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Abstract

:

An experimental study of the abrasive water jet cutting process of Inconel 718 alloy samples with varying values of cutting speed, abrasive flow rate and cutting material height was carried out. Surface roughness and waviness were measured at different cutting depths, and the variation of the kerf angle was studied. It was shown that the depth of cut has the greatest effect on roughness and waviness. The height of the sample has no impact on the roughness and waviness at a particular depth of cut. As the depth of cut increases, in most cases, roughness and waviness increase as well. It has been proven that the cutting speed has a negligible effect on surface roughness, but it has a significant effect on surface waviness. The waviness, on the other hand, depends only slightly on the abrasive flow. It has been proven that the kerf angle does not depend on the abrasive flow. The kerf angle depends mainly on the height of the sample. The models were developed for the parameters of roughness Ra and Rz, waviness Wa and Wz and kerf angle. All models were calculated without separating the surface into smooth and rough cutting regions.
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1. Introduction


Nickel superalloys have applications in various industries, such as the aerospace, energy and chemical industries [1]. Their common use results mainly from their unique properties, mostly high strength at high temperature resistance (up to 700 °C) as well as corrosion and fatigue resistance [2]. Therefore, nickel alloys are used predominantly for the production of parts that operate at high temperatures. Critical components of aircraft engines and gas turbines are an example of such parts. The unique properties of nickel alloys negatively affect their machining, which is why they are classified as difficult-to-cut materials. Processing of these alloys by cutting, abrasion and eroding proves to be a challenge and requires detailed research and the selection of appropriate tools and cutting parameters. Therefore, it is impossible to apply the available traditional machining process models to describe the cutting process of nickel alloys.



One of the unconventional machining processes is abrasive water jet (AWJ) cutting. This process is increasingly used in industrial practice due to the lack of heat effects on the workpiece material, as well as high machining efficiency and no negative environmental impact [3]. The most important quality indicators of AWJ cutting include surface roughness and waviness and cutting accuracy [4]. The surface quality varies depending on the cutting zone. In many scientific papers, the cut surface is divided into two zones [5]. In the upper zone, called the smooth cutting region, the dominant parameter is the surface roughness and in the lower zone, called the rough cutting region, where the jet curves, the dominant parameter is the surface waviness [6]. The accuracy of the workpiece and the surface after cutting depends on the kerf angle [7]. This is due to the fact that the kerf has a wider entry and its width decreases as the jet cuts into the workpiece [8].



The parameters of the AWJ process have a significant impact on the quality of the workpiece [9]. The most important cutting parameters include cutting speed, abrasive flow rate, type of abrasive, abrasive grain size, water pressure, stand-off distance SOD and height of the workpiece [10]. Depending on the design and control of the AWJ cutting machine, in practice, it is very often impossible to control all parameters of the cutting process [4,11]. However, each parameter has a significant impact on the quality of the workpiece.



The most important quality parameter of the workpiece are the surface roughness and waviness. The study of surface roughness and waviness after AWJ cutting has been the subject of many research works concerning the machining of various materials, including Inconel 718 alloy. In work [12], cutting process of the Kevlar fiber-reinforced polymer was studied. The study revealed that the traverse speed had the greatest influence on the surface roughness, which was modelled separately for the top- and bottom-cutting zone. The study of surface roughness after cutting was also conducted by Akkurt et al. [13]. Tests were conducted for various nonferrous materials for two material thicknesses, 5 and 20 mm. Only selected roughness parameters were tested. Surface waviness was not tested. It was proved that the surface roughness of material of 5 mm thickness is higher than 20 mm thickness for materials based on brass and steel. The surface roughness of the Inconel 625 alloy was tested in work [14]. It has been shown that stand-off distance is the most influencing parameter among the input tested parameters such as pressure, stand-off distance and abrasive flow rate. Inconel 625 alloy was also the subject of research [15]. The influence of process parameters such as the abrasive flow rate, pressure and gap distance on surface roughness and kerf angle was determined. It was found that the water pressure is the dominant factor in the created equation. Results opposite to those in the work [14] were obtained. On the other hand, in the cutting of Inconel 188 alloy, it was shown that the cutting speed does not have a significant influence on the surface roughness but the surface roughness increases with increasing stand-off distance and decreases slightly with increased abrasive flow rate [16]. Various studies have also examined the surface roughness of titanium alloys, which are also classified as hard-to-machine materials. Obtained results were very similar to those obtained for nickel alloys. For example, the work [17] shows that the abrasive flow rate contributed to 29.32% and the stand-off distance to 61.77% in controlling surface roughness. Another study of roughness as a function of depth of cut was conducted but only for an aluminum alloy [18]. The effect of the abrasive mass flow rate and the cutting speed on the roughness parameter Ra was studied. The surface roughness was shown to change slightly with increasing abrasive mass flow rate. No roughness models were developed and only the Ra parameter was studied. Model of surface roughness as a function of process parameters was developed and also in [19]. It was proved that the abrasive flow rate and the cutting speed had the strongest effect on the surface roughness. Similar results were obtained in cutting natural stone [20]. It was proved that increasing the cutting speed causes a corresponding increase in the roughness and waviness of the surface. The cutting tests on stainless steel conducted in [21,22,23] showed that cutting speed directly affects surface roughness. With decreasing cutting speed, the cut surface quality improves visibly.



Workpiece dimensional quality depends on the kerf. The larger the kerf angle, the greater is the machining error, and as a result, the surface of the workpiece after cutting is not parallel to the jet stream and Z axis. A number of papers have investigated the effect of AWJ process parameters on kerf angle. Kumar et al. studied the inclination of the kerf in the AWJ cutting of Inconel 718 [24]. They developed a kerf taper model in which cutting speed had the greatest effect on kerf, and abrasive flow rate had the least effect. On the contrary, paper [25] has shown that water pressure has the greatest influence on the cutting quality of Inconel 718 alloy, and the contribution of this parameter in the developed model exceeded 45%. Inconel 718 was also studied in the article [19]. Model of kerf angle as a function of cutting process parameters like water pressure, abrasive flow rate, cutting speed and abrasive grain size has been developed. It was proved that the cutting speed is the most important factor in the kerf angle model, similar to works [12,25]. Studies on the influence of cutting speed on kerf were also conducted for ceramic tiles to determine the appropriate cutting speed value to achieve the required kerf size [26].



Most scientific research can lead to the conclusion that the stand-off distance, cutting speed and the water pressure have a deciding influence on the surface roughness and kerf angle after abrasive water jet cutting. However, many works lead to contradictory conclusions. Most papers have not focused on the influence of cutting depth on surface roughness and waviness, especially for Inconel 718 alloy. There are no available models of surface roughness and waviness and kerf angle for Inconel 718 alloy, which would take into account not only the process parameters but also the depth of cut and the height of the workpiece without dividing the machined surface into zones.



The purpose of this study was to conduct a comprehensive experimental investigation of the AWJ process of Inconel 718 alloy using variable process parameters such as cutting speed, abrasive mass flow rate, cutting height and depth of cut. Based on the results of the study, empirical models were developed for the roughness parameters Ra and Rz, waviness parameters Wa and Wt and kerf angle as a function of variable process parameters. The developed models allow determination of the surface roughness and waviness and kerf angle at any depth of cut.




2. Materials and Methods


The tests were carried out on a KNUTH Hydro-Jet Eco 0615 cutting machine manufactured by KNUTH Werkzeugmaschinen GmbH, Wasbek, Germany equipped with a multiplier pump. The water pressure was 250 MPa. The abrasive was supplied through a belt system. The focusing nozzle had a diameter of 0.3 mm and the cutting nozzle had a length of 80 mm and a diameter of 0.76 mm. The stand-off distance value was equal to 1.5 mm. The abrasive used was Garnet 80. The variable parameters of the cutting process were the cutting speed, abrasive flow rate and the height of the workpiece. The constant and variable cutting parameters are listed in Table 1. A view of the machine workspace is shown in Figure 1. The cutting was carried out in one axis, always in the same direction.



The test samples were made of Inconel 718 alloy. Nine test specimens were made, and each sample had five sections from S1 to S5 with different cut heights h (Figure 2). The first section S1 had a height of 2 mm, and each following section was 2 mm higher.



The experimental research was carried out according to a complete two-factor plan with three variables. During the experimental tests, nine parallel cuts were machined with an abrasive water jet at a distance of 5 mm. As a result, nine test specimens denoted from W1 to W9 were cut with variable process parameters according to Table 2. The third variable parameter of the cutting was the height of the workpiece h, which resulted from the variable geometry of each sample. Each sample was divided into sections from S1 to S5 with increasing cut height.



After each sample was cut, the measurements of the selected surface topography parameters Ra, Rz, Wa and Wt were conducted. Ra is the arithmetic mean height of profile roughness, Rz describes the maximum height of profile roughness, Wa is the arithmetic mean height of profile waviness and Wt describes total height of profile waviness. For each sample and each section, the surface roughness and waviness parameters were measured, starting from a cutting depth of 0.3 mm with a step of 0.5 mm, until the end of the sample. This way, the results of surface roughness and waviness were obtained as a function of cutting speed, abrasive flow rate, height of the workpiece and actual depth of cut ap. The ap depth of cut parameter is the result of the adopted experimental methodology and is the depth at which the roughness and waviness of the surface were measured at the height of the workpiece. Measurement of surface topography was performed with contact method using the MahrSurf GD 120 profilometer by Mahr GmbH, Goettingen, Germany.



The kerf was measured using a Dino Lite AM7915MZT digital microscope. Measurements of the upper and lower kerf sizes were carried out using the dedicated DinoCapture 2.0 software.




3. Results and Discussion


3.1. Influence of Cutting Height on Surface Topography


Each test sample contained five sections differing in material thickness and the height of the cut h. In each section, the roughness and waviness parameters were measured, from a depth of 0.3 mm, with a step of 0.5 mm. The height at which the surface topography parameters were measured corresponded to the actual cutting depth ap. Section S5 of each sample had cutting areas from the full range of cutting depths ap, from 0 to 10 mm.



The purpose of the analysis was to investigate the significance of the influence of the sample height on the surface topography obtained at each cutting depth. Accordingly, for each of the nine samples, models were developed for the roughness parameters Ra and Rz and the waviness Wa and Wt as a function of the height of the workpiece h and the current cut depth (depth of measurement). Then, an ANOVA analysis of the obtained models was performed to determine the significance of the effect of these two parameters. Table 3 shows the values of the contribution of the workpiece height parameter h in each model. When the significance level of the parameter h was less than 0.05, the contribution did not occur.



From the data presented in Table 3, it can be seen that the influence of the height of the workpiece h on the roughness and waviness of the surface is marginal. In almost half of the models obtained, the parameter h is not present at all, which means that it is statistically insignificant. In the remaining cases, the level of contribution of height h to the models is only 1–2%. Therefore, it can be concluded that the analysis of section S5 in each test sample is sufficient for the purpose of the surface topography study. Section S5 has a surface with full range of cutting depths, and its analysis is sufficient. Thus, the surface roughness and waviness depend only on the actual depth of cut. The value of roughness and waviness at a given depth of cut does not depend on the total thickness of the material being cut.




3.2. Modelling of Surface Roughness Parameters


Since it has been proven that the height of the workpiece does not affect the surface roughness and waviness at a certain depth of cut, the measurement data obtained from the S5 section of each test sample was obtained to develop the experimental models. Measurement of roughness and waviness parameters was carried out over the entire depth of cut with a step of 0.5 mm. As a consequence, results were obtained for the full range of the tested depths of cut ap.



Mathematical models of the best fit were developed for the two surface roughness parameters Ra and Rz and also the two waviness parameters Wa and Wt. A variance analysis was performed. For each roughness and waviness parameter, an equation was determined, and statistical parameters were determined to evaluate the resulting models. The significance level of α = 0.05 was adopted, so all components of the equations with significance below the accepted level were removed.



First, the surface roughness parameter Ra was analyzed, for which the following equation was obtained:


Ra = 4.91 − 0.0497∙ma + 0.174∙ap + 0.0123∙vf + 0.000338∙ma2 + 0.1128∙ap2 − 0.00929∙ma∙ap − 0.000544∙ma∙vf + 0.02077∙ap∙vf



(1)




which fits very well with the experimental data, with the coefficient R2 = 0.84. A graphical representation of the model is shown in Figure 3. Table 4 shows the results of the variance analysis of the developed model.



Analysis of the Ra parameter model indicates the influence of all three technological parameters on surface roughness. There are linear, two-way and quadratic factors in the model. As can be seen in Table 4, all components of the model are characterized by a high statistical significance of influence, as the values of the p-value parameter were close to zero. Only two components of the equation ma2 and ma·vf are characterized by lower significance as their p-value parameter reaches 0.01. Nevertheless, considering the p-value of the equation components and the total error values, the obtained equation can be considered of a very good fit to the real data. Analysis of the contribution and F-value parameters provides information about the contribution of the components in the equation and their significance of influence on the studied parameter. The analysis of Table 4 shows that the depth of cut ap has the strongest influence on surface roughness. Its contribution to the equation is more than 50%, and the F-value for the components ap and ap2 is the largest. The second most significant influence of the cutting parameter is the abrasive flow rate ma. Its contribution to the model is greater than 10%. On the other hand, the cutting speed vf proved to have the least significant influence on the surface roughness.



The conclusions of the analysis of Table 4 are confirmed by the graphical representation of the model in Figure 3. In both graphs, it can be seen that the obtained curves have the greatest slope in the direction of variation of the parameter ap. This means that the surface roughness depends the most on the depth of cut. Furthermore, the dependence of the Ra parameter on the depth ap is non-linear and varies depending on the other parameters of the cutting process. It can be observed that for the lowest cutting speeds, there is a local minimum of the function of the Ra parameter at a depth of 2 mm. On the other hand, as the cutting speed increases, the relationship becomes monotonic, and the lowest roughness is obtained for the lowest depth of cut and the highest cutting speed. Figure 4a also shows that the higher the cutting speed, the more significant is the influence of the depth of cut on the surface roughness, which is confirmed by the greater angle of slope of the curve in the ap direction. Also, the abrasive flow rate parameter has a varied influence on surface roughness. Analyzing Figure 4b, it can be observed that for the lowest values of cutting depth, its influence is nonmonotonic. For depths of cut up to 4 mm, the lowest roughness is achieved for an average abrasive flow rate of 120 g/min. On the other hand, for higher values of cutting depth, the lowest roughness occurs for the highest abrasive flow rate. However, the depth of cut has the greatest influence on surface roughness.



Then, the surface roughness parameter Rz was similarly analyzed. A relationship was obtained describing the parameter Rz in a form similar to the equation describing the parameter Ra:


Rz = 25.58 − 0.244∙ma + 0.067∙ap + 0.154∙vf + 0.001677∙ma2 + 0.4397∙ap2 − 0.03663∙ma∙ap − 0.003096∙ma∙vf + 0.0939∙ap∙vf



(2)







The obtained equation fits the experimental data very well, with the coefficient R2 = 0.83. A graphical representation of the model is shown in Figure 4, and Table 5 shows the results of the analysis of variance of the developed model.



Analysis of the p-value parameter shows that all components of the equation have a statistically significant influence on the Rz parameter. Moreover, the proportion of components in the model is very similar to the model of the Ra parameter. The depth of cut has the strongest influence on the Rz parameter, and its contribution is almost 50%. The second parameter in terms of contribution to the model is ma. The influence of the cutting speed is the smallest. Furthermore, the analysis of the graphs in Figure 4 leads to the same conclusions as the analysis of the Ra parameter model. The influence of the cutting speed depends on the depth of the cut. For small cutting depths, the Rz parameter decreases with increasing speed vf, whereas for larger cutting depths the influence of vf is negligible. Similarly to the Ra parameter, the influence of abrasive flow rate on the Rz parameter, for small depths of cut, is nonlinear and nonmonotonic. For larger cut depths, increasing the abrasive flow results in lower roughness. However, the influence of depth of cut ap is the largest, although in many ranges of technological parameters this effect is nonlinear and nonmonotonic.




3.3. Modelling of Surface Waviness Parameters


The abrasive water jet is dispersed and curved in the material. This causes not only the deterioration of the surface roughness with increasing depth of cut but also the formation of waviness. Hence, two surface waviness parameters Wa and Wt were examined to determine their variation as a function of the technological parameters of the AWJ cutting process. The following equation was obtained for the waviness parameter Wa:


Wa = 8.39 − 0.1877∙ma − 1.204∙ap + 0.2145∙vf + 0.001316∙ma2 + 0.2459∙ap2 − 0.02091∙ma∙ap − 0.002482∙ma∙vf + 0.08263∙ap∙vf



(3)







The equation fits the experimental data very well because of the obtained coefficient R2 = 0.9. On the other hand, for the waviness parameter Wt, the equation can assume the form presented below:


Wt = 42.3 − 0.873∙ma − 3.97∙ap + 0.694∙vf + 0.00557∙ma2 + 0.961∙ap2 − 0.08362∙ma∙ap − 0.00830∙ma∙vf + 0.3235∙ap∙vf



(4)







This equation also fits the experimental data very well with the coefficient R2 = 0.9. A graphical representation of the Wa model is presented in Figure 5, and the results of the analysis of variance of the generated model are shown in Table 6. In turn, Figure 6 presents graphs of the Wt parameter model, and Table 7 contains the results of the variance analysis. Analysis of the obtained models leads to a conclusion that they are very similar, have the same parameters and differ mainly in the values of the coefficients. This shows that both waviness parameters vary very similarly depending on the technological parameters. This is also proven by the graphs in Figure 5 and Figure 6. Their analysis shows that both Wa and Wt parameters have the same variation as a function of the cutting parameters, ap, vf and ma. Therefore, their common analysis was carried out.



An analysis of the values of the statistical parameters shown in Table 6 and Table 7 proves that in waviness models all parameters show a high statistical significance of influence. For each component of the model, the p-value was equal to 0.000. However, in the case of waviness, a different contribution of the model components was obtained compared to the surface roughness models. The depth of cut ap has the greatest influence on waviness, but its contribution in the model is about 30%, whereas in the case of roughness, its contribution exceeded 50%. As opposed to the models of roughness parameters, in the case of Wa and Wt models, the contribution of cutting speed is very large, almost 30%. This means that the influence of cutting speed on surface waviness is almost as strong as the influence of cutting depth. The contribution and F-value of both parameters are similar. In contrast, the influence of abrasive flow on waviness is the smallest. The confirmation of this analysis is provided by the graphs presented in Figure 5 and Figure 6. It can be seen that for the lowest depths of cut, the waviness does not depend on the cutting speed. The function is almost constant.



As the depth of the cut increases, the cutting speed has greater influence on the waviness. The waviness increases monotonically with increasing speed vf. On the other hand, for the lowest cutting speed, the minimum of the waviness parameter function can be observed at a depth ap = 4 mm. It follows that for the lowest cutting speed, the function of waviness parameters has a completely different shape than in the rest of the range. Also, the influence of abrasive flow rate on waviness is not constant and nonmonotonic over the whole range of technological parameters. For the lowest depths of cut, the function has a local minimum for the middle value of the abrasive flow rate. For higher values of depth of cut, it can be observed that the greater the abrasive flow, the lower the surface waviness is.



Images of the surface after AWJ cutting were also analyzed with different abrasive flow rates and cutting speeds. Surfaces with a height of h = 10 mm were analyzed to observe changes in surface quality as a function of the cutting depth ap. Images of the surface after the AWJ cutting are shown in Figure 7.



When analyzing the surfaces after cutting, the main focus has to lie on determining the roughness and waviness parameters because these are the main quality indicators of the cut. Pictures of the surface after cutting confirm the conclusions formulated earlier. It can be seen that as the cutting speed increases, the quality of the surface deteriorates and the irregularities after the abrasive water jet become more and more visible. Furthermore, the higher the cutting speed, the more pronounced is the difference between the upper and lower zones of the cut surface. The surfaces in Figure 7a–c are uniform, and no two zones can be discerned in them. For higher cutting speeds, Figure 7d–i, the differences are more pronounced. In addition, it can be observed that the higher the abrasive flow rate, the better the overall surface quality, with less visible furrows. Furthermore, for the highest cutting speed and lowest abrasive flow rate values, defects were observed on the surface, near the lower edge of the workpiece (Figure 7g,h). This means that for these sets of technological parameters, there is a risk of damage to the Inconel 718 material at depths below about 7 mm.




3.4. Modelling of Kerf Angle


Another very important quality parameter of the AWJ cutting process is the kerf (Figure 8). The geometry of the kerf affects the geometric accuracy of the workpiece and the accuracy of the surface after cutting. One of the typical features of AWJ cutting is the formation of a convergent cutting kerf, which depends on the parameters of the cutting process [7,12,26]. The kerf created in the AWJ process is usually described by the angle of convergence φ. This angle refers to the taper that occurs on the cut surface due to the nature of the water jet stream (Figure 8). The kerf can be described by the angle φ, which can be determined from the relationship:


φ = arctg (Win − Wout)/2h



(5)




where Win is the width of the gap at the entrance of the jet into the material, and Wout is the width of the gap at the exit of the jet from the material (Figure 8).



In order to determine the kerf angle, the widths of the gap at the entrance of the jet into the material (on the upper surface of the sample) and at the exit of the jet from the material (on the lower surface of the sample) were measured. A view of the measured sample surfaces is shown in Figure 9. Each gap was measured in five locations, and the average value of the width was calculated. Based on the obtained gap widths, the value of the kerf angle was determined using relationship (5).



Figure 10, Figure 11 and Figure 12 show the values of the kerf angle as a function of the cutting speed and the height of the workpiece h for different values of the abrasive flow rate ma. From the presented graphs, it can be seen that the kerf angle φ is significantly influenced by the height of the sample h. As the height of the material h increases, the value of the angle φ significantly increases. It can also be seen that the kerf angle values increase with increasing cutting speed, although the increase is no longer so high. Comparing the graphs shown in the following figures, it can be seen that there are no significant differences between them as to the value and trend of the change in the kerf angle. This means that the abrasive flow rate has an insignificant influence on the kerf angle, which has been confirmed in other works as well [19,24].



Then, on the basis of the experimental data, the following functional relationship for the kerf angle was obtained:


φ = 2.385 − 0.3369·h + 0.0591·vf + 0.01604·h2 − 0.000372·vf2 − 0.002373·h·vf



(6)







The obtained equation is characterized by a very good fit because of R2 = 0.93. When calculating the equation, a significance level of 0.05 was assumed, which means that all components of the equation below this level were removed. As a result, it turned out that the kerf angle depends only on the cutting speed and the height of the sample h. The abrasive flow rate ma statistically does not influence the kerf angle. For a detailed analysis of the obtained model, its graphical interpretation is presented in Figure 13, and the parameters of the analysis of variance are presented in Table 8.



An analysis of Figure 13 and Table 8 indicates that the height of the cut h has the greatest influence on the kerf angle. The contribution of the height h to the model is almost 80%, and the F-value for the h parameter is more than seven times higher than for the other parameters of the equation. The quadratic and two-way factors are of minor importance, as their joint contribution to the model is less than 5%. Despite the very good fit of the model of more than 90%, some components of the model have rather high p-value values, which indicates their weaker statistical significance. The cutting speed proves to have a minor influence on the kerf angle, but the influence is statistically significant and noticeable in the graph (Figure 13). The angle of surface slope in the direction of cutting height h is significantly larger than in the direction of cutting speed vf. In addition, it can be seen that as the cutting speed increases, the gap angle φ increases less and less. In the case of cutting height, the trend of increasing does not change.





4. Conclusions


An experimental study of the AWJ process was conducted. Selected surface roughness and waviness parameters were analyzed as a function of cutting process parameters such as cutting speed, abrasive flow rate, height of cut sample and depth of cut. Experimental models of the parameters of Ra, Rz, Wa and Wt were developed and analyzed. The following conclusions can be drawn from the analysis of the surface topography of Inconel 718:




	
The height of the sample has no impact on the roughness and waviness at a particular depth of cut. Regardless of the height of the cut sample, the surface roughness and waviness at a particular depth of cut did not change. Therefore, the cut height parameter h does not appear in the models of Ra, Rz, Wa and Wt parameters.



	
The depth of cut has the greatest influence on surface roughness. Abrasive flow rate has a small influence and cutting speed has only a marginal effect.



	
Surface waviness is equally influenced by depth of cut and cutting speed but abrasive flow has a negligible effect.



	
The influence of cutting process parameters on surface roughness and waviness greatly varies and is non-monotonic in certain parameter ranges.



	
Surface roughness and waviness after cutting varies at the depth of cut smoothly without a clear boundary between smooth and rough region








The kerf angle was studied as well depending on the technological parameters of the cutting process. Analysis shows that the kerf angle value is not affected by the abrasive flow rate parameter. The value of the kerf angle did not change significantly for different values of the abrasive flow rate. This was confirmed by the analysis of variance of the kerf angle model, where the ma factor was removed due to the low significance level of less than 0.05. It was also shown that the value of the kerf angle depends mostly on the height of the material being cut, and this dependence is monotonic. On the contrary, the influence of cutting speed on kerf angle is minor. Changing the speed from 20 to 60 mm/min resulted in a change in the kerf angle of only about 0.3°.



Further research work should focus on expanding the developed roughness, waviness and kerf angle models with the influence of water pressure and stand-off distance.







Author Contributions


Conceptualization, M.P. and Ł.Ż.; Methodology, M.P. and Ł.Ż.; Software, M.P.; Validation, Ł.Ż. and K.Ż.; Formal analysis, K.Ż.; Investigation, M.P.; Resources, M.P.; Data curation, M.P.; Writing—original draft, Ł.Ż. and S.W.; Writing—review and editing, K.Ż. and S.W.; Visualization, M.P.; Supervision, Ł.Ż. and S.W.; Project administration, Ł.Ż.; Funding acquisition, Ł.Ż. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, Z.; Ma, Z.; Chen, T.; Fan, C.; Yu, T.; Zhao, J. Experimental Investigation into the Effect of Process Parameters on the Inconel 718 Surface Integrity for Abrasive Waterjet Peening. Surf. Coat. Technol. 2023, 454, 129186. [Google Scholar] [CrossRef]

	



Kubade, P.R.; Kshirsagar, G. Parametric Optimization of Abrasive Water Jet Machining of Inconel-718 Material. Int. Res. J. Eng. Technol. (IRJET) 2016, 3, 1236–1242. [Google Scholar]

	



Cano-Salinas, L.; Sourd, X.; Moussaoui, K.; Le Roux, S.; Salem, M.; Hor, A.; Zitoune, R. Effect of Process Parameters of Plain Water Jet on the Cleaning Quality, Surface and Material Integrity of Inconel 718 Milled by Abrasive Water Jet. Tribol. Int. 2023, 178, 108094. [Google Scholar] [CrossRef]

	



Llanto, J.M.; Tolouei-Rad, M.; Vafadar, A.; Aamir, M. Recent Progress Trend on Abrasive Waterjet Cutting of Metallic Materials: A Review. Appl. Sci. 2021, 11, 3344. [Google Scholar] [CrossRef]

	



Tosun, N.; Dagtekin, I.; Ozler, L.; Deniz, A. Abrasive Waterjet Cutting of Aluminum Alloys: Workpiece Surface Roughness. Appl. Mech. Mater. 2013, 404, 3–9. [Google Scholar] [CrossRef]

	



Biruk-Urban, K.; Zagórski, I.; Kulisz, M.; Leleń, M. Analysis of Vibration, Deflection Angle and Surface Roughness in Water-Jet Cutting of AZ91D Magnesium Alloy and Simulation of Selected Surface Roughness Parameters Using ANN. Materials 2023, 16, 3384. [Google Scholar] [CrossRef]

	



Sutowska, M.; Kapłonek, W.; Pimenov, D.Y.; Gupta, M.K.; Mia, M.; Sharma, S. Influence of Variable Radius of Cutting Head Trajectory on Quality of Cutting Kerf in the Abrasive Water Jet Process for Soda–Lime Glass. Materials 2020, 13, 4277. [Google Scholar] [CrossRef]

	



Gembalová, L.; Hlaváč, L.M.; Spadło, S.; Geryk, V.; Oros, L. Notes on the Abrasive Water Jet (AWJ) Machining. Materials 2021, 14, 7032. [Google Scholar] [CrossRef]

	



Vishnu, M.; Saleeshya, P.G. Abrasive Water Jet Machining Process Parameters Optimisation for Machining of Complex Profiled Component from Inconel 718 Super Alloys. Int. J. Manuf. Technol. Manag. 2021, 35, 127. [Google Scholar] [CrossRef]

	



Bhandarkar, V.; Singh, V.; Gupta, T.V.K. Experimental Analysis and Characterization of Abrasive Water Jet Machining of Inconel 718. Mater. Today Proc. 2020, 23, 647–650. [Google Scholar] [CrossRef]

	



Hlaváč, L.M. Revised Model of Abrasive Water Jet Cutting for Industrial Use. Materials 2021, 14, 4032. [Google Scholar] [CrossRef] [PubMed]

	



Gubencu, D.-V.; Opriș, C.; Han, A.-A. Analysis of Kerf Quality Characteristics of Kevlar Fiber-Reinforced Polymers Cut by Abrasive Water Jet. Materials 2023, 16, 2182. [Google Scholar] [CrossRef]

	



Akkurt, A.; Kulekci, M.K.; Seker, U.; Ercan, F. Effect of Feed Rate on Surface Roughness in Abrasive Waterjet Cutting Applications. J. Mater. Process. Technol. 2004, 147, 389–396. [Google Scholar] [CrossRef]

	



Raj, A.C.A.; Senkathir, S.; Geethapriyan, T.; Abhijit, J. Experimental Investigation of Abrasive Waterjet Machining of Nickel Based Superalloys (Inconel 625). IOP Conf. Ser. Mater. Sci. Eng. 2018, 402, 012181. [Google Scholar] [CrossRef]

	



Srirangarajalu, N.; Vijayakumar, R.; Rajesh, M. Multi Performance Investigation of Inconel-625 by Abrasive Aqua Jet Cutting. Mater. Manuf. Process. 2022, 37, 1393–1404. [Google Scholar] [CrossRef]

	



Kumbhar, M.A.D.; Chatterjee, M.; Student, M. Optimization of Abrasive Water Jet Machining Process Parameters Using Responce Surface Method on Inconel–188. Int. J. Technol. Res. Eng. 2017, 4, 2347–4718. [Google Scholar]

	



Sami Abushanab, W.; Moustafa, E.B.; Harish, M.; Shanmugan, S.; Elsheikh, A.H. Experimental Investigation on Surface Characteristics of Ti6Al4V Alloy during Abrasive Water Jet Machining Process. Alex. Eng. J. 2022, 61, 7529–7539. [Google Scholar] [CrossRef]

	



Begic-Hajdarevic, D.; Cekic, A.; Mehmedovic, M.; Djelmic, A. Experimental Study on Surface Roughness in Abrasive Water Jet Cutting. Procedia Eng. 2015, 100, 394–399. [Google Scholar] [CrossRef][Green Version]

	



Escobar-Palafox, G.A.; Gault, R.S.; Ridgway, K. The Effect of Abrasive Water Jet Process Variables on Surface and Subsurface Condition of Inconel 718. Adv. Mater. Res. 2012, 565, 351–356. [Google Scholar] [CrossRef]

	



Alsoufi, M.S.; Suker, D.K.; Alhazmi, M.W.; Azam, S. Influence of Abrasive Waterjet Machining Parameters on the Surface Texture Quality of Carrara Marble. J. Surf. Eng. Mater. Adv. Technol. 2017, 7, 25–37. [Google Scholar] [CrossRef][Green Version]

	



Löschner, P.; Jarosz, K.; Niesłony, P. Investigation of the Effect of Cutting Speed on Surface Quality in Abrasive Water Jet Cutting of 316L Stainless Steel. Procedia Eng. 2016, 149, 276–282. [Google Scholar] [CrossRef][Green Version]

	



Ficko, M.; Begic-Hajdarevic, D.; Cohodar Husic, M.; Berus, L.; Cekic, A.; Klancnik, S. Prediction of Surface Roughness of an Abrasive Water Jet Cut Using an Artificial Neural Network. Materials 2021, 14, 3108. [Google Scholar] [CrossRef]

	



Kmec, J.; Gombár, M.; Harničárová, M.; Valíček, J.; Kušnerová, M.; Kříž, J.; Kadnár, M.; Karková, M.; Vagaská, A. The Predictive Model of Surface Texture Generated by Abrasive Water Jet for Austenitic Steels. Appl. Sci. 2020, 10, 3159. [Google Scholar] [CrossRef]

	



Kumar, A.; Kumar, P.; Kumar, R. A Study of Kerf Quality of Inconel 718 Using Abrasive Water Jet Cutting. Mater. Today Proc. 2023, 81, 261–266. [Google Scholar] [CrossRef]

	



Lenin, K.; Thileepan, S.; Kumar, H.R. Abrasive Waterjet Cutting of Inconel 718 Alloy and Desirability Analysis. Int. J. Des. Manuf. Technol. 2015, 10, 20–24. [Google Scholar] [CrossRef]

	



Krajcarz, D.; Bańkowski, D.; Młynarczyk, P. The Effect of Traverse Speed on Kerf Width in AWJ Cutting of Ceramic Tiles. Procedia Eng. 2017, 192, 469–473. [Google Scholar] [CrossRef]








[image: Materials 16 05288 g001 550] 





Figure 1. The view of workspace: (1) Cutting nozzle; (2) Workpiece; (3) Clamping unit. 
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Figure 2. Geometry of the test sample. 
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Figure 3. Graphical representation of the Ra parameter model: (a) Ra as a function of ap and vf; (b) Ra as a function of ap and ma. 
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Figure 4. Graphical representation of the Rz parameter model: (a) Rz as a function of ap and vf; (b) Rz as a function of ap and ma. 
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Figure 5. Graphical representation of the Wa parameter model: (a) Wa as a function of ap and vf; (b) Wa as a function of ap and ma. 
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Figure 6. Graphical representation of the Wt parameter model: (a) Wt as a function of ap and vf; (b) Wt as a function of ap and ma. 
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Figure 7. The view of surfaces after AWJ cutting with different process parameters: (a) vf = 20 mm/min and ma = 75 g/min; (b) vf = 20 mm/min and ma = 120 g/min; (c) vf = 20 mm/min and ma = 165 g/min; (d) vf = 40 mm/min and ma = 75 g/min; (e) vf = 40 mm/min and ma = 120 g/min; (f) vf = 40 mm/min and ma = 165; (g) vf = 60 mm/min and ma = 75 g/min; (h) vf = 60 mm/min and ma = 120 g/min; (i) vf = 60 mm/min and ma = 165 g/min. 
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Figure 8. Calculation of the kerf angle φ. 
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Figure 9. View of the kerf after cutting with vf = 20 mm/min and ap = 2 mm: (a) Win in the upper surface; (b) Wout in the lower surface. 
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Figure 10. Values of the kerf angle φ as a function of cutting speed and cutting height for abrasive flow rate ma = 75 g/min. 
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Figure 11. Values of the kerf angle φ as a function of cutting speed and cutting height for abrasive flow rate ma = 120 g/min. 






Figure 11. Values of the kerf angle φ as a function of cutting speed and cutting height for abrasive flow rate ma = 120 g/min.



[image: Materials 16 05288 g011]







[image: Materials 16 05288 g012 550] 





Figure 12. Values of the kerf angle φ as a function of cutting speed and cutting height for abrasive flow rate ma = 165 g/min. 
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Figure 13. Graphical interpretation of kerf angle φ model. 
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Table 1. Constant and variable technological parameters.
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Constant Technological Parameters






	
Abrasive

	
Garnet 80




	
Water pressure

	
250 MPa




	
Stand-off distance

	
1.5 mm




	
Focusing nozzle diameter

	
0.3 mm




	
Cutting nozzle diameter

	
0.76 mm




	
Cutting nozzle length

	
80 mm




	
Variable Technological Parameters




	
Cutting speed, vf

	
20; 40; 60 mm/min




	
Abrasive flow rate, ma

	
75; 120; 165 g/min




	
Cutting height, h

	
2; 4; 6; 8; 10 mm
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Table 2. Parameters of test samples.
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	Sample Number
	Cutting Speed vf

mm/min
	Abrasive Flow Rate ma

g/min





	W1
	20
	75



	W2
	20
	120



	W3
	20
	165



	W4
	40
	75



	W5
	40
	120



	W6
	40
	165



	W7
	60
	75



	W8
	60
	120



	W9
	60
	165
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Table 3. Contribution values of cutting height parameter h in models of Ra, Rz, Wa and Wz parameters.
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	W1
	W2
	W3
	W4
	W5
	W6
	W7
	W8
	W9





	Ra
	0.8%
	0.07
	0.73
	-
	-
	-
	-
	-
	-



	Rz
	0.45
	-
	1.46
	-
	-
	-
	-
	-
	1.7



	Wa
	1.04
	1.62
	0.05
	0.13
	-
	-
	1.1
	-
	0.38



	Wt
	0.08
	2.34
	0.72
	0.4
	-
	-
	0.64
	0.39
	0.09
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Table 4. Analysis of variance for the Ra surface roughness parameter model.
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	Term
	DF
	Seq SS
	C (%)
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	8
	2366.78
	83.65%
	2366.78
	295.85
	108.71
	0.000



	Linear
	3
	1897.73
	67.07%
	1987.34
	662.45
	243.41
	0.000



	ma
	1
	294.69
	10.42%
	334.27
	334.27
	122.83
	0.000



	ap
	1
	1487.84
	52.58%
	1557.16
	1557.16
	572.17
	0.000



	vf
	1
	115.19
	4.07%
	128.18
	128.18
	47.10
	0.000



	Square
	2
	124.41
	4.40%
	140.64
	70.32
	25.84
	0.000



	ma2
	1
	15.90
	0.56%
	18.66
	18.66
	6.86
	0.010



	ap2
	1
	108.51
	3.83%
	122.78
	122.78
	45.12
	0.000



	2-way
	3
	344.64
	12.18%
	344.64
	114.88
	42.21
	0.000



	ma ap
	1
	159.97
	5.65%
	170.06
	170.06
	62.49
	0.000



	ma vf
	1
	16.84
	0.60%
	18.88
	18.88
	6.94
	0.009



	ap vf
	1
	167.83
	5.93%
	167.83
	167.83
	61.67
	0.000



	Error
	170
	462.65
	16.35%
	462.65
	2.72
	
	



	Total
	178
	2829.44
	100.00%
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Table 5. Analysis of variance for the Rz surface roughness parameter model.
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	Term
	DF
	Seq SS
	C (%)
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	8
	36,950.8
	83.51%
	36,950.8
	4618.8
	107.61
	0.000



	Linear
	3
	28,486.8
	64.38%
	30,020.0
	10,006.7
	233.13
	0.000



	ma
	1
	4782.0
	10.81%
	5441.1
	5441.1
	126.77
	0.000



	ap
	1
	20,859.1
	47.14%
	22,003.1
	22,003.1
	512.63
	0.000



	vf
	1
	2845.7
	6.43%
	3121.0
	3121.0
	72.71
	0.000



	Square
	2
	2022.9
	4.57%
	2309.6
	1154.8
	26.90
	0.000



	ma2
	1
	401.1
	0.91%
	459.6
	459.6
	10.71
	0.001



	ap2
	1
	1621.8
	3.67%
	1865.4
	1865.4
	43.46
	0.000



	2-way
	3
	6441.1
	14.56%
	6441.1
	2147.0
	50.02
	0.000



	ma ap
	1
	2452.9
	5.54%
	2641.9
	2641.9
	61.55
	0.000



	ma vf
	1
	559.8
	1.27%
	612.6
	612.6
	14.27
	0.000



	ap vf
	1
	3428.4
	7.75%
	3428.4
	3428.4
	79.87
	0.000



	Error
	170
	7296.8
	16.49%
	7296.8
	42.9
	
	



	Total
	178
	44,247.6
	100.00%
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Table 6. Analysis of variance for the Wa surface waviness parameter model.
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	Term
	DF
	Seq SS
	C (%)
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	8
	16,598.0
	89.85%
	16,598.0
	2074.75
	188.19
	0.000



	Linear
	3
	12,083.1
	65.41%
	12,797.4
	4265.80
	386.93
	0.000



	ma
	1
	1184.3
	6.41%
	1418.7
	1418.70
	128.68
	0.000



	ap
	1
	5850.4
	31.67%
	6342.8
	6342.80
	575.32
	0.000



	vf
	1
	5048.4
	27.33%
	5301.7
	5301.65
	480.89
	0.000



	Square
	2
	733.9
	3.97%
	860.0
	429.98
	39.00
	0.000



	ma2
	1
	250.8
	1.36%
	283.0
	283.03
	25.67
	0.000



	ap2
	1
	483.1
	2.62%
	583.7
	583.74
	52.95
	0.000



	2-way
	3
	3781.0
	20.47%
	3781.0
	1260.35
	114.32
	0.000



	ma ap
	1
	768.5
	4.16%
	861.0
	860.96
	78.09
	0.000



	ma vf
	1
	356.5
	1.93%
	393.7
	393.66
	35.71
	0.000



	ap vf
	1
	2656.1
	14.38%
	2656.1
	2656.08
	240.92
	0.000



	Error
	170
	1874.2
	10.15%
	1874.2
	11.02
	
	



	Total
	178
	18,472.2
	100.00%
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Table 7. Analysis of variance for the Wt surface waviness parameter model.
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	Term
	DF
	Seq SS
	C (%)
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	8
	268,094
	89.92%
	268,094
	33,512
	189.59
	0.000



	Linear
	3
	199,158
	66.80%
	210,345
	70,115
	396.66
	0.000



	ma
	1
	16,976
	5.69%
	20,517
	20,517
	116.07
	0.000



	ap
	1
	101,766
	34.13%
	109,773
	109,773
	621.02
	0.000



	vf
	1
	80,415
	26.97%
	84,334
	84,334
	477.11
	0.000



	Square
	2
	11,925
	4.00%
	13,856
	6928
	39.20
	0.000



	ma2
	1
	4535
	1.52%
	5064
	5064
	28.65
	0.000



	ap2
	1
	7390
	2.48%
	8905
	8905
	50.38
	0.000



	2-way
	3
	57,012
	19.12%
	57,012
	19,004
	107.51
	0.000



	ma ap
	1
	12,369
	4.15%
	13,772
	13,772
	77.91
	0.000



	ma vf
	1
	3921
	1.32%
	4406
	4406
	24.93
	0.000



	ap vf
	1
	40,722
	13.66%
	40,722
	40,722
	230.38
	0.000



	Error
	170
	30,049
	10.08%
	30,049
	177
	
	



	Total
	178
	298,144
	100.00%
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Table 8. Analysis of variance for the kerf angle φ model.
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	Term
	DF
	Seq SS
	C (%)
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	5
	24.6462
	93.31%
	24.6462
	4.9292
	108.81
	0.000



	Linear
	2
	23.3655
	88.46%
	23.3655
	11.6828
	257.88
	0.000



	h
	1
	20.6236
	78.08%
	20.6236
	20.6236
	455.24
	0.000



	vf
	1
	2.7419
	10.38%
	2.7419
	2.7419
	60.53
	0.000



	Square
	2
	0.7403
	2.80%
	0.7403
	0.3701
	8.17
	0.001



	h2
	1
	0.5187
	1.96%
	0.5187
	0.5187
	11.45
	0.002



	vf2
	1
	0.2216
	0.84%
	0.2216
	0.2216
	4.89
	0.033



	2-way
	1
	0.5404
	2.05%
	0.5404
	0.5404
	11.93
	0.001



	h vf
	1
	0.5404
	2.05%
	0.5404
	0.5404
	11.93
	0.001



	Error
	39
	1.7668
	6.69%
	1.7668
	0.0453
	
	



	Total
	44
	26.4130
	100.00%
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