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Abstract

:

Abrasive waterjet cutting is a well-established non-conventional technique for the processing of difficult-to-cut material and rendering of various complex geometries with high accuracy. However, as in every machining process, it is also required that high efficiency and productivity are achieved. For that reason, in the present study, the effect of performing the machining process by multiple passes is investigated, and the evaluation of this approach is performed in terms of total depth of penetration, kerf width, kerf taper angle, mean material removal rate, and cutting efficiency. In the case of multiple passes, the passes are performed in the same direction with the traverse speed adjusted accordingly in order to maintain the total machining time constant in each case. From the experimental results, it was found that the effect of multiple passes on the kerf characteristics, mean material removal rate, and cutting efficiency depends on the process conditions, especially regarding the depth of penetration, and it is possible to achieve significantly higher efficiency by the multi-pass cutting technique when the appropriate process conditions are selected.
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1. Introduction


The machining of hard-to-cut materials has always been considered a challenge, as the achievement of contradicting goals such as high efficiency and productivity on the one side and low cost and power consumption on the other side requires carefully selected process conditions based both on experience and thorough understanding of the physics of the processes involved. Whereas usually conventional machining processes were primarily selected in industrial practice until the last few decades, non-conventional techniques such as laser machining, Electrodischarge Machining (EDM), and Abrasive Waterjet (AWJ) cutting are becoming increasingly popular due to their unique advantages and especially their ability to efficiently machine difficult-to-cut materials such as the ones frequently used in automotive and aerospace industries [1].



AWJ cutting is a unique and modern technology that allows the cutting of a large variety of complex shapes and a wide range of material types. Moreover, unlike other non-conventional processes, it does not involve increased temperatures, and thus, AWJ cutting can be considered as a cold cutting process [2]. The accuracy of the parts made by this technology depends mainly on the selection of cutting parameters shaping the cutting ability of a high-pressure abrasive stream. In general, this machining method is used to cut through materials; however, the researchers are also trying to establish the conditions to control the depth of cut by controlling four main parameters, namely the jet pressure (P), abrasive mass flow rate (ma), traverse speed (vt), and the stand-off distance (h) [1,3,4]. This process is known as AWJ Milling (AWJM) and relies on controlling a uniform depth of Cut (DoC) in order to render features such as slots or pockets, among others. Several researchers have studied the influence of main process parameters on the process outcome during AWJM. Goutham et al. [5] attempted to establish a monitoring system for AWJ milling using acoustic emissions and cutting forces during the controlled depth cutting of pockets. Their findings indicated that the depth of cut and the Material Removal Rate (MRR) during AWJ milling increase as the jet pressure increases and decrease as vt and h increases. Husin et al. [6] investigated the effect of all the main process parameters during AWJ of stainless steel workpieces and revealed that the kerf width was primarily affected by the standoff distance, while the slot depth was primarily affected by the traverse rate and waterjet pressure; low waterjet pressure, traverse speed, and standoff distance led to an improved surface quality of the slots.



Yuvaraj and Pradeep Kumar [7,8] performed experiments on the AWJ machining of AISI D2 steel workpieces with different abrasive mesh sizes and different jet impingement angles. They found that the optimum result during the AWJ cutting was achieved by setting the jet angle at 70°, jet pressure at 225 MPa, and by using the #100 abrasive mesh size. Kulisz et al. [9] investigated the effect of various parameters on surface roughness indicators; from their results, the traverse speed was proven to be a decisive factor toward the regulation of surface roughness, whereas other parameters such as the abrasive mass flow rate were less significant. Hlavacova et al. [10] conducted an interesting study, aiming to determine whether the different microstructures and heat treatment processes of the steel specimens can lead to variations on their surface quality during AWJ cutting. From the experimental results analysis, the carbon content of steel and the homogeneity of the microstructure were identified as the most important parameters affecting the machinability and surface quality of the workpieces.



Apart from the studies aiming to correlate process parameters with the process outcome, other studies attempt to propose methods that can improve the efficiency of the AWJ cutting. One of the techniques employed for the increase of efficiency is the use of multiple passes for the material removal instead of a single machining pass. In the relevant literature, there are a few studies concerning multi-pass AWJ cutting, which will be briefly discussed afterwards. It is to be noted that studies involving the processing of workpieces by AWJM with multiple passes in the horizontal direction, such as the studies involving the creation of pockets with overlapping paths [11,12], will not be discussed in this work.



Hashish [13] performed a comprehensive study on machining techniques relevant to AWJ cutting and was among the first to suggest the possibility of multi-pass AWJ cutting. Experiments of single-pass milling were performed on aluminum, titanium, and Inconel, and a multi-pass experiment was also conducted on glass and graphite composites, among other materials. The results revealed that when the traverse feed rate is higher, the smoothest cut can be produced but, as it is decreased, the Material Removal Rate (MRR) yields to the maximum. Another parameter that affects the MRR and the surface finish is the garnet size, with the finer particle size producing a finer surface, but at the same time reducing the MRR. Regarding Ti-6Al-4V, Fowler et al. [14] studied the effects of the traverse feed rate, the abrasive grit size, and the number of passes on the Material Removal Rate (MRR) during AWJ cutting. The results indicate that the surface waviness increases significantly with the number of passes with a lower traverse feed rate. On the other hand, the MRR becomes lower as the traverse speed increases. The scientific team led by Wang [15,16,17,18,19] carried out a series of experimental studies on multi-pass milling of alumina ceramics in order to find the optimal cutting conditions and determine the efficiency of this approach. The results of their experiments showed that the use of multi-pass cutting can generally improve the technological performance compared to single-pass milling. Additionally, it has been proven that combining the multi-pass technique and cutting head oscillation cutting technique can lead to an increase of the depth of cut by 50.8% on average compared to a single pass cut without oscillation under the same machining conditions.



Boud et al. [20] conducted AWJ experiments at a various number of passes and found out that MRR was reduced at higher number of passes, which was probably due to the larger residual compressive stresses that were required to be overcome. Doreswamy et al. [21] showed that the kerf width was increased at multi-pass AWJ cutting but the difference between the top and bottom width was reduced. Srinivasu et al. [22] observed that the total depth of cut during multi-pass AWJ cutting was lower than expected and attributed this phenomenon to the increased standoff distance. Miao et al. (2018) [23] conducted an optimization study on multi-pass cutting of AISI 304 stainless steel by AWJ machining. The multi-pass technique was proven to be able to improve the surface quality of the cross-section and the kerf taper. The cross-sections of a multi-pass deepening-cutting process were shown to present large and also deep erosion pits in the lower layer. For this reason, the researchers proposed a “trimming” method that consists of two different stages of material removal, with the first one being related to cutting off the workpiece and subsequently “trimming” the workpiece to a greater extent. Thus, the cross-section after four trimming passes was improved, and the striation lines were almost invisible, with the smooth region almost extending across the whole cross-section. Xiao et al. [24] conducted experiments relevant to the AWJ machining of composites and investigated the efficiency of multi-pass AWJM. It was found that multipass AWJM was beneficial regarding the reduction of kerf taper and increase of quality, but for that reason, it was required to adjust the process conditions such as jet pressure and traverse speed at subsequent passes. An efficient AWJM for near-net-shape operations of complex geometries related to multiple passes was presented by Uhlmann, Männel, and Braun [25]. In this study, a strategy involving the superposition of two different kerfs cut from two different ends of the workpiece was introduced, and it was applied in order to achieve a variable kerf depth and render sculptured surfaces, such as turbine blades.



It becomes evident from the literature review that a comprehensive study on multi-pass AWJ cutting, taking into consideration the variation of several process parameters such as jet-pressure, traverse speed, abrasive mass flow rate, and the number of passes, is not yet conducted. Thus, in the present study, the effect of multiple passes on the depth of cut, kerf width, kerf taper angle, Material Removal Rate, and cutting efficiency during the AWJ milling of steel workpieces under various process conditions is investigated. During the experiments, the total processing time is kept constant by varying the traverse feed accordingly in order to determine whether the multi-pass AWJ cutting is more efficient than single-pass AWJ cutting and under which conditions.




2. Materials and Methods


In the present study, multi-pass AWJ milling experiments are conducted under varying process conditions with a view to determine whether the use of multiple passes can affect the kerf characteristics considerably and whether it is more advantageous in terms of process efficiency or not. The workpiece material is a commercial chromium molybdenum-vanadium (60CrMoV18-5) steel alloy, which is commercially known as CALMAX by its manufacturer and is suitable for plastic and cold work applications. It is characterized by high toughness and good wear resistance, dimension stability, and weldability with the chemical composition given in Table 1 and a hardness value of 220 HV.



The AWJ Milling experiments were performed on an H.G. RIDDER—Automatisierungs GmbH model HWE-1520 machine (H.G. RIDDER H., Hamm, Germany). Specifically, 20 experiments were employed with four levels of traverse speed (vt) and numbers of milling passes and three levels of abrasive mass flow (ma) and jet pressure (P) at a constant standoff distance (h). The following Table 2 presents the selected value range, which is wide enough in respect to the restrictions of the equipment used, allowing for significantly different results in each case, whereas the combinations of process parameters for each experiment are summarized in Table 3, along with the experimental results. In each experiment, a non-through straight slot of 50 mm length was created by the action of the high pressure waterjet with garnet abrasive particles. The traverse speed and number of passes are varied accordingly in order to keep the total machining time constant; e.g., for a fourfold increase of number of passes, the traverse speed increases also by four times. Thus, the efficiency of using multiple passes for the same machining time can be determined. In cases where multiple passes are performed, the direction of the waterjet is the same for each pass. For each experiment, the jet impingement angle was 90°, the employed abrasive was garnet with mesh size #80, while the water jet nozzle diameter was 0.3 mm, and the AWJ concentration tube diameter was 1 mm. The workpiece material dimensions were 50 mm × 200 mm × 20 mm, and the slots on the tool steel were cut across the entire length of the material (50 mm). Before the actual abrasive waterjet tests were carried out, preliminary tests under conditions similar to some of the actual tests took place in order to assess the repeatability of results regarding the kerf dimensions obtained in each case. These preliminary tests indicated that there was an insignificant variation of the results for the three repeated tests of the same experimental conditions; thus, it was not required that all the experiments should be conducted multiple times. The following Figure 1 shows the schematic of the basic geometric characteristics of the AWJ milling setup along with a SEM image of the garnet abrasive particles.



To measure the slot dimensions, a VHX-6000 ultra-deep-field microscope (KEYENCE, Mechelen, Belgium) was used, which is based on Focus Variation Microscopy (FVM), equipped with a 20–2000× objective. This technique is similar to confocal microscopy, and the measuring method of an FV microscope is based on a white light LED source that, before it reaches the measuring surface, passes through a semi-transparent mirror and a lens. Then, the reflected light from the focused areas returns through the lens, and a beam splitter directs it onto a photonic detector, which registers the geometric and photometric information. In other words, FV can deliver colorful high-resolution 3D surface measurements by merging the small depth of a classical optical system and vertical scanning. After the experiments were conducted, the kerf width and depth were measured from 2D images, and the 3D slot surface was generated based on the above-mentioned technique. It is to be noted that given the variability of the slot dimensions along the slot, measurements were conducted on three different representative cross-sections in order to obtain a more accurate view of the kerf dimensions. The same procedure was followed also for the determination of the cross-section area, which is required in order to estimate the MRR; for the calculation of the cross-section area, the average value of three characteristic cross-sections, namely the three cross-sections where the kerf dimensions were measured, was calculated. Figure 2 shows the AWJH.G. RIDDER—Automatisierungs GmbH model HWE-1520 machine and the 3D Keyence profilometer (Hamm, Germany).




3. Results


3.1. Experimental Results and Slot Morphology


After the experiments were conducted, the depth of penetration (denoted with d), top kerf width (denoted with wt), and kerf taper angle (denoted with a) were measured by analyzing the images obtained by the microscope. These results are summarized in Table 3.



From the results of Table 3, it can be seen at first that a variation exists in terms of depth of penetration, top kerf width, and kerf taper angle values in most cases with a varying number of passes and different process conditions. This variation is directly reflected on the morphology of produced slots, as it can be observed that on some occasions, deep and narrow slots are produced, whereas other slots are shallow and wider. Figure 3 shows representative images from the measurements of the slots’ width and depth by utilizing a digital microscope with an embodied profilometer.



As it can be seen from the calculated standard deviation values (denoted in Table 3 with σ and a subscript indicating the quantity for which the standard deviation was calculated) for each of the measured quantities, the deviation of each of the measurements obtained for the same experimental conditions was relatively low, and in every case, it is lower than 5% of the average value of the measured quantities. Given these relatively low deviation values, in the rest of the manuscript, only the average values of each quantity are discussed.



Generally, the shallower slots with a depth to width ratio close to 1 are those produced under milder process conditions, and as the abrasive mass flow rate and waterjet pressure values increase, the incision profile of the slots becomes steeper, with the ratio reaching values as low as 0.1 in the last experimental case. This is also confirmed by the calculation of the kerf taper angle in Table 3 where, as it will be further explained in Section 3.3, it can be observed that the kerf taper angle becomes lower for higher abrasive mass flow rates and waterjet pressure values, indicating a steeper profile toward the lower surface of the slot.




3.2. Dependence of Depth of Penetration on the Number of Passes


Regarding the dependence of depth of penetration values on the number of passes, different behaviors are observed for different process conditions. From the results of Table 3 and Figure 4, it can be seen that at the lowest abrasive mass flow rate and waterjet pressure values, the creation of a slot with a higher number of passes (denoted as n) at the same total machining time leads to lower total depth of penetration until eight passes are used, where an increased value of depth is obtained. However, this value does not exceed the value obtained with a single machining pass. A different behavior is observed at higher abrasive mass flow rate values, where the total depth of penetration value is constantly increasing for higher numbers of passes until eight passes are used, where the depth of penetration value becomes smaller than the previous ones but higher than the value obtained with a single machining pass. Finally, in cases with higher waterjet pressure, the increase of the number of passes leads finally to a considerably higher depth of penetration value, between 1.5 to almost 2 times higher than the value obtained at a single pass. This clear diversity of behaviors observed regarding the depth of penetration obtained with different number of passes under various process conditions can be attributed to the difference in the relevant intensity of the waterjet beam energy.



In the cases with relatively low values of abrasive mass flow rate and waterjet pressure, the energy of the waterjet is not sufficient to overcome the resistance of the workpiece material when larger traverse feeds and multiple passes are selected; thus, the total depth of penetration remains either close to the one obtained at a single pass with a low traverse rate or even lower. As it was pointed out by Boud et al. [20], the residual compressive stresses induced in the workpiece material from the previous passes pose an additional difficulty in the material removal process of the subsequent passes. Moreover, the increase of the real standoff distance as the number of passes is increased leads to reduced energy of the waterjet beam and the material removal process is less effective [22,26]. Nevertheless, at higher abrasive mass flow rates, it seems that the increased momentum of the abrasive waterjet is sufficient in order to overcome the material resistance, even at harsher conditions up to a point. Finally, at both high abrasive mass flow rates and jet pressure values, a higher total depth of cut can be obtained at a higher number of passes with the same total cutting time, as it was also observed in previous works [26,27]. Generally, as it can be seen in Figure 5 in most cases, the total depth of penetration obtained at a higher number of passes (denoted as di, where I = number of passes) is higher than the one obtained at a single pass (denoted as d1), implying that although a clear increasing trend does not exist in every case in respect to the number of passes, it is possible to achieve higher depths when a higher number of passes at higher traverse speeds are selected. Consequently, in these cases, considerably lower time is required to machine the same amount of material than in the respective cases conducted with a single machining pass.



After the dependence of depth of penetration on the number of passes is discussed and explained, the effect of process conditions on the depth of penetration will be also analyzed. From Figure 6a, it can be seen that in any case, the results observed in the relevant literature are confirmed, as an increase of the abrasive mass flow rate within the selected value range leads clearly to an increase of the depth of penetration in every case. The same conclusion can be drawn in respect to the waterjet pressure, as it can be seen from Figure 6b that an increase of waterjet pressure leads to higher depth of penetration values, which is something that is anticipated from the findings in the relevant literature.




3.3. Dependence of the Kerf Width and Kerf Taper Angle on the Number of Passes


Regarding the dependence of the kerf width on the number of passes, the variation of top kerf width values for cases with different number of passes and traverse speed values is depicted in Figure 7a,b. From these figures, it can be deduced that the top kerf width is affected to a different degree from the increase in machining passes under different process conditions. However, the general trend observed in these results is a slight increase of top kerf width values when the number of passes increases for cases with the same total machining time [21]. In some cases, there are some extreme deviations, leading to top kerf width values over 1.25–1.3 mm, but generally, the top kerf width values do not differ very much. Contrary to the case of depth of penetration, the values of top kerf width do not vary considerably under different process conditions. This can be explained due to the fact that the abrasive mass flow rate and waterjet pressure affect the kerf width less than the standoff distance, which is normally a dominant parameter in this case.



Another important quantity indicating the deviation of the kerf geometry from the ideal one is the kerf taper angle. The measured values of the kerf taper angle are presented in Table 3 and depicted also in Figure 8a,b. From these figures, it can be seen at first that although a relatively large variation of the kerf taper angle value is obtained with an increasing number of passes at a low abrasive flow rate and jet pressure, as the abrasive flow rate increases, the effect of the number of passes is considerably lower and there is not a certain trend regarding the variation of kerf width angle. When the jet pressure values increase, the variation of kerf width angle values between cases with a different number of passes is also smaller than in the first four tests, but it can be seen that the kerf width angle increases gradually with the number of passes, and then, it is reduced for the cases with eight passes. This behavior exhibits similarities with the behavior observed regarding the kerf width in Figure 7b and can be probably attributed to the fact that the more rapid increase of kerf top width in comparison with the variation of the kerf width at lower heights leads to an increase of the taper angle, but as the kerf width is reduced for the cases with more than four passes, then the taper angle is also reduced. Moreover, a general observation is that the increase of abrasive mass flow rate led to a decrease of kerf taper angle values with a large decrease observed for ma over 2 g/s, whereas the different jet pressure values affected the kerf taper angle values to a lesser degree.




3.4. Dependence of the MRR and Cutting Efficiency on the Number of Passes


After the dependence of kerf characteristics on the number of passes was determined, the correlation between the process efficiency, evaluated by means of the MRR, and the number of passes will be also investigated. The MRR was calculated from the obtained images from the microscope as follows: the area between the incision profile and the upper surface of each slot was determined at three characteristic cross-sections, as it was aforementioned in the Methodology section, and an average value for the cross-section area was obtained. Then, the MRR was determined as the product of the area and the slot length divided by the total machining time in every case. It is to be noted that the MRR value that is calculated corresponds to a mean value as in the cases with multiple passes, the total volume removed after all the passes is divided by the total machining time for this material removal, and consequently, it does not correspond to the MRR of an individual pass. This procedure was adopted in order to compare a single value between tests with a single and multiple passes and avoid reporting all the MRR values obtained at the end of every single pass in the multi-pass cases. The value of the MRR in every case is depicted in Figure 9. It is to be noted that the MRR deviations are related to both the variation of depth of penetration and kerf width as in each case, these two parameters define the general shape of the cross-section of the slot to a great extend.



As can be seen from Figure 9a, the value of MRR is varying only slightly in the case with the lower abrasive mass flow rate and waterjet pressure values. However, at higher abrasive mass flow rate values, an increase of the number of passes leads to an increase of the MRR up to a point, which is mainly due to the fact that the depth of penetration also increases in this case as the waterjet energy becomes sufficient to overcome the resistance of the workpiece material. Similarly, at increased values of waterjet pressure, there is a clear increase of the MRR at higher numbers of passes, meaning that the material removal process becomes more efficient when multiple passes at higher traverse speed are preferred than single machining passes at lower traverse speeds.



Finally, from the calculated values regarding the volume of removed material, the cutting efficiency can be calculated for each experimental case. The procedure that was adopted for the calculation of the cutting efficiency was also adopted in previous works in the relevant literature [28] and defines the efficiency as the amount of material removed per unit mass of abrasive consumed. Thus, in order to calculate this quantity, the mass of workpiece material corresponding to the total removed volume from each slot will be divided by the total mass of abrasives consumed during this process, which will be calculated as the product of the abrasive mass flow rate and the total machining time in each case. It is to be noted that the cutting efficiency is a dimensionless quantity. The results regarding the cutting efficiency are displayed in Figure 10a,b.



From the results depicted in Figure 10a,b, it can be seen that the cutting efficiency values vary in the range of 0.02–0.05, which is in the same order of magnitude as the range calculated in the relevant literature [28]. By comparing the results depicted in Figure 9 and Figure 10, it can be seen that the variation of cutting efficiency values for different number of passes exhibits the same trends as the material removal rate values. Thus, for different abrasive mass flow rate values, the increase of machining passes leads usually to higher cutting efficiency in comparison to the efficiency of the single pass machining case, and the same is observed for increasing jet pressure, especially for the highest value of jet pressure where the efficiency for the case with eight passes is almost 1.5 times higher than that of the single pass case. Moreover, the increase of abrasive mass flow rate led to a clear decrease of cutting efficiency as the higher quantity of abrasive used did not lead to a proportional increase of removed volume. However, the increase of jet pressure did not lead to a definite trend of the variation of the cutting efficiency as the cutting efficiency values firstly decreased for jet pressure of 317 MPa and then increased for the highest value of jet pressure. Finally, from the obtained results, it can be deduced that a correct combination of process parameters and number of passes can lead to an increase of cutting efficiency, and it was shown that the use of multiple passes is more effective at higher abrasive mass flow rate and jet pressure values.





4. Conclusions


In the present work, AWJ milling experiments were conducted in order to determine the effect of performing multiple machining passes on kerf characteristics, material removal rate, and cutting efficiency during the AWJ milling of steel workpieces. The experiments were also conducted under various process conditions in order to observe whether a consistent trend exists regarding the effect of multi-pass AWJ or different behaviors are present. From the experimental results several useful conclusions were drawn.



Regarding the depth of penetration, different trends regarding the effect of the number of passes were observed depending on the process conditions. Thus, at lower abrasive mass flow rate and abrasive waterjet pressure values, the increase of the number of passes leads to a lower total depth of penetration, which is probably due to the insufficient energy of the waterjet to overcome easily the residual compressive stresses in the workpiece after each subsequent pass. However, at higher values of these two parameters, the depth of penetration increases with the number of passes up to a point, and finally, it can reach even twice the value obtained by a single pass for the same total machining time. Thus, the use of multiple passes is recommended to be chosen along with a relatively high abrasive mass flow rate and jet pressure values when larger depths are required.



Concerning the top kerf width, it was shown that the number of passes affects it to a lesser extent than that of the depth of penetration. The general trend that was observed was that the top kerf width increases slightly with an increase of the number of passes for the same total processing time. Similarly, the kerf taper angle was shown not to vary considerably with the number of passes in most cases. As with the top kerf width, in some cases, it was shown to exhibit a slight increase with the number of passes, but the effect of process parameters such as the abrasive mass flow rate was considerably more important on the kerf taper angle.



Finally, regarding the MRR and the cutting efficiency, it was shown that under appropriate process conditions, they can increase considerably with an increase of the number of passes, leading to an increase of the efficiency of the AWJ process. Specifically, in order to utilize the multi-pass technique effectively, it is recommended that it should be applied in conjunction with higher abrasive mass flow rate and jet pressure values. Thus, under certain process conditions, it is shown that the use of multiple passes can be preferable in comparison to single pass machining.
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Figure 1. Schematic of the Abrasive Waterjet (AWJ) milling setup showing an SEM image of the garnet particles and the basic geometric characteristics of the slots. 
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Figure 2. (a) H.G. RIDDER AWJ center model HWE-1520 and (b) Keyence 3D optical microscope. 
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Figure 3. Slots dimension measurements by using a digital microscope for (a) a 3D image 3rd experimental slot, (b) a 3D image of the 12th slot, and (c) top view of the 16th experiment. 
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Figure 4. Variation of the depth of penetration for increasing number of passes in respect to (a) abrasive mass flow rate and (b) jet pressure. 
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Figure 5. Ratio of total depth of penetration for multi-pass cases to depth of penetration achieved by a single pass under various process conditions. 
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Figure 6. Variation of depth of penetration for cases with different number of passes under different (a) abrasive mass flow rate values and (b) jet pressure values. 
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Figure 7. Variation of the top kerf width for increasing number of passes in respect to (a) abrasive mass flow rate and (b) jet pressure. 
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Figure 8. Variation of the kerf taper angle for increasing number of passes in respect to (a) abrasive mass flow rate and (b) jet pressure. 
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Figure 9. Variation of the mean Material Removal Rate (MRR) for increasing number of passes in respect to the (a) abrasive mass flow rate and (b) jet pressure. 
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Figure 10. Variation of the cutting efficiency for increasing number of passes in respect to (a) abrasive mass flow rate and (b) jet pressure. 
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Table 1. Chemical composition of workpiece material (%w/v).
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	C
	Si
	Mn
	Cr
	Mo
	V
	Fe





	0.6
	0.35
	0.8
	4.5
	0.5
	0.2
	bal
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Table 2. Process parameters and their levels.
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Parameter

	
Level 1

	
Level 2

	
Level 3

	
Level 4






	
Traverse speed (mm/min)

	
300

	
600

	
1200

	
2400




	
Number of Passes

	
1

	
2

	
4

	
8




	
Jet pressure (MPa)

	
233

	
317

	
400

	
-




	
Abrasive mass flow rate (g/s)

	
2

	
5

	
8

	
-




	
Stand-off distance (mm)

	
3
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Table 3. Experimental conditions and results.
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	No.
	vf (mm/min)
	ma (g/s)
	h (mm)
	Passes
	P (MPa)
	d (mm)
	σd (mm)
	wt (mm)
	σwt (mm)
	a (rad)
	σa (rad)





	1
	300
	2
	3
	1
	233
	1.724
	0.008
	1.172
	0.030
	0.185
	0.003



	2
	600
	2
	3
	2
	233
	1.570
	0.015
	1.211
	0.036
	0.189
	0.004



	3
	1200
	2
	3
	4
	233
	1.200
	0.002
	1.293
	0.015
	0.258
	0.002



	4
	2400
	2
	3
	8
	233
	1.638
	0.004
	1.223
	0.017
	0.274
	0.002



	5
	300
	5
	3
	1
	233
	3.034
	0.005
	1.194
	0.023
	0.128
	0.001



	6
	600
	5
	3
	2
	233
	4.034
	0.007
	1.185
	0.047
	0.125
	0.003



	7
	1200
	5
	3
	4
	233
	4.069
	0.010
	1.209
	0.016
	0.129
	0.001



	8
	2400
	5
	3
	8
	233
	3.486
	0.010
	1.224
	0.019
	0.130
	0.001



	9
	300
	8
	3
	1
	233
	3.983
	0.014
	1.227
	0.014
	0.105
	0.001



	10
	600
	8
	3
	2
	233
	5.056
	0.007
	1.235
	0.021
	0.097
	0.001



	11
	1200
	8
	3
	4
	233
	5.118
	0.003
	1.238
	0.019
	0.099
	0.001



	12
	2400
	8
	3
	8
	233
	4.267
	0.004
	1.253
	0.018
	0.102
	0.001



	13
	300
	5
	3
	1
	317
	4.316
	0.005
	1.169
	0.020
	0.093
	0.001



	14
	600
	5
	3
	2
	317
	5.736
	0.024
	1.232
	0.020
	0.096
	0.001



	15
	1200
	5
	3
	4
	317
	5.267
	0.012
	1.272
	0.018
	0.102
	0.001



	16
	2400
	5
	3
	8
	317
	6.587
	0.029
	1.319
	0.016
	0.086
	0.001



	17
	300
	5
	3
	1
	400
	5.635
	0.012
	1.158
	0.012
	0.084
	0.001



	18
	600
	5
	3
	2
	400
	7.895
	0.008
	1.190
	0.007
	0.084
	0.000



	19
	1200
	5
	3
	4
	400
	7.499
	0.003
	1.524
	0.049
	0.112
	0.002



	20
	2400
	5
	3
	8
	400
	10.516
	0.011
	1.327
	0.017
	0.095
	0.001
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