the machining processes without and with adaptive feed rate planning, Table 3 lists the experimental results. They include the maximum bending moment, the machining time, and the material removal rate and different cutting areas per cutter tooth Az and feed rate limits from 700 to 1200 mm/min were employed. These experiments were implemented with a cutting depth of 2 mm and a stretched length of 55 mm for the cutter stretching out of the holder. The bending moment was used to evaluate the instantaneous cutting load since it is linearly proportional to the tool force for a cutter with a fixed stretched length.



Utilizing the experimental results obtained without adaptive feed rate planning, Figure 10 illustrates as an example the bending moment with a constant feed rate of 800 mm/min, the variation in which is approximately similar and depends on that of the cutting area shown in Figure 8. In Figure 10, period A is the region with the highest bending moment since the slot-milling processes occur in this period. We utilized adaptive feed rate planning to decrease the feed rate of the machining in period A and then to reduce the cutting loads and stabilize the machining quality during the rough machining processes. Period B represents the region with the lower bending moment because the side-milling processes occur in this period. We also used the adjustment provided by the adaptive feed rate planning to increase the feed rate of the machining according to the calculation of the cutting area and, thus, enhanced the material removal rate and the machining efficiency.



Based on the results shown in Table 3, Figure 11 and Figure 12 depict the schematic relationship between the maximum bending moments, material removal rates, and feed rate limits without and with adaptive feed rate planning, respectively. Considering the previous example shown in Figure 10, the maximum bending moment was 26.84 Nm with the feed rate limit of 800 mm/min and without adaptive feed rate planning. According to the results shown in Table 3 and Figure 11 and Figure 12, the cutting area per cutter tooth Az was 0.5 mm2 and the maximum feed rate limit was 1000 mm/min with a close value for the maximum bending moment of 26.62 Nm. However, it can be also observed that the material removal rates were 183.35 and 209.74 mm3/s, and the machining time was 48.83 and 42.69 s, respectively. This means that the method of adaptive feed rate planning can increase the material removal rate by about 14.4% and shorten the cutting time by about 12.6% under a given maximum acceptable cutting load. Figure 13 shows the scroll workpiece after the rough machining processes.




5.2. Experiments on Chatter Suppression


After the rough machining processes, the semi-fine and fine machining processes were implemented to improve the surface roughness and precision of the scrolls. In this part of the study, experiments on chatter suppression were conducted. We used a microphone to detect the audio signals and the developed program to illustrate real-time spectrum diagrams and monitor the machining conditions. When chatter occurred, the command to change speed was given to the spindle through the connection between the Ethernet and the controller of the milling machine to suppress the chatter. The cutter used in these experiments was a Nachi List 6212, and the microphone was an Audio-Technica AT9942. The specifications of the cutter and the machining parameters are listed in Table 4. The experimental results are shown in Table 5 and Figure 14.



The chatter frequency (2293 Hz) shown in Table 4 was obtained by observing the cutting edge; the regenerative waviness was detected from the surface of the workpiece, and the vibration type can be thought of as a self-excited one. The results in Table 5 also verified that, when the multiple factor K, which is expressed in Equation (5), was an integer, there was no chatter. As shown by the experimental results, the proposed methods could reduce and disperse the energy of the chatter frequency, and the machining conditions of the system could be stabilized by changing the real-time spindle speed. As signal interference from noise and the variation in the workpiece stiffness in the machining processes might shift the stability lobes, it is suggested that an increase in the spindle speed could be first adopted to avoid unstable machining conditions and to achieve chatter suppression. To conveniently demonstrate the effects of chatter suppression, Figure 15 shows the surface of the block of aluminum alloy with and without the occurrence of chatter, respectively. In the figure, the left side of the block without chatter suppression reveals a significant chatter effect, and the right side with a smooth surface shows the result of chatter suppression. In this example, the transition time for the variations in spindle speeds was about 80 milliseconds (ms), and the transition length on the workpiece surface was about 1.05 mm. The obtained results also verified the feasibility of the proposed methods for chatter suppression.




5.3. Experiments on the Optimization of Milling Parameters


We conducted experiments to determine and verify the optimum milling parameters for the fine machining processes. The cutter used in these experiments was a 7 leaders E143-8, and Table 6 reveals its specifications. As mentioned in the previous section, we selected the tool path, feed rate, and spindle speed as the control factors, and each factor had three levels. At the beginning of the experiments, we calibrated the tool runout by measuring the center deviation of the tool using a dial test indicator made by Mitutoyo company. Table 7 lists the details for the factors and levels used in the experiments, and Table 8 shows their corresponding arrangements for the orthogonal array.



5.3.1. Optimum Combination of Milling Parameters for Profile Errors


After the fine machining processes, we used a Zeiss Contura G2 coordinate measuring machine (CMM) and Hommel Tester T500 roughness measuring instrument, as shown in Figure 16 and Figure 17, to measure the profile errors and surface roughness of scrolls, respectively (Video S2: Profile error measuring processes). The experimental results for the profile errors, including their measured values and response characteristics, such as means and S/N ratios, are shown in Table 9. Due to the fact that a smaller profile error results in higher precision for the scrolls, this study utilized the smaller-is-better formula (i.e., Equation (7)) to calculate the S/N ratios [30]. The results are listed in the last column of Table 9.


   η j  =  S N  = − 10 log  (   1 n    ∑   i = 1  n   y i 2   )   



(7)




where ηj and its subscript j represent the S/N ratio and experiment number, respectively; n is the measured number of profile errors for each experiment, and yi indicates the measured profile error.



Table 10 and Table 11 are the response tables for the S/N ratios and means, respectively, including their average values at each level and factor; the difference, denoted Δmax-min, between the maximum and minimum average response values for each factor; and the ranks, where rank 1 means the highest difference value, rank 2 the second-highest, and so on. In accordance with the results shown in Table 10 and Table 11, Figure 18 and Figure 19 depict the main effect plots for the S/N ratios and mean values. From Table 10 and Table 11 and Figure 18 and Figure 19, it can be observed that the larger the S/N ratio is, the smaller the mean value is for every control factor. As a larger S/N ratio also means better-quality characteristics, we were consequently able to conclude that the optimum combination of milling parameters was a spindle speed of 10,000 rpm, feed rate of 500 mm/min, and B-spline tool path (A1B1C2).




5.3.2. ANOVA and Verification of the Profile Errors


Table 12 shows the results of the ANOVA for the profile errors of scrolls. In this table, the degree of freedom (DF) for each factor is equal to its number of levels minus 1.



The sum of squares of the S/N ratios for the control factors (SSX) and the total sum of squares of the S/N ratios (SST) can be obtained with the following equations, respectively [30]:


  S  S X  =  1 m    ∑   i = 1  p     (    ∑   j = 1  m   η  i j    )   2  −  1 n     (    ∑   i = 1  n   η i   )   2   



(8)






  S  S T  =   ∑   i = 1  n   η i 2  −  1 n     (    ∑   i = 1  n   η i   )   2   



(9)




where the subscript of the symbol SSX represents the control factor, m is the number of S/N ratios at each level for each control factor, p is the number of levels, and n is the total number of S/N ratios; i.e.,   n = m p  . The error sum of squares is obtained as the difference between SST and the total sum of SSX, which can be expressed as:


  S  S  E r r o r   = S  S T  −   ∑  X  S  S X   



(10)







The mean squares for each factor (MSX) and error (MSError) are obtained from the ratios of the sum of squares and their degrees of freedom. The ANOVA results shown in Table 12 reveal that the control factor (i.e., the spindle speed) is much less significant than the other two factors; therefore, we pooled this factor into the error term. The results also show that the degree of freedom of the pooled error was 4, the sum of squares was 38.86, and the mean square (MSPooled error) was 9.72. The F-ratio (FX) and percentage of contribution (PX) can be obtained with the following equations [30]:


   F X  =   M  S X    M  S  P o o l e d   e r r o r      



(11)






   P X  =   S  S X  − D  F x  · M  S  P o o l e d   e r r o r     S  S T    · 100 %  



(12)







In accordance with the table of percentage points of the F distribution [30], where the value of F0.1, 2, 4 is 4.32 at a 90% confidence level, we concluded that the feed rate and tool path have much greater influences on the profile errors since their F values are larger than 4.32. Based on the previously revealed results, we determined the optimum combination of milling parameters for fine machining processes: a spindle speed of 10,000 rpm, feed rate of 500 mm/min, and B-spline tool path. For the verification of the recurrence of the optimum combination, we utilized the additive forecast model (i.e., Equation (13)) to predict the S/N ratio of the optimum combination for profile errors. In Equation (13), the symbol    η  o p t     indicates the predicted value of the S/N ratio for the optimum combination,   η ¯   is the mean value of all the S/N ratios (here equal to 38.93 dB), and    η  f a c t o r     represents the response values of all factors and levels with the optimum combination shown in Table 10.


   η  o p t   =  η ¯  +  ∑  (  η  f a c t o r   −  η ¯  )  



(13)







According to Equation (13), the predicted S/N ratio of the optimum combination of milling parameters was 47.1 dB. We then conducted verification experiments, the results of which are shown in Table 13. Table 13 shows that the verified average S/N ratio was 44.38 dB. Comparing the predicted and verified S/N ratios, we determined that their error was 6.1%, which is under 10%. Table 13 also shows that the results for the optimum combination of milling parameters were obtained with a 90% confidence level.




5.3.3. Optimum Combination of Milling Parameters for Surface Roughness


The surface roughness (Ra) of a machined scroll can be used to detect its surface quality. Since lower surface roughness indicates better surface quality, we measured the surface roughness and utilized the smaller-is-better formula (i.e., Equation (7)) to calculate the S/N ratios. Table 14 shows the results for the measured surface roughness, along with the mean values, and the calculated S/N ratios from the experiments. Table 15 and Table 16 are the response tables for the S/N ratios and mean values, respectively, at each level of the factors, showing the differences between the maximum and minimum average response values Δmax−min and the ranks. In accordance with the results shown in Table 15 and Table 16, Figure 20 and Figure 21 depict the main effect plots for the S/N ratios and mean values. As a larger S/N ratio also means better-quality characteristics, we concluded from Table 15 and Table 16 and Figure 20 and Figure 21 that the optimum combination of milling parameters for surface roughness was a spindle speed of 15,000 rpm, feed rate of 500 mm/min, and B-spline tool path (A2B1C2).




5.3.4. ANOVA and Verification of the Surface Roughness


Table 17 shows the results of the ANOVA for the surface roughness of the scrolls. As the results shown in Table 17 revealed that the tool path was much less significant than the other two factors, we pooled this control factor with the error term. In accordance with the table of percentage points of the F distribution, where the value of F0.05, 2, 4 is 6.94 at a 95% confidence level, we concluded that the spindle speed and feed rate have much greater influences on the surface roughness since their F values are larger than 6.94.



To verify the recurrence of the optimum combination of milling parameters for surface roughness, similarly to Equation (13), we calculated that the predicted S/N ratio for the optimum combination was equal to 16.13 dB. Table 18 demonstrates the results of the verification experiments and shows that the verified average S/N ratio was 15.42 dB. Comparing the predicted and verified S/N ratios, we determined that their error was 4.6%, which is under 5%. Table 18 also shows that the results for the optimum combination of milling parameters for surface roughness were obtained with a 95% confidence level. Finally, Figure 22 shows the scroll workpiece after the fine machining processes.






6. Conclusions


To increase machining efficiency, retain machining precision, and increase the added value from scroll manufacturing, we proposed and demonstrated adaptive milling processes. These processes included adaptive feed rate planning for rough machining processes, chatter suppression for semi-fine and fine machining processes, and optimization of milling parameters for fine machining processes. The experimental tests also demonstrated the following:




	
The method of adaptive feed rate planning could increase the material removal rate by about 14.4% and shorten the cutting time by about 12.6% with the following major machining parameters: spindle speed of 6000 rpm, cutting area per cutter tooth of 0.5 mm2, maximum feed rate limit of 1000 mm/min, and maximum bending moment of 26.62 Nm;



	
The proposed methods for chatter suppression were feasible with a transition time of 80 ms, and the transition length on the workpiece surface was about 1.05 mm;



	
For profile errors, the optimum combination of milling parameters obtained with a 90% confidence level was a spindle speed of 10,000 rpm, feed rate of 500 mm/min, and B-spline tool path;



	
For surface roughness, the optimum combination of milling parameters obtained with a 90% confidence level was a spindle speed of 15,000 rpm, feed rate of 500 mm/min, and B-spline tool path;



	
The program developed in this study can also successfully perform with and connect to the controllers made by FANUC and DELTA.








As revealed in points 3 and 4, this study demonstrated the usefulness of the Taguchi method in obtained optimum milling parameters. Although it can be observed that the resulting parameters for spindle speeds were different for different profile errors and surface roughness levels, the results of the ANOVA also showed that the spindle speed was much less significant than the other two control factors (i.e., the feed rate and tool path) for profile errors. Further research developing a series of feedforward compensation algorithms to modify tool paths before machining processes is under preparation for publication.








Supplementary Materials


The videos of the machining of the scroll and the measurement of its profile errors can be downloaded at: https://www.mdpi.com/article/10.3390/app13010286/s1, Video S1: Scroll machining processes; Video S2: Profile error measuring processes.
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Figure 1. Cutting area intersected by tooth paths and scroll workpiece: (a) full view, (b) zoomed-in view. 
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Figure 2. Stability lobes and multiple factor K. 
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Figure 3. Flowchart of chatter suppression program. 






Figure 3. Flowchart of chatter suppression program.
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Figure 4. Operation interface for chatter suppression program: (a) microphone audio frequency in the time domain, (b) FFT spectrum of the audio frequency, (c) frequency information and current spindle speed, (d) machining information and conditions. 
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Figure 5. Procedures of the Taguchi method. 
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Figure 6. Tongtai TMV-720A vertical milling machine. 
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Figure 7. Tool holder embedded with sensors (Spike® from Pro-micron GmbH). 
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Figure 8. Cutting area per cutter tooth in the rough machining process. 
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Figure 9. Variation in feed rate for different cutting areas per cutter tooth. 
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Figure 10. Variation in bending moments with a constant feed rate of 800 mm/min. 
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Figure 11. Maximum bending moments with different feed rate limits and adaptive feed rate planning. 
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Figure 12. Material removal rates with different feed rate limits and adaptive feed rate planning. 
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Figure 13. Scroll workpiece after the rough machining processes. 
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Figure 14. Experimental results displayed in the operation interface of the developed program: (a) S = 5000 rpm, (b) S = 6879 rpm. 
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Figure 15. Effects of chatter suppression. 
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Figure 16. Measurement of the profile errors for scrolls. 
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Figure 17. Measurement of the surface roughness of scrolls. 
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Figure 18. Graph of S/N ratios for profile errors. 
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Figure 19. Graph of mean values for profile errors. 
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Figure 20. Graph of S/N ratios for surface roughness. 
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Figure 21. Graph of mean values for surface roughness. 
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Figure 22. Scroll workpiece after the fine machining processes. 
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Table 1. Specifications of the Starpoint S2009 cutter.
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Tooth Diameter (mm)

	
Tooth Length (mm)

	
Cutter Length (mm)

	
Handle Diameter (mm)






	
12

	
50

	
100

	
12




	
Tooth

	
Tool appearance

	
 [image: Applsci 13 00286 i001]




	
2











[image: Table] 





Table 2. Specifications of the tool holder.
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Signal Reception

	
Wireless 2.45 GHz




	
Sampling Rate

	
1800 Hz




	
Measuring Range

	
Tension

	
±37.2 kN




	
Bending Moment

	
±462.6 Nm




	
Torque

	
±584.0 Nm
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Table 3. Experimental results without and with adaptive feed rate planning.






Table 3. Experimental results without and with adaptive feed rate planning.





	
Cutting Area per Cutter Tooth Az (mm2)

	
Feed Rate Limit (mm/min)

	
Maximum Bending Moment (Nm)

	
Machining Time (s)

	
Material Removal Rate (mm3/s)






	
Without adaptive feed rate planning

	
700

	
26.04

	
55.82

	
160.41




	
800

	
26.84

	
48.83

	
183.35




	
900

	
28.11

	
43.17

	
207.38




	
1000

	
29.80

	
39.48

	
226.78




	
1100

	
31.27

	
35.54

	
251.91




	
1200

	
33.12

	
32.97

	
271.53




	
0.4

	
700

	
23.74

	
62.16

	
144.03




	
800

	
24.38

	
53.13

	
168.50




	
900

	
25.88

	
50.37

	
177.75




	
1000

	
27.14

	
46.79

	
191.34




	
1100

	
28.58

	
45.04

	
198.77




	
1200

	
31.91

	
43.33

	
206.61




	
0.5

	
700

	
22.72

	
55.92

	
160.11




	
800

	
24.46

	
49.86

	
179.55




	
900

	
25.34

	
46.12

	
194.12




	
1000

	
26.62

	
42.69

	
209.74




	
1100

	
28.89

	
41.05

	
218.12




	
1200

	
29.96

	
38.40

	
233.15




	
0.6

	
700

	
26.06

	
56.90

	
157.35




	
800

	
28.24

	
50.02

	
178.98




	
900

	
30.09

	
44.44

	
201.47




	
1000

	
33.02

	
41.51

	
215.71




	
1100

	
34.74

	
38.68

	
231.49




	
1200

	
35.78

	
36.49

	
245.36
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Table 4. Specifications of the Nachi LIST 6212 cutter and the machining parameters.
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Tooth Diameter ϕDc (mm)

	
Tooth Length L (mm)

	
Tool Length L (mm)

	
Handle Diameter ϕDs (mm)

	
Cutter Tooth






	
6

	
25

	
65

	
8

	
4




	
Tool Appearance

	
 [image: Applsci 13 00286 i002]




	
Machining Parameters

	
Spindle Speed S (rpm)

	
Cutting Depth (mm)

	
Cutting Width (mm)

	
Chatter Frequency (Hz)




	
5000

	
6

	
0.2

	
2293











[image: Table] 





Table 5. Results of the chatter suppression tests.
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	Spindle Speed S (rpm)
	Multiple Factor K
	Maximum Amplitude
	Chatter





	5000
	6.879
	81.83
	Yes



	4299
	8
	29.92
	No



	4914
	7
	40.49
	No



	5733
	6
	38.13
	No



	6879
	5
	24.14
	No



	4046
	8.5
	61.54
	Yes



	4586
	7.5
	32.92
	Yes



	5292
	6.5
	82.72
	Yes



	6254
	5.5
	65.05
	Yes
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Table 6. Specifications of the 7 leaders E143-8 cutter.






Table 6. Specifications of the 7 leaders E143-8 cutter.





	
Tooth Diameter (mm)

	
Tooth Length (mm)

	
Cutter Length (mm)

	
Handle Diameter (mm)

	
Tooth






	
8

	
20

	
60

	
8

	
3




	
Tool Appearance
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Table 7. Factors and levels used in the experiments.
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Milling Parameters

	
Symbol

	
Level




	
1

	
2

	
3






	
Spindle speed (rpm)

	
A

	
10,000

	
15,000

	
20,000




	
Feed rate (mm/min)

	
B

	
500

	
1000

	
1500




	
Tool path

	
C

	
Linear (G01)

	
B-spline

	
Four-axis concurrency
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Table 8. Orthogonal array of the experimental factors and levels.
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Experiment Number

	
Factors and Levels




	
Spindle Speed (rpm), A

	
Feed Rate (mm/min), B

	
Tool Path, C






	
1 (A1B1C1)

	
10,000

	
500

	
Linear (G01)




	
2 (A1B2C2)

	
10,000

	
1000

	
B-spline




	
3 (A1B3C3)

	
10,000

	
1500

	
Four-axis concurrency




	
4 (A2B1C2)

	
15,000

	
500

	
B-spline




	
5 (A2B2C3)

	
15,000

	
1000

	
Four-axis concurrency




	
6 (A2B3C1)

	
15,000

	
1500

	
Linear (G01)




	
7 (A3B1C3)

	
20,000

	
500

	
Four-axis concurrency




	
8 (A3B2C1)

	
20,000

	
1000

	
Linear (G01)




	
9 (A3B3C2)

	
20,000

	
1500

	
B-spline
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Table 9. Measured values, means, and S/N ratios of profile errors.
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Experiment Number

	
Measured Values of Profile Errors yi (μm)

	
Mean (μm)

	
S/N Ratio ηj (dB)






	
1 (A1B1C1)

	
3.1

	
2.8

	
2.6

	
1.5

	
3.5

	
3.6

	
8.4

	
7.7

	
4.15

	
46.44




	
2 (A1B2C2)

	
1.7

	
4.6

	
3.3

	
5.7

	
3.7

	
4.8

	
16.4

	
13.6

	
6.73

	
41.56




	
3 (A1B3C3)

	
2.3

	
3.3

	
7.9

	
3.6

	
3.2

	
3.0

	
11.6

	
57.7

	
11.29

	
33.51




	
4 (A2B1C2)

	
1.2

	
2.2

	
3.5

	
0.5

	
0.8

	
2.9

	
10.3

	
2.7

	
3.01

	
47.53




	
5 (A2B2C3)

	
1.0

	
3.3

	
2.1

	
7.9

	
1.6

	
3.8

	
11.9

	
59.1

	
11.34

	
33.31




	
6 (A2B3C1)

	
12.0

	
2.8

	
7.1

	
2.4

	
4.9

	
9.5

	
31.5

	
33.1

	
12.91

	
35.21




	
7 (A3B1C3)

	
3.6

	
0.6

	
4.6

	
5.6

	
5.9

	
1.7

	
11.7

	
50.9

	
10.58

	
34.51




	
8 (A3B2C1)

	
2.0

	
0.3

	
1.1

	
2.0

	
2.5

	
3.4

	
17.5

	
10.7

	
4.94

	
42.52




	
9 (A3B3C2)

	
0.8

	
7.5

	
1.0

	
4.9

	
3.4

	
6.9

	
37.0

	
24.7

	
10.78

	
35.77











[image: Table] 





Table 10. Response table for S/N ratios for profile errors.
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Factor

	
A

(Spindle Speed)

	
B

(Feed Rate)

	
C

(Tool Path)




	
Level

	






	
1

	

	
40.51

	
42.83

	
41.39




	
2

	

	
38.69

	
39.13

	
41.62




	
3

	

	
37.60

	
34.83

	
33.78




	
Δmax−min

	

	
2.91

	
8.00

	
7.84




	
Rank

	

	
3

	
1

	
2
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Table 11. Response table for mean values for profile errors.
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Factor

	
A

(Spindle Speed)

	
B

(Feed Rate)

	
C

(Tool Path)




	
Level

	






	
1

	

	
0.007388

	
0.005913

	
0.007333




	
2

	

	
0.009088

	
0.007667

	
0.006837




	
3

	

	
0.008763

	
0.011658

	
0.011067




	
Δmax−min

	

	
0.001700

	
0.005746

	
0.004229




	
Rank

	

	
3

	
1

	
2
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Table 12. ANOVA for the profile errors.






Table 12. ANOVA for the profile errors.













	Factor
	Degree of Freedom (DF)
	Sum of Squares (SS)
	Mean Square (MS)
	F-Ratio (FX)
	Contribution (PX)





	A (spindle speed)
	2
	12.94
	6.47
	0.67
	--



	B (feed rate)
	2
	96.16
	48.08
	4.95
	30.5%



	C (tool path)
	2
	119.51
	59.76
	6.15
	39.7%



	Error
	2
	25.92
	12.96
	
	



	Total
	8
	254.53
	
	
	



	Pooled error
	4
	38.86
	9.72
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Table 13. Measured values, means, and S/N ratios of profile errors from verification experiments.
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Experiment Number

	
Measured y Value (μm)

	
Mean (μm)

	
S/N Ratio η (dB)






	
1

	
2.4

	
3.6

	
6.1

	
8.2

	
2.8

	
2.4

	
12.1

	
9.1

	
5.84

	
43.40




	
2

	
3.3

	
2.8

	
7.9

	
7.6

	
1.1

	
2.7

	
6.9

	
9.7

	
5.25

	
44.42




	
3

	
3.2

	
4.2

	
1.5

	
5.5

	
5.9

	
3.4

	
10.3

	
4.7

	
4.84

	
45.32




	
Average

	
5.31

	
44.38
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Table 14. Measured values, means, and S/N ratios for surface roughness.
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Experiment Number

	
Measured Ra Value (μm)

	
Mean (μm)

	
S/N Ratio η (dB)






	
1 (A1B1C1)

	
0.22

	
0.2

	
0.18

	
0.18

	
0.22

	
0.200

	
13.95




	
2 (A1B2C2)

	
0.24

	
0.26

	
0.26

	
0.26

	
0.25

	
0.254

	
11.90




	
3 (A1B3C3)

	
0.22

	
0.2

	
0.22

	
0.22

	
0.2

	
0.212

	
13.46




	
4 (A2B1C2)

	
0.16

	
0.14

	
0.18

	
0.16

	
0.14

	
0.156

	
16.10




	
5 (A2B2C3)

	
0.24

	
0.22

	
0.24

	
0.24

	
0.24

	
0.236

	
12.54




	
6 (A2B3C1)

	
0.14

	
0.16

	
0.16

	
0.2

	
0.16

	
0.164

	
15.64




	
7 (A3B1C3)

	
0.18

	
0.18

	
0.2

	
0.2

	
0.2

	
0.192

	
14.32




	
8 (A3B2C1)

	
0.3

	
0.3

	
0.28

	
0.3

	
0.28

	
0.292

	
10.69




	
9 (A3B3C2)

	
0.24

	
0.24

	
0.24

	
0.24

	
0.24

	
0.240

	
12.40
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Table 15. Response table for S/N ratios for surface roughness.
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Factor

	
A

(Spindle Speed)

	
B

(Feed Rate)

	
C

(Tool Path)




	
Level

	






	
1

	

	
13.10

	
14.79

	
13.42




	
2

	

	
14.76

	
11.71

	
13.46




	
3

	

	
12.47

	
13.83

	
13.44




	
Δmax−min

	

	
2.29

	
3.08

	
0.04




	
Rank

	

	
2

	
1

	
3
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Table 16. Response table for means for surface roughness.
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Factor

	
A

(Spindle Speed)

	
B

(Feed Rate)

	
C

(Tool Path)




	
Level

	






	
1

	

	
0.2220

	
0.1827

	
0.2187




	
2

	

	
0.1853

	
0.2607

	
0.2167




	
3

	

	
0.2413

	
0.2053

	
0.2133




	
Δmax−min

	

	
0.0560

	
0.0780

	
0.0053




	
Rank

	

	
2

	
1

	
3
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Table 17. ANOVA for surface roughness.






Table 17. ANOVA for surface roughness.













	Factor
	Degree of Freedom (DF)
	Sum of Squares (SS)
	Mean Square (MS)
	F-Ratio (FX)
	Contribution (PX)





	A (spindle speed)
	2
	8.3888
	4.1944
	11.2481
	30.8%



	B (feed rate)
	2
	14.9217
	7.4609
	20.0078
	57.2%



	C (tool path)
	2
	0.0024
	0.0012
	0.0032
	--



	Error
	2
	1.4892
	0.7446
	
	



	Total
	8
	24.8021
	
	
	



	Pooled error
	4
	1.4916
	0.3729
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Table 18. Mean values and S/N ratios for surface roughness from verification experiments.






Table 18. Mean values and S/N ratios for surface roughness from verification experiments.





	
Experiment Number

	
Measured Ra Value (μm)

	
Mean (μm)

	
S/N Ratio η (dB)






	
1

	
0.14

	
0.16

	
0.18

	
0.18

	
0.12

	
0.156

	
16.04




	
2

	
0.22

	
0.18

	
0.18

	
0.14

	
0.14

	
0.172

	
15.16




	
3

	
0.16

	
0.2

	
0.18

	
0.16

	
0.18

	
0.176

	
15.06




	
Average

	
0.168

	
15.42
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