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Abstract

:

In order to study the mechanical loads of a workpiece in manufacturing processes such as single-tooth milling, in-process measurements of workpiece deformations are required. To enable the resolution of shock waves due to the mechanical impact of the tool, a novel measurement system based on speckle photography is introduced to measure the dynamic deformations and strains with a high temporal and spatial resolution. The measurement results indicate deformations and strains propagating through the workpiece with the speed of sound triggered by the tool impact (i.e., the tool impact is shown to induce shock waves during milling). Finite element simulations of the workpiece behavior are performed in addition, which support the experimental findings. In the considered case, the dynamic excitation subsides after 300 ms. Hence, in processes with even shorter cyclic multiple loads, the tool encounters an already excited initial state during machining, which needs to be taken into account when precisely modeling the milling process and the resulting workpiece quality. Finally, the measurement results demonstrate that speckle photography in combination with modern high-speed cameras and compact short-pulse lasers provides a deeper understanding of individual manufacturing processes.
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1. Introduction


Current research work aims to describe production steps independently of the process using the so-called process signature, which summarizes all interactions between material and process [1,2]. This new way of looking at and describing should enable the processing of materials in an even more targeted way, so that they can be optimally adapted to the respective requirements. The basic prerequisite for this is an exact understanding of the individual manufacturing processes. In this context, the cutting process with a defined cutting edge, as it occurs during turning and milling, is considered in this article. In order to understand chip formation and chip breakage, it is particularly important to determine the relationship between the loads acting on the material during machining and the changes remaining in the material afterwards.



The loads in terms of the strains can be quantified during the production process by means of speckle photography [3,4]. With this method, the surface to be measured is illuminated with a laser and the evaluation areas in the speckle images taken with the camera—before and during the occurrence of the deformation—are correlated with each other [5,6]. From the correlated image sections, local displacements can be calculated, whose theoretical resolutions are limited only by Heisenberg’s uncertainty relation [7]. Due to the availability of compact diode lasers with a short-pulse length of less than 1 ns and pulse energies of more than 20 µJ, it is possible to integrate the measuring system into the machining area of machine tools and to investigate dynamic manufacturing processes with tool speeds of, for instance, more than vc = 10 ms [8].



However, the measuring of the remaining modifications (plastic deformations), which are ten times weaker in relation to the loads (elastic + plastic deformations), has been proven difficult so far, especially in processes with multiple stresses due to recurring loads and cyclic machining processes (e.g., milling). The modifications remaining in the material surface layer after the last tool intervention are usually inhomogeneous [8]. In extreme cases, the periodic fluctuations of the modification also occur under continuous cutting conditions (as in the turning process) and correlate with undesired chatter marks on the surface, which can be seen in Figure 1.



The properties of the chatter marks, such as periodicity and amplitude, are influenced by the resonance behavior of the complex manufacturing system [9]. A causal trigger in the continuous process can be the disturbance of the system due to the effect of chip breakage or chip formation depending on the workpiece condition [10]. The chip formation and chip breakage were investigated theoretically by means of finite element method (FEM) simulations, compared with high speed videos and discussed with the relationship to the process stability and the surface quality produced [11].



When researching chip separation and chatter mark formation, mainly the resonance and vibration behavior of the machine tool and the workpiece are considered. Induced workpiece vibrations and dynamic strain states are difficult to determine so far, therefore these effects are currently not included in the investigations. In this respect, it is also not known how the remaining modifications in the form of periodic fluctuations of the strain [8] are related to chip formation or chip breakage. However, it is probable that both the chip breakage and the penetration of the tool at the beginning of the chip formation generate a shock wave, which propagates through the material at the speed of sound. The open scientific questions therefore are:




	
Are dynamic processes in the workpiece stimulated during machining and is the lifetime of these shock waves long enough to cause feedback in processes with multiple loads (such as milling)?



	
Can the excited workpiece states be measured with the aid of speckle photography?








The aim of the paper is to investigate whether and how the external mechanical excitations of the workpiece affect internal mechanical properties such as deformation or strain, and to investigate these properties both theoretically and experimentally. For this purpose, after a short introduction to the theory of speckle photography (Section 2.1) and the presentation of the measurement setup (Section 2.2), measurements are carried out in a running single-tooth circumferential milling process with a rotating tool (Section 3.1). These measurements are then compared with FEM simulations of a linear cutting process with constant cutting conditions and defined cutting edge (Section 3.2). In order to enable a validation of the measuring method by the simulation results, the feed rate in the real milling process was selected in such a way that almost constant cutting conditions prevail here as well. The investigations of the resulting workpiece state due to multiple stresses are carried out in Section 3.3. For this purpose, the workpiece condition is examined by means of speckle photography, at the time when the tool would interact with the workpiece a second time after the first intervention. For the first time, shock waves induced by the tool impact could be measured using speckle photography. A comparison with theoretical investigations of the chip rupture and the resulting induced formation of strain waves propagating through the workpiece take place in Section 3.4. After a discussion of the results in Section 4, a conclusion is finally drawn in Section 5.




2. Materials and Methods


2.1. Measuring Principle and Measuring Setup of Speckle Photography


When a rough surface is illuminated with coherent laser light, bright and dark areas appear in the image plane of the camera, caused by constructive and destructive interference. According to surface statistics, these form a dot or so-called subjective speckle pattern. In a typical imaging system, many scattering waves with very different phases participate in the scattering process. This usually results in a very fine pattern with speckle diameters smaller than the pixel size of the camera chip. If the light path is restricted by inserting an aperture, the size of the speckle can be adjusted as desired (see Figure 2).



An outstanding characteristic of subjective speckles is that they are assigned to specific surface points according to the imaging system. To calculate surface displacements, a small evaluation window scans across the non-deformed (time tn) and the deformed speckle image (time tn+1) and calculates the cross correlation between the states at both time points at each evaluation position. The size of the evaluation window can be calculated automatically and should contain at least three speckles on the diagonal. According to Zhou and Goodson, a speckle diameter of 3–5 pixels should be used for the optimum size of the speckle to be set [12]. Deformation fields for surface deformations in the object plane (in-plane) with a measurement uncertainty of less than 22 nm can be determined from the displacement of the correlation maxima [8]. After the calculation of the deformation fields, the corresponding strain fields can be quantified via gradient formation according to Kajberg [13].



In practical terms, the measuring system is integrated into the production machine (Precitech Freeform 3000, Precitech, Inc., Keene, USA) in such a way that measurements can be taken on the front face of the workpiece (42CrMo4) (see Figure 3a).



Since the spindle of the tool is located above the workpiece, it occupies the possible mounting space for the camera so that the required field of view cannot be observed directly. Therefore, a special periscope lens had to be developed for the camera (Figure 3b). In order to ensure a constant position of the workpiece during image acquisition, trigger marks are attached to both the tool holder and the counterweight. Triggered images can thus be taken when the tool is engaged and when it is replaced by the counterweight (Figure 3c). Compared to the conventional turning process [14], the cutting conditions were set slightly higher with a cutting speed of vc = 7.7 ms, a cutting depth of ap = 0.5 mm, and a feed speed of vf = 0.75 mms in order to test the resolution limits with respect to the measuring speed of the measuring system. The corresponding cutting geometry is illustrated in Figure 4.



To enable in-process measurements with displacement resolutions in the small two-digit nanometer range at the high cutting speeds, it is necessary that the object to be measured moves by a maximum of ten nanometers during camera exposure. This is achieved by using a short-pulse laser with a pulse length of less than one nanosecond. Both on the forming chip and on the rotating tool a non-smeared speckle pattern suitable for evaluation can be observed (see Figure 3c) even in dynamic production processes with tool speeds of up to vc = 7.7 ms.




2.2. FEM Simulation and Setup of Simulation


The theoretical investigation of chip formation, chip separation, and the possibly developing shock wave is carried out with a 2D FEM simulation of the flat strain state. The measuring setup shown in Figure 3 with a rotating tool is approximated by a linear tool movement in the x-direction. This is possible due to the large radius of the milling cutter (150 mm) in relation to the low cutting depth (50–500 µm). Despite the rotating tool and the slowly changing chip thickness, the cutting conditions in the milling process are almost constant at a first approximation. The tool impact can also cause dynamic excitation of the workpiece. However, the cutting edge slowly plunges into the workpiece due to the movement on a circular path (see Figure 4). In order to keep the simulation as simple as possible, the mechanical load during penetration of the milling tool is not considered.



Figure 5 illustrates the geometry model for the FEM simulation. The material used for the workpiece is structural steel with a modulus of elasticity of 2 × 1011 Pa and a maximum tensile strength of 4.6 x 108 Pa. With a cutting speed vc = 7.7 ms and a cutting depth ap = 500 µm, the applied cutting conditions are identical to those of the measured milling process. The workpiece size (30 x 15 mm) was also adapted to the measured process; the minimum mesh distance at the region of interest is 45 µm. In the machine tool, the workpiece is magnetically clamped to the base surface, therefore the base surface is considered static in the simulation.





3. Results


3.1. Measured Material Loads and Modifications


Figure 6 shows the loads for the single-tooth milling process, measured during tool engagement using speckle photography. Since the cutting depth is smaller at the beginning of the tool engagement, a small impact results when the tool plunges into the workpiece. Due to a dynamic elastic out-of-plane movement of the workpiece in the edge area of the machined surface, this area (800 µm) cannot be included in the speckle correlation and is therefore not considered. The calculated deformation field for the x-direction in Figure 6a shows how the material on the workpiece surface is pushed in the negative x-direction. Maximum displacements of up to 1.8 µm are measured. Deformations in the y-direction occur mainly in the area in front of the cutting edge of the tool, whereby the deformations on the surface shown in Figure 6b are greatest with a maximum of 2 µm.



The material modification remaining in the workpiece is determined by taking a speckle image in sufficient time after the last cut of the tool and comparing it with the image of the unloaded initial state. The evaluated displacement fields are shown in Figure 7.



On the one hand, it is noticeable that the remaining modifications in the form of displacements amount to only one tenth of the maximum displacement during load. Furthermore, it can be seen that the modifications are only limited to the upper 30–70 µm. In contrast to the dynamic load measurement, here the boundary to the machined surface can be evaluated much better when determining the remaining material modification. However, the evaluation of the displacements results in an increased measurement uncertainty in the edge area down to a depth of 150 µm compared to the mean uncertainty of 20 nm. The increased measurement uncertainty in the edge area is caused by the formation of a slight burr, corresponding to small plastic out-of-plane deformations of the measured front surface and filtering at the edge [8]. It is noticeable, however, that the periodic fluctuations coincide with the period of the chatter marks measured with a phase-contrast microscope in Figure 8. The measured modifications thus describe real machining effects despite the higher measurement uncertainty in the marginal area.




3.2. Simulated Material Loads and Modifications


The validation of the measurement data is carried out with the help of FEM simulations. The cutting conditions in the simulation were chosen in such a way that the cutting forces in simulation and measurement match as closely as possible. The calculated displacements can be seen in Figure 9.



The measured (Figure 6b) and simulated (Figure 9b) y-displacement are almost identical, both in the penetration depth and in their maximum value of 2 µm. The penetration depths of the x-displacement in Figure 6a and Figure 9a also agree well, but in terms of displacement the simulation results with a maximum of 3 µm are slightly larger than the value of 1.8 µm measured with speckle photography. One possible reason for the lower deformation may be the asymmetrical rigidity of the machine tool or tool holder. In the radial direction (y-direction), the stiffness of the tool holder is larger because only compressive forces act on the holder. A force in the x-direction, on the other hand, leads to a bending of the tool holder, which is approx. 20 mm long (black part in Figure 3a, shown here strongly shortened). A slow increase of the chip thickness along the cutting path leads to an increased bending of the tool holder during the cut. Therefore, the deformation of the workpiece in the x-direction is lower in the real process.



The simulated modifications remaining in the material after cutting are shown in Figure 10. The deformations in the y-direction (Figure 10b) vanished after cutting. Strong deformations remain only on the left edge of the workpiece. They do not occur in the real process because there is no open interface and the tool leaves the workpiece with an upward direction component (see also cutting geometry in Figure 4). However, the displacements in the x-direction are obviously retained. In the upper right edge of the image (Figure 10a) the remaining deformations extend to a depth of 200 µm.



As already mentioned in Section 3.1, it is assumed that the correlation algorithm of the evaluation generates increased measurement uncertainties in the marginal area of the surface, in particular due to the filtering at the edge. A quantitative comparison with the measurements is therefore not meaningful in this upper limit range. However, it should be noted that a very good quantitative agreement was also found at least for the measured loads in Figure 6 and Figure 9.




3.3. Investigations of Multiple Stresses by Speckle Photography


In order to investigate the effects of multiple stresses in a manufacturing process with periodically recurring mechanical impact, speckle photography measurements were made after the last tool intervention. After the last cut, the tool slowly moved out of the workpiece in the -y-direction (see upper black and white area of each subimage of the picture sequence in Figure 11). The dynamic changes of the measured strains in the y-direction calculated from the speckle patterns are shown in the lower parts of the subimages in Figure 11. The dynamic excitation of the workpiece is conspicuous in this consideration of multiple loads. Only after approximately 300 ms a stable, final state results in relation to the unloaded case before the last tool impact. This means that in the subsequent cuts before, the tool always encounters a dynamically excited system, which must be taken into account when determining loads in this process with periodically recurring tool intervention. Note that due to the already excited system state, the strain measurement after 300 ms does not describe the overall remaining modification, but merely reflects the difference to the dynamic strain inherent to the state before the last tool impact. For an evaluation of the temporal course of multiple loads, it is therefore necessary to measure an image sequence that is as continuous as possible instead of individual snapshots, whereby the acquisition rates must correspond to the process dynamics. The required temporal resolution is estimated on the basis of the FEM simulation of the following section.



All in all, the speckle photographic measurements show that it is possible to describe the dynamic processes in the workpiece with sufficient spatial and displacement resolution by means of short-pulse exposure.




3.4. FEM Simulation of Shock Waves Occurring after Tool Engagement and Chip Breakage


In order to investigate the causes of the dynamic excitations and workpiece deformations, FEM simulations with high temporal resolution were carried out for the process of chip separation. In particular, the temporal change of the strain fields in the y-direction was examined, which is shown in Figure 12. It can be observed that expansion waves are released from the left side of the workpiece over a longer period of time, propagating in the direction of the upper right side of the workpiece (maximum drawn as black and white dashed lines). The maximum strain values of these shock waves are clearly above the values of the measured strains in Figure 11. This is due to the fact that a significantly longer time span (60 ms) has elapsed in the measurement in contrast to the time step in the simulation (0.5 µs).



The calculation of the propagation velocity of the shock wave is done in Figure 13. For this purpose, the maximum in the area of the shock wave (black/white dashed line) is evaluated and the amount of the displacement vector is added to the last time step. The shock wave speed cS results from the gradient in the plotted path-time diagram and is cS = 3318 ± 452 ms. According to Rose [15], the sound velocities in structural steel are 5850 ms in the longitudinal direction and 3230 ms in the transverse direction. The propagation velocity of the simulated strain front thus corresponds within the uncertainty with the transverse propagation velocity of a sound wave in structural steel.



In the last time step of the simulation (Figure 12, bottom right) it can be seen that the observed shock wave runs to the top right against the edge of the workpiece. From this boundary surface, the wave is likely to be reflected back and forth in the workpiece until it is completely damped.



This explains why dynamic movements of the strain fronts are maintained over longer periods of time and can still be detected by speckle photography 300 ms after the last tool impact.





4. Discussion


In a single-tooth milling process, dynamic loads and modifications in the form of deformations and strains were measured using speckle photography. The validation approach of the in-process measurements for the highly dynamic manufacturing process of single-tooth circumferential milling was based on FEM simulations. For this, similar cutting conditions were used in the simulation as in the real manufacturing and measuring processes. The measured loads in the form of deformations agree qualitatively with the simulated results. In particular, the displacements in the y-direction are quantitatively equivalent, with a penetration depth of about 3 mm and a maximum displacement of 2 µm. Hence, the applicability of speckle photography for in-process measurements during a milling process is validated.



In order to measure the influence of chip formation or chip separation on the internal strain state of the workpiece, it was originally intended to provide the trigger point with a slight time offset from cut to cut in this very dynamic milling process. Each individual measurement would thus take place at a different cutting depth and a slightly different rotation angle of the tool. Provided that the workpiece is homogeneous and the tool encounters the same initial state of the workpiece at each cut, the chip removal and its influence on the strain state of the workpiece could then be investigated with an extremely high time resolution. The smallest resolution (smallest meaningful trigger time offset) is defined by the jitter of the laser pulses, which amounts to 5 µs. At a cutting speed of vc = 7.7 ms, the trigger point could be shifted by this smallest unit to allow measurements of tool shifts of approx. 40 µm on the circular path.



The results from Figure 11 in Section 3.3 illustrate why this approach does not work. In a subsequent cut, the tool never encounters the initial state of the workpiece, but rather a mechanically excited system with an inhomogeneous strain or residual stress state. In the periodic milling process shown, 60 ms elapse between tool intervention and the next intervention. The time required for the workpiece to reach a stable final state after excitation, however, is approx. 300 ms. Especially in the case of multiple loads with periodically recurring stresses, which occur more frequently than every 300 ms, it can be assumed that the process encounters an excited workpiece and that the previous load must therefore also be taken into account.



After a sufficient decay time, the measured modifications finally are one order of magnitude below the measured maximum loads.



The chip formation and the chip breakage were theoretically investigated by means of a FEM simulation. It could be shown that strain waves propagate through the workpiece at approx. 3320 ± 452 ms, which are released from the workpiece side due to the tool exit. The propagation velocity of the simulated strain front corresponds within the uncertainty of the propagation velocity to the literature values for a sound wave in structural steel.



Furthermore, it is to be expected that the propagating strain front is reflected at the boundary surfaces and therefore passes through the workpiece several times before the wave vanishes due to the damping of the material.



This leads to the question, when do the oscillations excited by the impact theoretically come to a rest? According to Roderick and Truell [16], the sound absorption coefficient for steel alloy (50CrMo4) is approx. 60 dB/1000 m at a sound frequency of less than 2 MHz. The sound wave with a propagation velocity of 3320 ms would require approximately 300 ms for the distance of 1000 m. According to the measurement results from Figure 11, the remaining modification change after 300 ms has actually dropped to about one thousandth of the maximum (60 dB). Therefore, for low frequencies of the excitation pulse due to the tool intervention, the measured excitation duration basically corresponds to the literature values.



The formation of chatter marks (see Figure 1) is explained in current research reports by chip formation and chip breakage, which stimulate the entire tool system and the workpiece to vibrate. The aspect that the tool encounters a workpiece that is usually excited periodically and in which the cutting forces and the dynamic strains already introduced are superimposed has not yet been considered. The results of this article show that although the dynamic excitation is smaller by a factor of 10 than the maximum occurring loads, these material dynamics should nevertheless be included in the research of chip removal. It is very probable that the current strain state influences the chip formation and in particular chip breakage. Therefore, it cannot be ruled out that the investigated dynamic expansion waves or shock waves, with their change in the residual stress state of the workpiece, have an influence on the formation of chatter marks.



Therefore, when investigating process dynamics, such as the formation of chatter marks, not only the vibration and resonance behavior of the machine tool or the workpiece should be considered in the future, but also the internal dynamic strain condition of the workpiece at the time the tool is engaged.



In order to display the dynamic deformation processes in the future with sufficient temporal resolution and also to be able to observe such things as chip breakage or the formation of chatter marks, at least three measurements should be taken in a minimum measuring field of 10 mm. At a sound velocity of 3330 ms an image acquisition rate of one million frames per second is required. A currently purchased camera system (Photron FASTCAM NOVA S12, Photron USA, Inc., San Diego, USA, 2019) is capable of this measurement frequency. Upcoming measurements during the single-tooth circumference milling process will be carried out with this system.



At the same time, it should be examined furthermore whether the measurement uncertainty and the resolution behavior of the system are sufficient to be able to make predictions about the residual stress states of the workpiece based on the determinations of the sound velocity components.




5. Conclusions


In machining processes such as single-tooth milling, dynamic vibrations of the manufacturing system usually occur. In contrast to these well-known effects, this paper examines the question of whether additional mechanically-induced dynamic loads in the workpiece are stimulated by the tool impact. For this purpose, the load during tool engagement is first measured by means of speckle photography and its applicability for in-process use is confirmed by comparison with theoretical predictions. Subsequently, it is shown both metrologically and simulatively that the tool impact induces "shock waves" during milling in the form of deformations and strains which propagate through the workpiece at the speed of sound. In the present case, the wave ebbs after many multiple reflections at the boundary surfaces, so that the resulting dynamic excitation decays after 300 ms. The cyclic multiple loads have a period duration of 60 ms, which is shorter than the sound decay time. Therefore, it can be assumed that the tool encounters an already excited initial state during machining. Especially in the description of chip formation, chip breakage, and the formation of chatter marks, the material-internal dynamic strain variations should therefore also be considered. Overall, the results illustrate the potential of speckle photography in combination with modern high-speed cameras and compact short-pulse lasers. Speckle photographic in-process measurements of dynamic deformations and strains can provide deeper insights into individual manufacturing processes. This enables the optimization of manufacturing processes (e.g., by specifically adapting the resonance behavior via the design of the workpiece geometry or the clamping device).
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Figure 1. Undesired chatter marks in a turning process (right half of picture). 
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Figure 2. Image of the printed logo of the Transregional Collaborative Research Center and the behavior of the subjective speckle pattern when decreasing the aperture (increasing the f-number). 
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Figure 3. Use of speckle photography for single-tooth circumferential milling: (a) basic measurement setup, (b) integration into the processing machine, and (c) camera shots of the unloaded and loaded condition. 
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Figure 4. Cutting geometry for single-tooth circumferential milling. 
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Figure 5. Geometry model of the milling process for finite element method (FEM) simulation. 
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Figure 6. Loads measured by speckle photography during single-tooth milling. (a) Deformation in the x-direction and (b) deformation in the y-direction. The upper black and white area shows exemplarily the tool position and the chip formed in front of it. 
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Figure 7. Remaining modification measured by speckle photography in the form of deformations: (a) x-deformation and (b) y-deformation. 
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Figure 8. Chatter marks on machined workpiece surface, measured with a phase-contrast microscope. 
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Figure 9. Simulated loads of single-tooth milling process. (a) Deformation in the x-direction and (b) deformation in the y-direction. 
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Figure 10. Simulated remaining modifications in the form of deformations: (a) x-deformation and (b) y-deformation. 
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Figure 11. Image of the tool and the workpiece as well as the corresponding dynamic strain result after the last tool impact. 
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Figure 12. FEM simulation of shock waves after chip breakage for different time steps. The black and white dotted line is located on the maximum of the strain releasing from the lower left and symbolizes the strain front propagating through the material. 
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Figure 13. Velocity of propagation of the strain front, calculated from the displacement of the strain maximum (black and white dashed lines in Figure 12). 
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