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Abstract

:

Multi-Principal-Element or High-Entropy Alloys (MPEAs/HEAs) have gained increasing interest in the past two decades largely due to their outstanding properties such as superior mechanical strength and corrosion resistance. However, research studies on their processability are still scarce. This work assesses the effect of different machining conditions on the machinability of these novel alloys, with the objective of advancing the introduction of MPEA systems into industrial applications. The present study focuses on the experimental analysis of finish-milling conditions and their effects on the milling process and resulting surface finish of CoCrFeNi, Al0.3CoCrFeNi and Al0.3CoCrFeNiMo0.2 alloys fabricated via Spark Plasma Sintering. Ball-nose-end milling experiments have been carried out various milling parameters such as cutting speed, feed per cutting edge, and ultrasonic assistance. In situ measurements of cutting forces and temperature on the tool edge were performed during the experiments, and surface finish and tool wear were analyzed afterwards. The results exhibited decreasing cutting forces by means of low feed per cutting edge and reduced process temperatures at low cutting speed, with the use of ultrasonic-assisted milling. It was shown that the machinability of these modern alloys through conventional, as well as modern machining methods such as ultrasonic-assisted milling, is viable, and common theories in machining can be transferred to these novel MPEAs.
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1. Introduction


Conventional alloys, such as Fe-based steels, are based on one principal element to which other minor elements are added in different proportions. A series of publications between 2003 and 2004 [1,2,3] began a new research field with Multi-Principal-Element Alloys (MPEAs). These refer to alloys based on two or more principal elements, among which High-Entropy Alloys (HEAs) have gained importance, typically defined as alloys with five or more elements in near-equiatomic proportions [4]. Such MPEAs are promising for a wide range of applications due to their outstanding mechanical properties (e.g., high ductility and strength) combined with functional properties such as corrosion resistance and special electrical or magnetic properties [4,5].



The four-element system CoCrFeNi resulted from eliminating Mn from the well-researched CoCrFeMnNi-HEA (or “Cantor” alloy) [2] in the search for improved properties, such as pitting-corrosion resistance [6]. The CoCrFeNi system has, like the Cantor alloy, a single-phase FCC columnar-grain microstructure [7] and shows excellent mechanical properties at cryogenic temperatures [8,9], which may enable its use in components such as liquid gas storage tanks and piping. The AlxCoCrFeNi system can incorporate small proportions of Al without phase transformation (typically x ≤ 0.3) [10], accompanied by a slight decrease in hardness [11], as well as thermal and electrical conductivity [12]. This system also reports a good combination of ductility and strength [13]. A higher Al content leads to the segregation of harder BCC phases in a multiphase microstructure [11,14], which lowers the ductility of these alloys. The addition of refractory elements such as Mo to MPEAs aims to improve their fatigue, creep, and wear resistance at high temperatures. Rymer et al. [15] performed mechanical and microstructural characterizations on spark plasma sintering (SPS)-fabricated Al0.3CoCrFeNiMo0.2, finding ultrafine Mo- and Cr-rich σ phase precipitates, preferentially located at triple junctions and grain boundaries. Several synthetization routes have been implemented successfully in the fabrication of novel MPEA, such as casting [14], sintering [16], and thermal spraying [17]. However, for potential applications, it is still necessary to bridge the gap regarding processability, since publications in this matter are scarce, hence the importance of researching, for example, machining processes on these novel alloys.



So far, research on the machinability of HEA systems is limited [18,19,20,21,22,23], with the majority focusing on the Cantor alloy. Gou et al. [18] conducted a study on different machining processes on the Cantor alloy, including milling, grinding, mechanical polishing, electrodischarge machining, and electropolishing. They reported a high affection of the subsurface in terms of high microhardness and compressive residual stresses for the milling process. Liborius et al. [21] investigated the influence of the tool material (CBN, PCD, CVD diamond, and solid cemented carbide) and cutting speed (100–400 m/min) in the face turning of SPS-fabricated CoCrFeNi, reporting the lowest roughness values and tool wear for CBN 90 tips. Litwa et al. [22] investigated the effect of depth of cut, feed per cutting edge, and cutting speed on the Cantor alloy, observing reduced cutting forces at a low depth of cut and feed rate and at high cutting speeds. These results are in accordance with those reported by Richter et al. in [20,23], who investigated ball-nose-end milling with ultrasonic assistance on the Cantor alloy by systematically varying feed per cutting edge and cutting speed, and combining them with the use of ultrasonic assistance. The use of ultrasonic-assisted milling (USAM) reported improved machinability in terms of cutting forces and surface integrity, reducing residual stresses on the surface and subsurface.



Several publications to date report significant positive effects from USAM, such as reduced tool wear, lower cutting forces, and lower frequency of surface defects. The majority of these publications focus on hard-to-machine NiCr-based alloys, such as IN718. Fang et al. [24] observed reduced surface-defect formation for IN718 under low feed per cutting edge using USAM. A reduction in cutting forces by 12%–25% was obtained by Nath et al. [25] with USAM, as well as reduced tool wear. Ahmed et al. [26] reported a reduction in the subsurface-induced hardness under ultrasonic-assisted turning. The work by Schroepfer et al. on IN725 [27] also reported a reduction in cutting forces and residual stresses, with an earlier introduction of compressive residual stresses under USAM enhancing the resistance to crack initiation and propagation in the surface. More recently, the benefits of USAM on different materials were demonstrated, such as eliminating fiber pull-out on carbon-reinforced polymer composites or generating a microtexture on titanium alloys [28,29] Finally, the benefits of USAM on HEAs were demonstrated by Richter et al. for the CoCrFeMnNi alloy [20,23] and the CoCrFeNi alloy [30].



Research on the machinability of MPEAs so far is limited, with the majority focusing on the Cantor alloy, and most of the research focusing on conventional machining methods. The present study focuses on ball-nose-end milling, including the use of ultrasonic assistance, of SPS-fabricated MPEAs of the AlxCoCrFeNiMoy family. The introduction of ultrasonic assistance into the cutting process is expected to show beneficial effects in terms of cutting forces, as has been reported in the previous research. The objective is to correlate the influence of process parameters in ball-nose-end milling (feed per cutting edge, cutting speed, and ultrasonic assistance) with process conditions and resulting surface integrity. Thus, this work expands the research on the machinability of novel MPEAs, essential for their application into real components.




2. Materials and Methods


2.1. Material Preparation


Bulk materials of the MPEAs CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2 were produced from metallurgical powder via spark plasma sintering (SPS). As feedstock, inert gas-atomized powder (Nanoval GmbH & Co. KG, Berlin, Germany) was used. With an SPS KCE FCT-HP D 25-SI (FCT Systeme GmbH; Frankenblick, Germany), the feedstock powder was compacted into bulk alloys with a diameter of 40 mm and a height of 6 mm. For the production of the bulk alloys, graphite tools consisting of two graphite punches, one graphite die, and two graphite cones were used. Graphite foils with a thickness of 0.3 mm were inserted between the feedstock and the punches as well as the die. Reactions with the atmosphere were prevented by flushing the recipient with argon and evacuating it twice (<1 mbar). The consolidation was carried out under a pressure of 50 MPa, at a temperature of 1050 °C and a holding time of 10 min. The cooling was carried out at a cooling rate of approx. 150 K/min up to 573.15 K via water cooling system at the stamps.



The sintered pieces had a disc-like shape and were cut via electric discharge machining (EDM) to produce specimens for further machining by milling with the dimensions 14 × 14 mm2 and thickness 2 mm. One specimen from each alloy was prepared for metallographic analysis, and the microstructures are shown in Figure 1. At this magnification, the CoCrFeNi and Al0.3CoCrFeNi alloys show a single-phase columnar grain microstructure, while the Al0.3CoCrFeNiMo0.2 alloy shows the segregation of a bright intergranular Mo–Cr rich σ-phase, as reported in [15].



The chemical composition for these alloys was measured in representative areas via EDX. Although this does not provide accurate quantitative data of composition, the atomic percentage (at.%) results are shown as an approximation in Table 1. The composition of the CoCrFeNi alloy shows unexpected Al content.




2.2. Milling Experiments


The milling experiments were carried out under dry conditions using a five-axis machining center (“DMG MORI” DMU65) modified for the ultrasonic-assisted milling (USAM) process. An unused right-hand ball-nose-end milling tool with four cutting edges according to DIN 6527 [31] was used for the full design of experiments on each alloy. The tools provided by WOLF Werkzeugtechnologie GmbH were made of cemented carbide (tungsten carbide in cobalt matrix) coated by physical vapor deposition (PVD) with an AlTiCrN layer (2–3 µm). The diameter was 6 mm, with a relief angle of 15°, helix angle of 30°, and rake angle of 4°. The tool geometry and coating were designed for the finish milling of hard-to-machine Ni-based alloys such as IN718, and therefore was expected to perform well for these alloys, with similarities in chemistry but lower hardness values. Figure 2a shows the experimental setup for the milling experiments with the equipment for the in-situ measurements of cutting forces and temperatures on the tool edge. Figure 2b shows a close-up of the tool–workpiece orientation with a description of the tool kinetics and definition of the axes of experimental setup.




2.3. Design of Experiment (DoE)


The experiments carried out aimed to isolate the influence of different parameters of the milling experiment on the finished surface. The parameters assessed are the cutting speed (vc), the feed per cutting edge (fz), and the use of ultrasonic (US) assistance. The use of vc and fz to define the machining conditions (instead of tool rotation or feed velocity) allow us to reproduce the experiments with different tool geometries and maintain comparability.



In Table 2, the full design of the experiment carried out on each alloy is shown. The experiment consists of milling 12 specimens of 14 × 14 mm2 with a cut depth of 0.3 mm for a material-removal volume per specimen of ≈60 mm3 and a full DoE milling ≈ 720 mm3 with the same cutting tool. For Ni-based alloys, the dry-cutting conditions recommended by the tool manufacturer were set as control experiments (marked with *). They were chosen to maintain the tool orientation, down-milling mode, cutting depth ap, and stepover ae constant, with the recommended parameters from the tool manufacturer set for the reduction in the scope of the experiment. The tool inclination in the x- (feed angle λ) and y- (tilt angle τ) directions were fixed at 45°, with a resulting angle β over the sample surface of 54.7°, calculated according to [32]. This prevents cutting with the tip of the nose, therefore avoiding the lowest cutting-speed points of the tool edge. The cutting speed vc and feed per cutting edge fz were varied systematically during the experiment, combining low and high vc (30–110 m/min) with low and high fz (0.04–0.07 mm), and all milling conditions were examined, both in conventional milling (0% USAM) and ultrasonic-assisted milling (100% USAM). Due to the ball-shaped tool, the cutting speed was not constant along the cutting edges, and vc refers to the maximum relative speed between the tool and workpiece. The design of the experiments used was already described in [20,23]. To avoid systematic errors, e.g., by heat generation, the central-point tests were performed twice to examine the reproducibility, with those under conventional milling placed as first and last in the experiment to assess the effect of tool wear. In between the two points, the test order was established randomly.



The ultrasonic oscillation was approximately 3 µm, selected as a maximum value with a given ultrasonic actor, at resonance frequency, which depends on the tool weight and cutting conditions. The value of this frequency measured was fUS ~40 kHz during the experiments on CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2 alloys, respectively.



In situ measurements of cutting forces and temperatures were carried out for each sample during milling at two different positions. A Kistler dynamometer type 9139AA was used to measure cutting forces (Ff, feed force; FfN, normal feed force; and Fp, passive force). A high-speed pyrometer KLEIBER 740, with a sample interval around 6 µs and an emissivity of 0.1, was used to measure the temperatures on the tool’s cutting edge upon exit from the workpiece. After due calibration, the pyrometer detected infrared radiation from temperatures above 127 °C; therefore, only temperatures over this value were measured. The pyrometer was calibrated on the tool surface/coating by heating the tool by induction and counter measuring the temperature with a type K thermocouple. The maximum local temperatures reached in the flank face during each cutting motion can be higher than the measurements obtained, given the positioning of the pyrometer at the tool edge upon exit from the workpiece, but are still a good approximation to the maximum temperatures on the tool and allow for comparability between milling conditions.




2.4. Analysis


The data acquired (raw data shown in Figure 3) were smoothed to reduce noise in the measurement, necessary for the postprocessing of the data to perform correct peak identification. In addition, any possible offset in the measurements was subtracted. The dynamometer signal is composed of force measured in three perpendicular directions: the feed force Ff, the normal feed force FfN, and the passive force Fp (see [27]). The total force Ft is calculated according to Equation (1):


   F t  =    F f 2  +  F  f N  2  +  F p 2       



(1)




and a peak identification for the local maxima is run to find the maximum total force in each cutting motion of the tool. Later, a statistical analysis is carried out over all peaks to find the resulting cutting force Fres, as the average of maximums of all peaks.



The data acquired with the pyrometer were treated similarly, obtaining a resulting temperature Tr that was used for the analysis of results. For each alloy, the milled samples were topographically analyzed by means of scanning-electron microscope (SEM, Phenom XL, Thermo Fisher Scientific, Berlin, Germany) and light-optical microscopy (LOM, Keyence VHX-7000, Neu-Isenburg, Germany). Tactile roughness measurements were carried out in x- and y-directions with a contact profilometer (Hommel-Etamic T1000, Jenoptik, Jena, Germany) according to DIN EN ISO 4287 [33].





3. Results


3.1. Milling Process


3.1.1. Cutting Force


To assess the influences of cutting speed, feed per cutting edge, and the use of ultrasonic assistance separately, specific effect diagrams are shown in Figure 4 for each alloy. Here, the connection of the described points should support the effect representation and not represent a linear connection. Figure 4a–c show the influence of cutting speed on the resulting force for CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2, respectively. In these diagrams, all experiments performed at low vc (30 m/min) have been averaged and compared to those performed at high vc (110 m/min). A tendency to reduce cutting forces with increasing cutting speed is shown in all three diagrams and is especially significant (effect greater than the standard deviations) for the Al0.3CoCrFeNi alloy under conventional milling. Milling at high speed generally leads to higher temperatures, and a localized increase in temperature can promote thermal softening, causing ductility to increase and allow for greater shear deformation under lower cutting force [34]. A similar influence of cutting speed was reported in [23] for the Cantor alloy in the range of cutting speeds investigated.



The influence of feed per cutting edge on the resulting force is shown in Figure 4d–f. In these diagrams; all experiments performed at low fz (0.04 mm) have been averaged and compared to those performed at high fz (0.07 mm). Feed per cutting edge shows significant effect in all cases, except for the Al0.3CoCrFeNi under USAM. This is due to the low value of forces reported in experiment no. 2 for this alloy. Increasing fz between 0.04 and 0.07 mm led to an average increase in Fres by approximately 30% for the Al0.3CoCrFeNi and Al0.3CoCrFeNiMo0.2 alloys and by 60% for the CoCrFeNi alloy.



This influence of feed per cutting edge is consistent with the current theory of cross-section of undeformed chip by Kundrák et al. [35], which states that the forces necessary to cut off a chip from the workpiece increase for a larger section of cut. However, for the Al0.3CoCrFeNi, a minimum in force was found at high cutting speed and high feed per cutting edge under USAM. The low value reported is the reason for the larger error observed at high feed per cutting edge under USAM for this alloy. This is due to a high rate of work hardening in this alloy, which is reported in [36]. At low feed per cutting edge, the tool may be cutting over a strain-hardened subsurface, which is avoided at higher feed. However, this has not been proven, and the effect is only observed at high cutting speed under USAM for this alloy.



Regarding the deviation bars shown in the effect diagrams below, it is observed that these tend to be larger for the cutting speed comparison in Figure 4a–c than the feed per cutting edge comparison in Figure 4d–f. The effect is shown for each cutting velocity value investigated, by averaging two experiments with low and high feed per cutting edge. Since feed per cutting edge is the most influential parameter on cutting forces, the scatter is higher than in the feed per cutting edge comparison, except in Figure 5e, due to the low force value reported for Al0.3CoCrFeNi under USAM at high feed per cutting edge and high cutting speed.



The most significant influence of ultrasonic assistance was found in the Al0.3CoCrFeNi alloy, with ultrasonic assistance reducing cutting forces at low and intermediate feed per cutting edge and intermediate and high cutting speed. US assistance showed little or no significant influence on Fres for the CoCrFeNi alloy, shown in Figure 5a,c. This could be due to the inhomogeneity of its microstructure because of the hard Al-Ni-rich inclusions. On the Al0.3CoCrFeNiMo0.2 alloy, it showed a tendency to reduce cutting forces using USAM at high cutting speed.



Reductions in cutting forces have been reported on USAM of Inconel alloys [24,25,27] and the Cantor alloy [23], and attributed to reduced contact time and, therefore, less friction in the cutting process [37], as well as the effect of acoustic softening [38,39]. Selecting the machining conditions with the lowest cutting forces (typically fz = 0.04 mm and vc = 110 m/min under USAM) may benefit the reduction in power usage as well as reduce load on the tool and possibly extend tool life. However, this latter conclusion requires further analysis by means of tool-life testing, which is outside of the scope of this work.




3.1.2. Process Temperatures


Figure 5a–c show the influence of cutting speed by averaging all experiments performed at the same vc. Since the experiments at the lowest cutting speed of 30 m/min did not reach the detection limit of the used high-speed pyrometer at 127 °C, the results from the control point at vc = 70 m/min are shown. However, the feed per cutting edge at vc = 70 m/min is 0.055 mm, and at vc = 110 m/min, the results for fz = 0.04 and 0.07 mm are averaged. Therefore, the comparability between the intermediate and high cutting speeds is limited.



Increasing cutting speed leads to increasing temperature, starting below 127 °C at 30 m/min and reaching maximums over 200 °C at 110 m/min under conventional milling for all three alloys. During the cutting process, kinetic energy from the tool motion is consumed by elastic deformation, plastic deformation at the shear plane, and friction, and is converted into heat [40]. A higher cutting speed means a higher shear deformation rate and, therefore, a greater heat power generated due to shear plane deformation. Due to the low thermal conductivity of these alloys [12], heat dissipation is slow, and the temperature rises locally. As a result, the process temperature increases with increasing cutting speed, as reported for several Ni-base materials [41,42], with a similar thermal conductivity [12] to the three alloys in the present study.



Figure 5d–f show the influence of feed per cutting edge only on the experiments carried out at high cutting speed (vc = 110 m/min), since no data were available at vc = 30 m/min. At high cutting speed, the CoCrFeNi and Al0.3CoCrFeNi alloys showed no significant influence of fz under conventional milling, reporting values from 200 to 205 °C. Under USAM conditions, increasing feed per cutting edge from 0.04 to 0.07 mm showed a reduction in temperature by 15 to 20 °C in these alloys. In Al0.3CoCrFeNiMo0.2, increasing fz led to an increase in temperatures from 180 °C to 210 °C.



According to the theoretical model proposed by Verma et al. [38], increasing fz leads to higher process temperatures. This is due to an increased area of the shear plane and a longer milled length by each cut of the tool edge on the workpiece, both effects causing higher heat generation and temperature rise. The results from the Al0.3CoCrFeNiMo0.2 alloy are in accordance with this model, with higher feed per cutting edge leading to higher temperatures. However, in the CoCrFeNi and Al0.3CoCrFeNi alloys, no influence under conventional milling was observed, and a reduction in temperatures at increasing fz was reported under USAM. A reasonable explanation is that there is an increased heat transfer into the chip at high feed rate (larger chip size), and, therefore, the value of the temperature measured at the cutting edge of the tool is lower. The use of USAM tends to cause a reduction in temperature in comparison to conventional milling, which is especially significant at high speed and feed per cutting edge in all three alloys, going from 205 °C to 185 °C in the CoCrFeNi; from 200 °C to 155 °C in the Al0.3CoCrFeNi; and from 230 °C to 205 °C in the Al0.3CoCrFeNiMo0.2. The Al0.3CoCrFeNi alloy showed the highest reductions in temperatures due to US assistance.



The reductions in temperatures observed are in accordance with the theoretical model proposed by Verma et al. [43], in which the intermittent cutting process induced by ultrasonic vibration on the tool leads to a decreased contact ratio and decrease in total generated heat. The introduction of acoustic softening by the ultrasonic vibration contributes additionally to lower process temperatures.



High temperatures during the milling process are to be avoided for several reasons. First, higher temperatures induce a higher depth of the plastically deformed layer in the first few micrometers of the workpiece, known as white layer. This region is typically affected by increased hardness and could (as a result) embrittle the workpiece [44], while also inducing higher wear out on the tool. In addition, the appearance of tensile residual stresses on the surface of the workpiece is largely due to local temperature gradient during machining [45], and the presence of higher tensile residual stresses on the surface is typically detrimental for manufactured components since it may enhance crack initiation and propagation [46].



Regarding the effects on the tool, high process temperatures accelerate diverse tool-wear mechanisms, such as abrasion, diffusion, and oxidation [47]. Furthermore, buildup edge (BUE) on the cutting tool forms preferentially under low cutting velocities, but thermal softening of the workpiece and adhesion mechanisms are enhanced at higher temperatures caused by high speeds [48]. BUE on the tool is undesired since it modifies the geometry of the edge, leading to poorer surface integrity.



The PVD AlTiCrN coating has high hardness and oxidation resistance and is designed to minimize the adhesion tendency. It has a maximum recommended process temperature of 800 °C. The highest resulting temperatures measured under the experimented conditions were around 230 °C. However, these are not necessarily the highest temperatures in the process, as the temperature is measured on the cutting edge upon its exit from the workpiece, and the highest temperatures are most likely found on the contact point between the rake face of the tool edge and the specimen [42]. Since these temperatures are not directly measured, it is not possible to confirm the maximum temperature to which the tool coating is exposed. However, Le Coz et al. [42] found maximum temperatures below the limit of the coating used for much higher cutting speeds in IN718. Therefore, regarding process temperatures on the tool, it is reasonable to declare the milling conditions that encompass high cutting speed as suitable, which, in turn, reduce forces and load on the tool.



Finally, the introduction of coolants or lubrication in the milling process would most likely help lower temperatures as well as cutting forces, as it has been reported for ball-nose-end milling of Inconel alloys [27]. Therefore, despite the environmental drawback from their use due to polluting elements and lubricant residue in manufactured components and evacuated chips [49], it would be of interest to investigate their effect on these novel alloys.





3.2. Effect on Tool Wear Out


Figure 6a–c show the state of the tool-edge rake face after the full round of experiments on each alloy, compared with an unused tool (Figure 6d), and the effect of variation in tool condition on cutting forces between the first and last experiments (Figure 6e). This shows a correlating relationship between the material hardness and the cutting forces, as the forces also increased with increasing hardness. For all three alloys, an abrasion-wear mechanism was observed, which took the PVD AlTiCrN coating off in the most affected region of the edge, revealing the tungsten carbide cobalt (WC-Co) substrate underneath, which appears bright under EBS imaging. For the Al0.3CoCrFeNiMo0.2, the adhesion of some material from the specimens to the rake face of the cutting edge was reported. The finding of a small build-up on the edge on the cutting tool is in accordance with the highest temperatures reported for this alloy, conditions which enhance the thermal softening of the workpiece and adhesion mechanisms to the tool edge [50].



Compared to a superalloy Inconel 718 where the average chip volume until wear is about 3200 mm3 [51], a full DoE accounts for approximately 700 mm3 of milled material. The tool wear observed accounts for moderate increases in cutting forces (≈15%–20%) and, therefore, it is considered that for the machining conditions experimented, the tool and coating material selected are acceptable. However, there is still great potential for improvement in tool adaptation and development for each individual alloy. For a more detailed analysis of tool performance, specific tool-life-testing experiments are necessary, which are outside of the scope of this work.




3.3. Surface Integrity


Figure 7 shows the light-optical-microscopy images under coaxial illumination of 1 × 1 mm2 surface areas of the milled alloys under low (30 m/min) and high (110 m/min) cutting speeds, as well as low (0.04 mm) and high (0.07 mm) feed per cutting edge. The typical surface topography generated by ball-nose-end milling was observed, with peaks and valleys resulting from each pass of a cutting edge over the workpiece, in accordance with [48]. The distance between milling lines in the stepover (y) direction was the same under all conditions and equal to the stepover value ap of 0.3 mm, which was kept constant during the experiment. The influence of increasing fz was seen on the topography as a larger width of valleys in the feed direction (x). The use of ultrasonic assistance was seen to leave a particular wavy pattern known as ultrasonic pattern, which has been previously reported [23,27].



The CoCrFeNi and Al0.3CoCrFeNiMo0.2 alloys showed a high amount of surface defects. Figure 8 shows EBS topography images for the CoCrFeNi and Al0.3CoCrFeNiMo0.2 alloys, comparing the combined influence of cutting speed and ultrasonic assistance on the milled surfaces, and showing the combined effect of these parameters on the resulting surface. This pattern is easily recognizable at high cutting speeds, due to the high frequency of US assistance at approx. 40 kHz, which (at low cutting speed) results in a very fine pattern not distinguishable at low magnification.



For the CoCrFeNi alloy, grooves and tear defects were identified in all cutting conditions, marked in red (Figure 7). A significant variation in their presence depending on milling conditions was not observed. These surface defects are attributed to the milling tool passing over a hard Al-Ni-rich particle like the ones shown in Richter et al. [30] for the same CoCrFeNi alloy samples. Similar tear and groove defects were found in ball-nose-end milling experiments on CoCrFeMnNi [23] due to the presence of hard oxide particles. The appearance of such surface defects has also been reported due to carbide particles in Inconel alloys [48,52].



We confirmed the observed tears and grooves in the same samples by Richter et al. [30]. The samples showed the presence of an Al-Ni-rich particle on the surface, which was cut by the tool edge and carried in the direction of the tool rotation, leaving a groove defect with particle debris. The presence of these defects is highly detrimental to the surface integrity of the material since they are preferential sites for crack initiation or pitting corrosion [53]. In addition, the interaction between the hard particles and tool edge leads to higher stresses in the workpiece material around the particle. This can lead to higher residual stresses in the workpiece material and can induce higher abrasion on the tool coating and accelerate tool wear.



For the Al0.3CoCrFeNiMo0.2 alloy, a large number of defects consisting of built-up material deposited on the surface were observed. These surface defects, known as BUE defects, have their origin in the workpiece material adhering to the tool edge and forming a built-up edge on the tool. Later, due to friction between the tool edge and workpiece, this material can be detached from the edge and deposited on the machined surface [50]. The appearance of BUE defects on the surface of the Al0.3CoCrFeNiMo0.2 alloy is in accordance with the finding of workpiece material deposited on the tool edge of the ball-nose-end milling cutter used for this alloy, as seen in Figure 6. No influence of feed per cutting edge or the use of ultrasonic assistance was observed on the frequency of BUE surface defects. However, increasing cutting speed showed a higher frequency of these defects. At the lowest vc of 30 m/min, no such defects were observed, at intermediate vc of 70 m/min, some of these defects appeared, and at the highest cutting speed of 110 m/min, they were found with the highest frequency.



The underlying mechanism is caused by the increased heat generation at increased cutting speed, as an important thermal softening of the workpiece appears and adhesion mechanisms to the tool edge are also enhanced, favoring the formation of BUE on the tool. At the same time, high temperatures favor the material adhered to the cutting edge to stick to the machined surface and form the BUE surface defect. Regarding the effect of feed per cutting edge, increasing fz potentially leads to higher temperatures which promote plastic deformation; however, at the same time, it decreases the ploughing area, which in turn lowers the possibility of a built-up edge [50]. Under the competing effect of these two factors, no significant influence of fz was observed. The influence of cutting speed and feed per cutting edge on the frequency of BUE defects observed is in accordance with the results in [48] on surface defects on IN718. The appearance of BUE defects was, in that study, directly related to temperature, and therefore most significant at high cutting speeds. No concrete statement on the US influence on the formation or number of surface defects can be derived from the results presented.



A quantitative analysis of the surface finish was carried out by means of the mean roughness depth parameter Rz obtained from the surface profiles measured in the feed and stepover directions. Figure 9 shows effect diagrams of the influence of cutting speed and feed per cutting edge on Rz in both feed and stepover directions. Rz shows a range of average values between 2.2 and 4.2 µm in the feed direction and between 4 and 5 µm in the stepover direction. For the discussion of these results, Rz was compared with a theoretical prediction Rzth [54] calculated using geometrical considerations of the process, such as tool geometry and orientation, feed per cutting edge, and depth of cut, and the comparison is shown in Table 3. The first observation is that experimental values are consistently higher than theoretical predictions due to deviations from ideality in the process, such as tool deflection and vibrations, according to Nespor et al. [54].



The theoretical roughness Rzth in the stepover direction was higher than in the feed direction, due to an ap = 0.3 mm and fz between 0.04 and 0.07 mm, which is in accordance with consistently higher values reported in the stepover direction than in the feed direction. However, the differences predicted by Table 3 between feed and stepover directions are by several orders of magnitude higher. This is because of the experimental values for Rz in the feed direction (ranging from 2.5 to 4 µm), which have higher deviations with corresponding Rzth (0.07 to 0.20 µm) at low feed per cutting edge, magnify the deviations from ideality in the geometry of the tool edge.



Regarding the influence of cutting speed, increasing vc from 30 to 110 m/min showed a tendency to increase roughness, which is most significant in the stepover direction. The influence is most remarkable for the CoCrFeNi alloy, with increased from 4 to 5 µm in Rz under USAM. The increases in roughness in the stepover direction with increasing cutting speed are attributed to deviations from the ideal cutting process, in the form of larger vibrations and tool deflection introduced by higher cutting speeds [54].



Increasing Rz in the feed direction at increasing fz is in accordance with geometrical considerations of the generated surface, predicted in Table 3. No significant increase appearing for Al0.3CoCrFeNiMo0.2 is attributed to a slight decreased depth of cut, in agreeance with its lower roughness values in comparison with the other two alloys. The reason for this is a significant tool deflection due to the higher hardness of the alloy. In the stepover direction, feed per cutting edge was shown to have no significant influence on the roughness parameters, with a constant average Rz around 4.5 µm. This is in accordance with geometrical considerations of the generated surface, which, in addition to tool diameter and orientation, depends only on the stepover ap.



The use of ultrasonic assistance also shows a tendency to increase the value of roughness parameters; however, in most cases, the difference between conventional milling and ultrasonic-assisted milling is below the standard deviation. A tendency towards increased roughness under USAM is justified in the wavy ultrasonic pattern from the high-frequency axial vibration of the tool. Suárez et al. reported such increased roughness values by means of US assistance in comparison to conventional milling in the face turning of IN718 [55]. However, the effect observed from these results is low, similar to that reported in [23] on ball-nose-end milling of the CoCrFeMnNi alloy, with no considerable influence of ultrasonic assistance on the final roughness.





4. Conclusions


The AlTiCrN PVT-coated ball-nose-end milling tool had a good performance on the CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2 alloys in the range of cutting parameters recommended by the tool manufacturer under dry conditions. Tool wear after milling 720 mm3 under varying conditions was moderate, leading to increases in cutting forces by 15% to 20%.



	
Cutting forces were minimized by using high cutting speed (110 m/min) and low feed per cutting edge (0.04 mm). The use of ultrasonic assistance showed a positive influence in reducing cutting forces.



	
Increasing cutting speed led to increasing temperature on the tool edge. In comparison with conventional milling, the use of ultrasonic assistance led to a reduction in temperatures, especially significant at the conditions with the highest temperatures.



	
Roughness parameters in the feed direction increased with increasing feed per cutting edge, according to expected geometry of the finished surface.



	
The presence of hard particles in CoCrFeNi enhanced tool deflection and vibrations, leading to significantly higher roughness at higher cutting speed, and resulted in a high population of grooves and tear defects on the machined surface, which can be detrimental to the surface integrity.



	
The Al0.3CoCrFeNiMo0.2 showed redeposited material on the milled surface as built-up edge defects at increased cutting speed, in accordance with the built-up edge observed on the tool edge, and the highest temperatures were reported for this alloy.



	
The Al0.3CoCrFeNi alloy reported the highest quality of surface finish in terms of frequency of surface defects, correlating with the lowest hardness and cutting forces, as well as a microstructure free of hard inclusions or precipitates.






This work shows that common theories in machining can be transferred to these novel MPEAs. The milling conditions of low cutting speed (30 m/min) and low feed per cutting edge (0.04 mm) under ultrasonic assistance report moderate cutting forces and low temperatures. These conditions are optimal for the extension of tool life and improved surface integrity by reducing roughness parameters, surface defects, and thermal affection of the workpiece.



The conclusions drawn from this work allow us to characterize the influence of different machining parameters on different surfaces. However, for future research, it would be interesting to conduct subsurface analysis to determine the effect of machining parameters on subsurface deformation and, potentially, the early introduction of compressive residual stresses into the workpiece by means of ultrasonic assistance.
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Figure 1. EBS images of the microstructure of (a) CoCrFeNi, (b) Al0.3CoCrFeNi, and (c) Al0.3CoCrFeNiMo0.2 SPS-fabricated MPEA. 
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Figure 2. (a) Experimental setup for milling experiments with in situ measurement of cutting forces and temperature on cutting edge. (b) Close-up of tool–workpiece orientation with axes of experimental setup and tool kinetics. 
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Figure 3. Peak identification in calculated total force, after smoothing and offset correction in one milling line (a) and close-up showing four tool rotations (b). 
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Figure 4. For CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2, influence of cutting speed (a–c) and feed per cutting edge (d–f) on resulting cutting force. 
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Figure 5. For CoCrFeNi, Al0.3CoCrFeNi, and Al0.3CoCrFeNiMo0.2, influence of cutting speed vc (a–c) and feed per cutting edge fz (d–f) on resulting temperature Tres. 
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Figure 6. State of cutting tools after milling 700 mm3 under varying conditions on the three alloys investigated (a–c), in comparison with unused tool (d) and influence of tool condition on cutting forces under the tool-manufacturer-recommended conditions (e). 
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Figure 7. Light-optical-microscopy images of the milled surfaces of the CoCrFeNi (green box), Al0.3CoCrFeNi (blue box), and Al0.3CoCrFeNiMo0.2 (orange box), with surface defects marked. Comparison between low (30 m/min) and high (110 m/min) cutting speed and low (0.04 mm) and high (0.07 m/min) feed per cutting edge, with and without ultrasonic assistance. 
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Figure 8. Topography EBS images of the milled surfaces for CoCrFeNi (upper green box) and Al0.3CoCrFeNiMo0.2 (lower orange box) alloys for the different investigated milling conditions. 
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Figure 9. Results of mean roughness depth Rz from tactile roughness measurement on feed and stepover directions. Effect diagrams showing the influence of cutting speed (a–c) and feed per cutting edge (d–f) under conventional milling and USAM. 
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Table 1. Comparison between attempted and EDX-measured compositions in atomic percentage (region of 100 × 100 µm2) of the three MPEAs investigated. EDX compositions are to be used as an approximation.
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Hardness

	
Composition at.%

	
Fe

	
Co

	
Cr

	
Ni

	
Al

	
Mo






	
CoCrFeNi

	
216 ± 4 HV0.5

	
Attempted

	
25.0

	
25.0

	
25.0

	
25.0

	
0

	
0




	
EDX

	
24.8

	
25.4

	
25.1

	
23.3

	
1.4

	
0




	
Al0.3CoCrFeNi

	
193 ± 3 HV0.5

	
Attempted

	
23.3

	
23.3

	
23.3

	
23.3

	
7.0

	
0




	
EDX

	
23.0

	
23.3

	
23.3

	
21.6

	
8.8

	
0




	
Al0.3CoCrFeNiMo0.2

	
284 ± 7 HV0.5

	
Attempted

	
22.2

	
22.2

	
22.2

	
22.2

	
6.7

	
4.4




	
EDX

	
21.8

	
22.0

	
22.3

	
20.1

	
7.6

	
5.4
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Table 2. Design of experiment with fixed parameters shown on top and parameters varying along the experiment below.
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Feed Angle λ = 45°

	
Resulting Angle β = 54.7°

	
Depth of Cut ap = 0.3 mm




	
Tilt Angle τ = 45°

	
Down Milling Mode

	
Stepover ae = 0.3 mm






	
Test no. (*central point tests)

	
1 *

	
2

	
3

	
4

	
5

	
6 *

	
7 *

	
8

	
9

	
10

	
11

	
12 *




	
Cutting speed vc in m/min

	
70

	
110

	
110

	
30

	
30

	
70

	
70

	
30

	
110

	
110

	
30

	
70




	
Feed per cutting edge fz in mm

	
0.005

	
0.07

	
0.04

	
0.04

	
0.07

	
0.055

	
0.055

	
0.04

	
0.07

	
0.04

	
0.07

	
0.055




	
Ultrasonic assistance USAM in %

	
0

	
100

	
0

	
100

	
0

	
100

	
100

	
0

	
0

	
100

	
100

	
0
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Table 3. Influence of feed per cutting edge on theoretical roughness Rzth in feed and stepover directions.
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	Feed per Cutting Edge fz
	Rzth in Feed Direction
	Rzth in Stepover Direction





	0.04 mm
	0.07 µm
	3.75 µm



	0.07 mm
	0.20 µm
	3.75 µm
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