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Abstract

:

Featured Application


The conducted research constitutes valuable information for the manufacturing industry. Based on the obtained results, it is possible to select appropriate cutting conditions and equipment that allow for vibration reduction. This is an important issue because it improves the stability of machining processes, which may also result in an improvement in the quality of the manufactured parts. Vibrations mitigation also increases machining safety. The conducted research confirmed that the milling process of the AZ91D magnesium alloy can be carried out with relatively high stability over a wide range of cutting parameters.




Abstract


Trochoidal milling is one of the solutions for increasing the efficiency of machining processes. A decreased cutting tool’s arc of contact leads to a reduction in the generated cutting forces, thus improving process stability. Vibration is an inherent part of any machining process, affecting the accuracy and quality of the manufactured components, but it can also pose a danger to machine operators. Chatter is particularly detrimental, leaving characteristic marks on shaped surfaces and potentially leading to catastrophic tool damage. Therefore, it is important to ensure the stability of machining and also reduce vibration. The primary purpose of the conducted research is to evaluate the stability of the milling process of the AZ91D magnesium alloy performed through a trochoidal strategy. An additional objective is to establish the effect of the variation in machining parameters and toolholder types on milling stability. Three types of toolholders most commonly used in industry are used in the study. The basis of the investigation is the measurement of vibration displacement and acceleration analysed in the time domain. A spectral analysis of the signals is also performed based on Fast Fourier Transform, to identify signal components and detect the susceptibility to chatter occurrence. An important part of the study is also an attempt to use the Composite Multiscale Entropy as an indicator to determine the stability of the machining processes. Entropy does not exceed the values of 1.5 for cutting speed and 2.5 for feed per tooth, respectively. Vibration acceleration does not exceed (in most cases) the value of 20 m/s2 for the peak-to-peak parameter and the shrinkfit toolholder. For vibration displacement (peak-to-peak parameter), there are oscillations around the value of 0.9 mm for all kinds of toolholders.
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1. Introduction


Chatter as a type of self-excited vibration constitutes some of the main impediments to the machining process. That vibration type can significantly affect the machining efficiency, destabilising the process and therefore significantly reducing both process and overall machining system reliability and safety. In critical circumstances, this could cause a loss of control of the entire manufacturing operation. The result can be the inability to obtain the required properties of the manufactured part (dimensional accuracy or surface quality) [1]. The described problem may occur during rough machining [2,3,4], while it may be particularly relevant during finishing [5] and precision and ultraprecision machining, especially for low-rigidity parts. There can be multiple causes of instability during machining. Among the most important and significant ones, the following are often mentioned [6,7]: varying undeformed chip thickness caused by vibration (trace regeneration phenomenon), the coupling of two natural modes of vibration, and excessive friction in the cutting zone at the contact area between the cutting tool and the machined layer of the workpiece. The vibration may result in characteristic marks (vibration effect between tool and workpiece), the so-called chatter marks, which usually results in a quality reduction in the machined surfaces [8,9]. In addition, vibration may cause adverse effects in the form of tool wear (reduced tool life), damage to the toolholders and even the entire machining assemblies (as a result of high vibration amplitudes), and health hazards for machine operators (as a result of excessive noise and its high frequencies) [10,11,12].



The presence of vibrations, unfortunately, quite often necessitates a limitation of the applied machining parameters, and thus considerably reduces the productivity of the machining and consequently increases the time of manufacturing. In order to avoid this, diverse methods of vibration reduction are applied. Paper [13] presents different ways and types of damping of chatter vibration, and also includes a description of damping method selection with regard to the machinability of the workpiece and machining system rigidity, that is, the different conditions existing during machining. In the Stability Lobe Diagram (SLD), it is possible to consider tool diameter importance, as a bigger tool diameter can positively extend the stable areas. Moreover, it is also advantageous to use tools with a greater number of cutting edges, as this can result in an increase in the usable range of rotational speed (shifting the SLD to the right) [14,15]. Unfortunately, the use of SLD plots also has some disadvantages. Among the most commonly mentioned ones are the static approach to input data acquisition and the creation of SLD curves, during the standstill of the machining machine. Such a test therefore does not consider the key process dynamics parameters of the spindle system (for example, thermal expansion or system stiffness), or various other factors related to the characteristics of the workpiece (for example, changes in undeformed chip thickness cross-section, material defects, or damping properties) [13,16]. The process stability studies often also use [17,18] spectra analysis, the Poincare method, and the chase plane method, which allows, e.g., to discuss the relationship between the milling parameters and the maximum Lyapunov exponent. Using the Lyapunov exponent criterion, it is possible to determine the vibration stability zone for machining operations (0.61 in this case). An interesting analysis was also performed in paper [7], where external forcing was used to enable the control of the milling process. Tests and numerical analyses were executed with the use of the Runge–Kutta method. The susceptibility of the tool and workpiece to vibration and other non-linear phenomena was considered. An SLD was determined and an analysis of the influence of external forcing was performed. In addition, a proportional–integral controller was used to make closed-loop control possible. The application of the presented methodology allowed for the observation of a decrease in vibration levels during machining.



Trochoidal milling is a machining strategy that involves the cutting tool’s movement along circular paths. This method is much less popular than the commonly used milling along straight paths. The current development of software and control systems for machining centres enables a much simpler generation of these types of paths. A significant advantage of this milling strategy is mainly the reduced load on the cutting tool, which periodically goes in and out of the workpiece material. It also reduces the cutting force and temperature generated during cutting. This can significantly extend the tool’s life, as well as increasing process stability. In [19], the effect of changing two parameters, specifically the cutting speed and trochoid pitch, on the cutting forces and vibration acceleration and displacement was analysed. Selected surface roughness parameters (Sa and Sz) were also presented for comparison. The magnesium alloys used in this study were AZ91D and AZ31. The research findings indicated a significant impact of cutting speed on the components of cutting force as well as machining vibration. Simulations with artificial neural networks were also performed in this study. Meanwhile, in [20], a trochoidal milling study was performed using the popular EN-AW 7075-T651 aluminium alloy. Chip thickness and cutting force modelling were analysed for the low speed range. Current chip thickness was related to the actual cutting force, which demonstrated quite good correlation with the simulated results. A similar study was performed in [21], where the trochoidal milling of EN-AW 7075-T651 and the cutting force coefficients were analysed. The outcomes revealed that lower values of cutting force components were obtained using trochoidal milling than slotting. An analysis of aluminium alloys, specifically the EN-AW 7039 alloy, was also carried out in [22]. To increase the efficiency of trochoidal milling, a double trochoidal milling path was used. An analytical model was created to determine engagement, which enabled the prediction of the cutting forces. Additionally, a numerical model of the engagement was developed. In all applications, the results indicated a good correlation between the measured and predicted forces. In [23], the five-axis rough trochoidal machining of the EN-AW 5086 aluminium alloy was analysed. Two interpolation models were examined and evaluated (trochoidal and zigzag toolpaths). In this study, maximum values of the cutting force component were recorded. The research results obtained from the simulation and the experiment were very close, which validated the correctness of the proposed approach. This attitude led to a slight overestimation, but the calculation times were very short (a rapid assessment of tool load and a rapid selection of toolpath parameters). Paper [24] presented the trochoidal milling of the EN-AW 2024 and EN-AW 6082 aluminium alloys. Selected surface roughness parameters were analysed. Some interdependencies between roughness parameters, torque, and cutting forces were observed. Varying radial depth of cut and two different machining strategies were used in the study. Meanwhile, paper [25] involved the use of the EN-AW 6061-T6 alloy. It conducted a simulation based on a coupled Eulerian–Lagrangian method and a verification of the trochoidal milling processes was performed. The presented model exhibited quite good suitability for predicting the cutting force (error within 12%). It also gave highly reliable predictions about chip morphology. A continuous remeshing algorithm was omitted, providing information on contact forces and interfacial stresses.



Considering the above review of scientific research on the stability evaluation during machining, there are certain deficiencies regarding the broader analysis. However, in recent years, there has been a slight trend of scientific interest in such research and subsequent publications. For instance, in paper [26], the material removal mechanism was evaluated while micro-milling the AZ31B magnesium alloy. It was noticed that the machining mechanism was affected by vibration frequency. However, these studies are only concerned with the milling process referred to as micro-milling, and hence it is difficult to extrapolate and compare with traditional rough or finishing processes performed in typical industrial-grade production procedures. A significant amount of available research is focused on the analysis of the machining stability of aluminium alloys [27,28,29,30,31]. On the other hand, difficult-to-machine materials are very popular in scientific research [32,33]. Research in the field of magnesium alloys is performed much less often and is carried out along standard straight paths [34,35,36]. Moreover, publications mainly only concern the analysis of vibration amplitude. It is quite evident that this approach is rather inadequate for describing machining vibration. The number of publications concerning the impact of toolholder types on the occurrence of vibration during magnesium alloy machining is also very limited. This state of knowledge indicates a continuing need to improve and expand expertise on the milling stability of magnesium alloys.



The AZ91D magnesium alloy is used in many industries. Most often, it is employed in the automotive and aviation industries, but other industries, such as the sports industry, electronics, and computing, also make use of this alloy. For example, the AZ91D alloy can be used to produce elements such as gear housings, small cockpit elements, car rims, car engine components, laptop and telephone casings, and bicycle or motorcycle frames.



A major novelty of the performed study is the application of a trochoidal strategy to the machining of magnesium alloy. Based on the completed literature review, that strategy has not yet been thoroughly analysed in relation to this group of materials. However, it enables a significant increase in the milling process efficiency and a reduction in cutting temperature, which is crucial when it comes to safety for magnesium alloys, which are prone to ignition. This study extensively investigates machining stability based on the different parameters and the tools used for signal analysis. The main goal of this research was to determine how the trochoidal strategy affects the stability of the machining of the AZ91D magnesium alloy. An additional objective was to analyse the influence of the toolholder type on vibrations during trochoidal milling. When using different types of holders, the stability may differ in relation to machining the magnesium alloy along straight paths.




2. Materials, Methods, and Experiment Procedure


The workpiece material examined during this study was the AZ91D (MgAl9Zn1) magnesium alloy. Milling operations were realised on an AVIA VMC 800 HS milling centre. Three different types of HSK-A63 toolholders were tested: ER, shrinkfit, and hydraulic toolholders. The unbalance of the holder–tool set was verified on a CIMAT RT 610 balancing machine according to the ISO 21940-11 standard [37].



A view of the toolholders with the mounted cutting tool is shown in Figure 1.



The research was performed at variable milling parameters including a cutting speed vc = 400–1000 m/min and feed per tooth fz = 0.05–0.30 mm/tooth, while the axial depth of cut ap = 6 mm and the radial depth of cut ae = 25 mm were constant. This parameter selection was determined by the milling centre spindle speed, experience in magnesium alloys machining, and the generated Stability Lobe Diagrams. A carbide end mill with TiAlN coating was selected for the realisation of the milling tests. The tool had a diameter of 16 mm and two cutting edges. The machining process was conducted through a trochoidal strategy. Siemens NX 10 software was used to generate the toolpaths and the trochoidal pitch was set at 15%. A view of the generated trochoidal toolpaths is shown in Figure 2.



During machining tests, vibration measurements were taken in the feed direction. The vibration sensors used were the optoNCDT LD1605-2 laser sensor (displacement measurements) and the PCB 352B10 accelerometer (acceleration measurements). Vibration sensors are characterised by their high universality and ease of application. The accelerometer was fixed directly in the centre of the front surface of the machined workpiece. The laser beam of the displacement sensor was also directed at the same front surface of the workpiece. This sensor was positioned at a distance of less than 2 mm from the workpiece. CutPro 9 software was used to generate SLDs based on the signal recorded with the modal hammer.



The signals registered during machining were analysed according to the following indicators: peak-to-peak and root mean square (RMS). The value of the peak-to-peak indicator was determined as the difference between the maximum and minimum values of the recorded vibrations signal. The RMS values of the vibration displacement and acceleration were determined according to Equations (1) and (2).


    x   R M S   =    1   T     ∫  0   T      x   2     t     d t   



(1)
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(2)




where x(t)—displacement; a(t)—acceleration; and T—time.



The Composite Multiscale Entropy (CMSE) algorithm, which enables a detailed insight into its concept and computational steps, was described extensively in [38]. It is an enhanced solution to other methods based on the entropy phenomenon used so far. The complete calculation procedure was carried out in Matlab R2019b software.




3. Results and Discussion


The milling process was preceded by a modal analysis to determine stable zones. The SLDs generated for individual toolholders with mounted cutting tool are shown in Figure 3.



The course of the curves differed for individual toolholders. Nevertheless, for all toolholder types, the stability limit was approx. 6 mm, which was comparable with the applied depth of cut ap. On this basis, it can be concluded that chatter should not occur during machining, or its impact should be relatively low, which allows the milling process to be carried out safely without a loss of stability. At a low spindle speed n, the curves are most dense, which increases the risk of chatter vibration, while at a higher spindle speed, the spaces between the curves significantly increase, making it easier to reach a region of greater stability. Analysing the obtained curves, it can be concluded that the least risk of chatter vibration with the applied technological parameters will occur when using a hydraulic toolholder, as it mostly fits the stable areas of the curves.



Figure 4 shows example signals of vibration displacement and acceleration obtained when applying a hydraulic toolholder.



The displacement signal has a similar course to the signals usually recorded during conventional straight-path milling. No abrupt changes of value are apparent in the signal waveform and it is distributed approximately symmetrically. However, the course of the vibration acceleration signal significantly differs in shape. It shows systematic amplitude peaks due to the cyclic tool entering into the sample. After the tool has exited the workpiece, the magnitude of the signal significantly decreases.



3.1. Vibration Displacement Analysis


The signals acquired during machining were considered according to peak-to-peak and RMS indicators. The resulting parameter values for different toolholder types, depending on the change in technological parameters, are shown in Figure 5 and Figure 6.



Increasing the cutting speed led to a progressive growth in both peak-to-peak and RMS values, irrespective of which type of toolholder was applied. At the highest cutting speed vc = 1000 m/min, a minor reduction in peak-to-peak values was also observed when using the shrinkfit and hydraulic toolholders. At the minimum cutting speed, the lowest vibration displacement occurred using the ER toolholder, while within vc = 600–1000 m/min, the lowest values for both parameters were obtained using the hydraulic toolholder. Regardless of a change in cutting speed, the highest vibration displacement occurred when using the shrinkfit toolholder.



When changing the feed per tooth, the trend in parameter changes was less conclusive. The peak-to-peak parameter values obtained when machining with the ER and hydraulic toolholders increased as a result of increasing the feed within fz = 0.05–0.15 mm/tooth, while decreasing thereafter. In case of the shrinkfit toolholder, the decrease in values only occurred at the highest feed. The lowest peak-to-peak values were achieved in most cases using the ER toolholder. For the RMS parameter, the trend in changes due to a varying feed per tooth was inconclusive, irrespective of the toolholder used. Within fz = 0.05–0.20 mm/tooth, indicator values were similar for all toolholders, while for the highest feed values, the ER toolholder proved to be the most beneficial one.



Comparing the obtained results with other studies carried out on magnesium alloys showed that higher vibration displacement values were obtained during trochoidal milling. The differences were not relatively large, but machining along straight paths proved more advantageous.




3.2. Vibration Acceleration Analysis


The effect of the change in cutting parameters and toolholder types on vibration acceleration is shown in Figure 7 and Figure 8. A change in cutting speed caused a roughly linear rise in peak-to-peak and RMS values, irrespective of the toolholder type in which the tool was mounted. However, several times lower values were obtained with the shrinkfit toolholder, which was also sensitive to changes in cutting speed.



A similar relationship was observed when milling with variable feed per tooth. Peak-to-peak and RMS values progressively increased throughout the range of feed change. Once again, the smallest values were observed using the shrinkfit toolholder, whose change due to feed variation was small. For the other toolholders, several times higher parameter values were obtained, and their increase due to increase in feed was much greater.



The outcome of the investigations demonstrates that the implementation of trochoidal milling made it possible to obtain comparable or even lower values of vibration acceleration than in the case of magnesium alloy milling along straight paths, previously described in other papers.




3.3. Composite Multiscale Entropy (CMSE) Analysis


The signals registered during the experimental studies were also subjected to Composite Multiscale Entropy (CMSE) analysis. Using this method, dynamic experimental signals can be verified. The entropy level determines the degree of disorder in the measured signals. The findings of the analysis by this method are given in Figure 9, Figure 10, Figure 11 and Figure 12.



The CMSE was determined for τ = 50; however, due to the lack of apparent variation in the further scale factor range, the plot area was restricted to τ = 0–20. The concept of CMSE is based on the coarse-graining procedure that uses a coarse-grained time series, as an average of the original data points within non-overlapping windows by increasing the scale factor τ. The length of each coarse-grained time series is N⁄τ. For τ = 1, the coarse-grained time series is simply the original time series itself. From a practical point of view, for τ < 20, the error made is very small and does not affect the accuracy of the determined CMSE value.



In the first instance, the displacement signals were analysed considering the impact of cutting speed vc (Figure 9) and feed per tooth fz (Figure 10). In both cases, a significantly lower level of CMSE was observed when milling with an ER toolholder. In contrast, the highest level of CMSE was obtained using the shrinkfit toolholder, which is particularly evident above τ = 10. The level of CMSE was practically equal for the displacement signals recorded during milling with the ER and hydraulic toolholders. Changing the cutting speed vc did not alter this trend. It was also observed that the increase in cutting speed vc causes a reduction in entropy level, which implies an increase in the ordering of the signal. This phenomenon was observed for all three toolholders used in the experiment. This phenomenon is particularly beneficial as it provides more stable cutting conditions.



A similar behaviour of the Composite Multiscale Entropy level was observed when the feed fz was increased (Figure 10). However, a trend of displacement signal ordering increase with increasing feed per tooth fz was only found for milling with the use of the ER and hydraulic toolholder types. By analysing the displacement signal in the case of milling with the shrinkfit toolholder, it may be concluded that changing the feed value had almost negligible impact on the CMSE level in the analysed parameter range.



The acceleration signals were further analysed also considering the influence of the cutting speed vc (Figure 11) and the feed per tooth fz (Figure 12). In both cases, it was observed that a significantly higher level of CMSE was obtained when the milling process was performed with the shrinkfit toolholder. The other two toolholders used in this study exhibited similar (lower) levels of Composite Multiscale Entropy.



Changing the cutting speed vc can significantly affect the reduction in the entropy level when the acceleration signal of the shrinkfit test toolholder is analysed (Figure 11). The other two toolholders exhibited a lower effect of changing the cutting speed vc, although this was noticeable. As well as displacement signal analysis, the beneficial effects of the increased cutting speed vc on the stability of the milling process were also apparent. Increasing the feed fz value had the strongest effect on the change in level of CMSE for the shrinkfit toolholder (Figure 12). To a small extent, such changes could be observed for the ER and hydraulic toolholders. However, the use of the ER and hydraulic toolholder types was much more favourable in this case due to the significantly lower level of signal disorder compared to the shrinkfit toolholder. The presented results lead to the conclusion that the ER and hydraulic toolholder types can be used over a wider range of feed per tooth fz changes with stability maintained during the milling process.



Comparing vibration displacement and acceleration signals, a significantly lower level of Composite Multiscale Entropy was observed for the latter. The higher level of CMSE in the case of the displacement signal is a consequence of the milling strategy (trochoidal milling). The acceleration signal reflects the rapidity of the milling process dynamics. A lower level of CMSE for the acceleration signal indicates a more stable milling process. Thus, in the context of the signal analysis carried out using Composite Multiscale Entropy, it can be concluded that trochoidal milling shows a lower abruptness of dynamic changes. This has a more advantageous effect on the stability of the milling process.




3.4. Fast Fourier Transform (FFT) Analysis


Acceleration signals acquired during machining were analysed in the frequency domain by applying a Fast Fourier Transform (FFT). This enables the determination of the frequencies at which the components of the vibration signal occur. This approach facilitates the detection of chatter vibration that is a potential risk during the milling process. The analysis was carried out for signals obtained when changing the cutting speed (Figure 13, Figure 14 and Figure 15) and feed per tooth (Figure 16, Figure 17 and Figure 18). Tooth passing frequencies and harmonics, which are multiplications of tooth passing frequencies, were marked on the obtained diagrams and are presented in Table 1.



On the waveforms achieved for milling with the ER toolholder (Figure 13), the largest peaks occurred at frequencies corresponding to harmonics. These are multiples of the tooth passing frequencies, which correspond to the considered cutting speeds, namely, 265, 398, 531, and 663 Hz, respectively. At a lower cutting speed vc = 400–600 m/min, an initial decrease in harmonics amplitude height was observed, followed by a subsequent increase. This indicates some instability in the process and a tendency towards self-excited vibration. At a higher cutting speed vc = 800–1000 m/min, harmonics were gradually extinguished, but the amplitudes at other frequencies also increased. However, their values were not very high, so machining can be considered fairly stable. When increasing cutting speed, the amplitude of vibration magnitude also increased.



The harmonics were dominant again when machining was performed with the tool clamped in the shrinkfit toolholder (Figure 14), except vc = 800 m/min, where the passing frequency had the highest peak. Their amplitudes gradually decreased at higher frequencies. The exception was the harmonics at vc = 400 m/min, where the amplitudes again increased around 3 kHz, but the increase was relatively slight. Within the range vc = 800–1000 m/min, peaks also appeared at frequencies other than the harmonics and their values were lower than the harmonics. However, they were higher than the results obtained when using the ER holder. There was no clear effect of changing the cutting speed on the magnitude of the vibration as the maximum amplitudes were comparable at cutting speeds vc = 600 and 1000 m/min, which may be associated with the fact that these speeds were in the unstable machining area of the SLD. The amplitude decreased at vc = 800 m/min, as that speed was at the limit of the stable machining area.



In the case of the hydraulic toolholder (Figure 15), the greatest difference could be seen at the lowest cutting speed, where the number of frequencies at which chatter occurred was considerably higher compared to the other toolholders. This indicates a fairly high susceptibility to the chatter vibration occurrence. Machining stability considerably improved at the other cutting speed vc, where vibration occurred at fewer frequencies and was gradually weakened. At a cutting speed vc = 800–1000 m/min, amplitudes at non-harmonics frequencies could also be seen, but their value was several times lower. With increasing cutting speed, the magnitude of the vibration also increased and was the highest of all the toolholders used, especially at the highest cutting speed.



From the conducted analysis, it can be considered that the obtained results corresponded fairly well with the predictions that could be made from the SLDs (Figure 1). When the milling process was carried out at cutting speeds that were in the unstable machining area, there was a temporary increase in the vibration magnitude. However, if the assumed technological parameters were in the stable machining area, increasing the cutting speed caused a gradual growth in vibration amplitude.



The rotational speed did not change when the feed per tooth was changed, and therefore the tooth passing frequency was approximately 531 Hz for all cases. When using the ER toolholder (Figure 16), the amplitude value on the tooth passing frequencies was much lower than the harmonics, similarly as for cutting speed changing. In most cases, a gradual extinction of the subsequent harmonics could be observed as the frequency increased. Amplitudes at frequencies that are not multiples of the tooth passing frequencies can also be seen in the charts, but their values were much lower than the harmonics, indicating relatively good process stability. There was also an increase in the vibration magnitude as the feed increased, but the change was very slight within the range fz = 0.15–0.30 mm/tooth.



In contrast to the other toolholder types, when using the shrinkfit toolholder (Figure 17), the peak heights at the tooth passing frequencies were comparable to the harmonics. In most cases, the highest amplitudes occurred at the frequency corresponding to the second harmonic, but in the further frequency range, the vibration spectrum became extinct. Amplitudes at frequencies other than harmonics can also be seen on the chart. These were only slightly lower than the harmonics, which is probably related to the very low values of the vibration amplitude, which were several times lower than when using the ER and hydraulic toolholders. In addition, the change in feed had no great effect on machining stability, as the change in vibration magnitude due to an increase in feed was negligible.



When using a hydraulic toolholder (Figure 18), the tooth passing frequencies were also again lower than the initial harmonics. The largest peaks appeared at the second harmonic for a feed fz = 0.05–0.20 mm/tooth and the third harmonic for a feed fz = 0.25–0.30 mm/tooth, indicating a certain tendency for vibration occurrence. However, the amplitudes gradually decreased in the further range. A renewed increase in vibration magnitude occurred above 4 kHz, but this was relatively small, especially at higher feed values. The recorded amplitude values were the highest of all the toolholders used, rising to the highest values at the highest feed per tooth.



The research conducted so far mainly concerned milling using straight tool paths. The influence of the type of toolholder during the milling of magnesium alloys was previously analysed for AZ91D [34] and AZ31B [35]. The test results contained in [34] carried out for the AZ91D alloy allowed for the formulation of important conclusions: all values of the vibration displacement and acceleration increased with the cutting speed and feed per tooth (except vc 1000 m/min—a decrease in the vibration displacement). For a heat shrink holder, several times lower values of the vibration acceleration and the lowest entropy value. For vc 400 m/min, the lowest values of vibration displacement and amplitude (below 0.02 mm) were observed. However, an increase in fz caused an increase in the value of vibration displacement and amplitudes. For the range 0.05–0.2 mm/tooth, the vibration displacement range and amplitudes were equal to approx. 0.015–0.025 mm. The maximum values of vibration acceleration were the lowest for vc 400 m/min and for heat shrink chuck—4.9 m/s2. The lowest ay vibration values were obtained for fz 0.05 mm/tooth, and for heat shrink chuck—5.7 m/s2. However, in the case of the AZ31B alloy [35], it was observed that the increase in vc and fz had a significant impact on the vibrations. A vibration increase with an increasing vc (approx. linear) was observed; however, fz caused the greatest increase in vibrations, especially visible and noticeable for vibration acceleration. A relatively low level of signal irregularity for CMSE was observed, and the value of vibration acceleration entropy decreased for higher values of the scale factor. During FFT analysis, a high stability of milling processes was observed; however, for the highest vc and low fz, the process showed susceptibility to chatter vibration. However, the use of trochoidal paths [19] when milling with a tool with a shrink holder allowed us to notice that with the increase in cutting speed, the values of the analysed machinability indicators decreased. Better stability and milling effectiveness (lower values of vibrations) were obtained for high-speed machining (vc 1000–1200 m/min). The character of vibrations depends on the milling parameters; moreover, stable milling conditions may be obtained by increasing the vc and reducing the trochoidal step.





4. Conclusions


Trochoidal milling is an appealing machining strategy for increasing the process efficiency. As indicated by the performed studies, it may be effectively employed for the machining of the AZ91D magnesium alloy. The milling process can be considered as relatively stable, since the vibration generated during its performance is low. Furthermore, the following conclusions could be derived from the achieved results:




	
The changes in cutting speed and feed per tooth have substantial impact on the displacement and acceleration of machining vibration generated during the milling process. This applies to both the intensity of the vibration and the sensitivity of the process on their appearance. The selection of appropriate machining parameters can therefore significantly increase the stability and safety of milling.



	
Considering vibration displacement, the ER or hydraulic toolholder is the most favourable type (depending on the change in technological parameters), while when analysing the vibration acceleration, the most beneficial type is the shrinkfit toolholder. The advantages of using the shrinkfit toolholder were also observed when analysing the signals in the frequency domain, as it generated the lowest vibration magnitude and was the least sensitive type to changes in cutting parameters.



	
Based on the analysis of the signals using Composite Multiscale Entropy, it can be concluded that trochoidal milling exhibits less abrupt changes in dynamics, which has good influence on the stability of the cutting process.



	
It was observed that increasing the cutting speed causes a reduction in the Composite Multiscale Entropy level, which implies an increase in signal ordering. Milling performed at a higher cutting speed vc therefore has a positive impact on the machining process’ stability. That phenomenon was observed for all three toolholders used. The ER and hydraulic toolholders can be applied over a wider range of feed per tooth while maintaining stability in milling processes.



	
The increase in cutting speed caused an increase in amplitude, as well as a decrease in the number of the harmonic frequencies at which peaks occurred. At the highest cutting speed, vibration occurred only at frequencies resulting from the tooth passing frequency and its harmonics. A similar behaviour occurred when changing the feed per tooth.



	
The results of the FFT analysis corresponded reasonably well with the information available from the generated Stability Lobe Diagram. This confirms that with their use, it is possible to pre-determine the machining condition under which an unfavourable vibration should not occur.



	
The results of displacement and vibration acceleration measurements varied considerably, and therefore the selection of a suitable measurement sensor is of particular importance.



	
Entropy did not exceed the values of 1.5 for cutting speed and 2.5 for feed per tooth, respectively. Vibration acceleration did not exceed (in most cases) the value of 20 m/s2 for the peak-to-peak parameter and the shrinkfit toolholder. For vibration displacement (peak-to-peak parameter), there were oscillations around the value of 0.9 mm for all kinds of toolholders.








The trochoidal strategy yielded satisfactory results. Nevertheless, further research is required to fully assess its benefits. In subsequent studies, it is planned to apply trochoidal machining to other magnesium alloys. Not only vibration but also other machinability indices will need to be investigated and evaluated.
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Figure 1. View of ER, shrinkfit, and hydraulic toolholders with mounted cutting tool. 
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Figure 2. View of trochoidal toolpaths. 






Figure 2. View of trochoidal toolpaths.
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Figure 3. Stability Lobe Diagram for different toolholders. 
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Figure 4. (a) Vibration displacement and (b) vibration acceleration signals. 
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Figure 5. (a) Peak-to-peak and (b) RMS values for vibration displacement with different cutting speeds. 






Figure 5. (a) Peak-to-peak and (b) RMS values for vibration displacement with different cutting speeds.



[image: Applsci 14 03616 g005]







[image: Applsci 14 03616 g006] 





Figure 6. (a) Peak-to-peak and (b) RMS values for vibration displacement with different feed per tooth. 
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Figure 7. (a) Peak-to-peak and (b) RMS values for vibration acceleration with different cutting speeds. 
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Figure 8. (a) Peak-to-peak and (b) RMS values for vibration acceleration with different feed per tooth. 
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Figure 9. CMSE for displacement signals registered with different cutting speeds. 
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Figure 10. CMSE for displacement signals registered with different feed per tooth. 
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Figure 11. CMSE for acceleration signals registered with different cutting speeds. 
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Figure 12. CMSE for acceleration signals registered with different feed per tooth. 
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Figure 13. FFT for a cutting speed of (a) 400 m/min, (b) 600 m/min, (c) 800 m/min, and (d) 1000 m/min, applying the ER toolholder. 
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Figure 14. FFT for a cutting speed of (a) 400 m/min, (b) 600 m/min, (c) 800 m/min, and (d) 1000 m/min, applying the shrinkfit toolholder. 
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Figure 15. FFT for a cutting speed of (a) 400 m/min, (b) 600 m/min, (c) 800 m/min, and (d) 1000 m/min, applying the hydraulic toolholder. 
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Figure 16. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the ER toolholder. 






Figure 16. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the ER toolholder.
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Figure 17. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the shrinkfit toolholder. 






Figure 17. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the shrinkfit toolholder.
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Figure 18. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the hydraulic toolholder. 






Figure 18. FFT for a feed of (a) 0.05 mm/tooth, (b) 0.1 mm/tooth, (c) 0.15 mm/tooth, (d) 0.2 mm/tooth, (e) 0.25 mm/tooth, and (f) 0.3 mm/tooth, applying the hydraulic toolholder.
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Table 1. Tooth passing frequencies and harmonics.






Table 1. Tooth passing frequencies and harmonics.





	
vc [m/min]

	
Frequencies [Hz]






	
400

	
265

	
530

	
795

	
1060

	
1325

	
1590

	
1855

	
2120

	
2385

	
2650

	
2915

	
3180

	
3445

	
3710

	
3975

	
4240

	
4505




	
600

	
398

	
796

	
1194

	
1592

	
1990

	
2388

	
2786

	
3184

	
3582

	
3980

	
4378

	
4776

	

	

	

	

	




	
800

	
531

	
1062

	
1593

	
2124

	
2655

	
3186

	
3717

	
4248

	
4779

	

	

	

	

	

	

	

	




	
1000

	
663

	
1326

	
1989

	
2652

	
3315

	
3978

	
4641
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