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Abstract

:

Manufacturing parts made of thin steel in small batches is a challenging task in terms of reaching the proper balance between the productivity, the cost, and the dimensional precision. This paper presents the results of experimental research about manufacturing electrical steel thin parts using abrasive waterjet cutting. For a certain increase of productivity and a more efficient process, the parts were cut using multilayer packages of steel strips. The main objective was to analyze the influence of the number of layers on the dimensional precision of parts. Preliminary tests were performed, followed by a full factorial experiment using two independent parameters, the number of layers and the traverse speed. The parts were measured on a noncontact vision measurement machine and mathematical models were determined to predict the parts deviations depending on the independent parameters used. A practical validation of the models was performed. The main conclusion is that the number of layers has a certain influence on the accuracy of dimensions, but this influence can be predicted with a satisfactory level of confidence using mathematical models.
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1. Introduction


Nowadays there is worldwide interest regarding environmentally friendly technologies, sustainability, and more efficient products, all with the aim of reducing pollution to the planet. This is also available for industrial products used in almost all types of industries, such as automotive, aerospace, or for machine tools, which are mainly responsible for implementing efficient production flow. The latter are used for product manufacturing, and these are large consumers of electricity because their construction needs one or several electrical motors, which usually drive the tool spindles or hydraulic/pneumatic pumps. Thus, the more efficient the electric motors are (low electricity consumption and high efficiency/torque/speed), the more efficient the production system will be.



The efficiency of an electrical motor is mainly given by two components and the interaction between them. These are the rotor and the stator of the motor. The stators and the rotors of electrical motors are basically composed of pure copper or copper alloys windings and steel laminations, which form the core of the rotor and the stator [1,2]. The prototyping process of the steel laminations is difficult. In the case of volume production, the steel laminations are manufactured by punching the lamination geometry on a mechanical press from steel sheet coils in an automated manner. Motor manufacturers use several dedicated electrical steels, such as M290-50A, M330-50A, M400-50A, or M700-50A, according to the DIN EN 10106 standard [3]. Each stator or rotor is composed of a few hundred steel laminations, which should be manufactured by the punching process. For small volumes of rotor or stator prototypes, the punching process is not quite suitable because the costs of the dies are very high. Thus, other cutting processes should replace the conventional punching process. Basically, there are four other methods that can be used in order to manufacture steel laminations for electric motors for prototyping purposes: on a CNC punching machine, by laser cutting, by a wire electrical discharge machining (WEDM), or by abrasive waterjet cutting (AWJM) [4].



In the case of the CNC punching machine, the main shortcoming is that the lamination shapes are usually complex ones with small details, which cannot be cut by any of the universal sets of punch shapes available for those CNC machines. Generally, the punching process affects also the magnetic properties of the material [5,6] but at a very small level; thus, the punching process with mechanical presses still remains the leading technology for electric motor laminated core production [7]. The laser cutting has a major disadvantage that by generating a thermal strain along the cutting edge, there is a negative influence on the magnetic properties of the material [5,6,8]. Regarding the WEDM process used for the steel laminations, even if it does not have an influence on the magnetic properties of the sheet steel [5,8,9], the cutting speed is very low and makes it the slowest manufacturing process in comparison with all other machining methods [7,9]. Another disadvantage of WEDM is that for the inside contours, a pre-drilling process is needed in order to obtain the hole to insert the copper wire used for cutting. Many researchers claim that abrasive waterjet cutting is the most suitable manufacturing process for steel laminations in small volume production needed for electric motor prototyping [8,10,11]. The abrasive waterjet process is a room temperature cutting process, and thus, it does not generate any local thermal stresses along the cutting edges so the material properties are not affected [12]. Even if the abrasive waterjet cutting can produce burs on the other side of the sheet and also oxidize the material [12], it is still the favorite manufacturing process in this case. The process is also faster than WEDM [10].



Waterjet cutting is used in many industrial or non-industrial fields in two technological variants: simple waterjet machining used only for soft materials or abrasive waterjet machining generally used for harder materials with different thicknesses [13]. In case of AWJM, abrasive particles mixed with a jet of water at very high pressure and speed are used in the machining process in order to cause the materials erosion [13,14]. Several types of abrasive particles are used: sand, aluminum oxide, silicon carbide, glass beads, etc. [13].



AWJM is a cold and non-contact machining process and has multiple advantages, such as thermal stress absence, no thermal deformations caused, high flexibility, high cutting speed, no tool sharpening needed, and no dedicated tools [13,15]. This process became very versatile over time and is also combined with conventional processes, such as turning [16,17,18], milling [19,20], drilling [21], grinding [22], polishing [23,24], or even used as micro-machining technology [17,25]. Overall, AWJM is a well-known process, which has been investigated in depth and presented by many researchers [13,14,17].



Much research has studied the main influence factors on the AWJM process. In the last decade, an in-depth review regarding the influence factors was published by Anu Kuttan et al. [13]. The review claims that those factors, which are in fact the process parameters, can be classified in four main categories as follow: cutting factors (traverse speed, stand-off distance, number of passes, and jet impingement angle), hydraulic factors (waterjet pressure and water orifice diameter), abrasive factors (abrasive particle shape, particle diameter/dimension, abrasive material hardness and abrasive mass flow rate), and mixing factors (focusing nozzle length and focusing nozzle diameter). Similar input influences are also assumed by other researchers, considering that those parameters affect the cutting performances (material removal rate and depth of cut), and the parts output results as the surface roughness, the kerf taper angle, the burr formation, striation marks, or even delamination in the case of laminated composite materials [14].



In order to highlight the parameter influences on different cutting part aspects, the majority of the research was usually conducted on thick materials with thicknesses between 5 mm and 100 mm [26,27]. After an overview regarding many studies in this field, Llanto at al [14] concluded that the most significant influence factors on the AWJM process performance are the traverse speed (most significant), waterjet pressure (second significant), abrasive mass flow rate (third significant), and standoff distance (fourth significant). The waterjet traverse speed has the most significant influence effect on the part’s output parameters [28,29]. Gnanavelbabu et al. [30] and Sasikumar et al. [31] conducted experiments on different materials and different thicknesses and concluded that using a low level of traverse speed leads to an improved kerf taper angle and surface roughness. Regarding waterjet pressure, the second major influence factor, most of the available studies proved that using a high level of waterjet pressure reduces the parts kerf angle and can also improve the surface roughness [31,32,33]. On the other side, several studies claim that a ultra-high pressure waterjet can even damage the part output parameter, especially for thinner sheets, because it increases the particles velocity, resulting in strong impact with the material [34]. Nevertheless, increasing water pressure also has a productivity advantage as the material removal rate and the depth of jet penetration are rising [14,33,35]. Marichamy et al. [36] concluded that at least for soft materials as brass machining through the AWJM process, a lower abrasive mass flow rate leads to better surface roughness. Meanwhile, another group of researchers claims that a high material remove rate but also a lower surface roughness are obtained for greater abrasive mass flow rate in the case of hard materials as titanium alloys [30] but also in the case of soft material as aluminum alloys [37]. Regarding the stand-off distance influence, as is expected, many studies proved that decreasing the distance between the nozzle and workpiece leads to an improved kerf width, surface roughness, and a bigger removal material rate [14,29,38].



The influence of the four factors presented above is usually higher when increasing the material thickness. Additionally, there are other less significant influence parameters, which are less studied in the literature. Their influences are smaller than the important ones, the traverse speed, waterjet pressure, abrasive mass flow rate, and standoff distance [14].



The current paper presents research on AWJM of thin sheets made of electrical steel, for manufacturing rotor and stator laminations in small batches, and for prototyping purposes. The sheets were processed in multiple layer packages, which were cut together to reach the proper balance between the productivity, the cost, and the dimensional precision. Extended experimental research was performed to determine mathematical models which predict the upper and lower deviations from the nominal dimensions depending on the traverse speed and the number of layers. The models were validated by experiments, and the level of confidence obtained was satisfactory.




2. Materials and Methods


Prototyping the electrical motor laminations for stators and rotors is a real challenge considering the aspects presented in the previous section. An example of stator and rotor laminations shape is presented in Figure 1. These laminations are made of thin metal sheet, whose details will be presented further in the paper.



In order to analyze the process of manufacturing of thin sheet metal parts in a multiple layers package using AWJM, experimental research was conducted with the purpose of assessing the geometrical deviations from the nominal dimension of the parts and evaluating their dependence on some of the main AWJM parameters. For this purpose, preliminary tests were done to obtain general conclusions regarding the cutting process. Further, the research followed a full factorial experimental plan using the factors and levels selected before the preliminary tests. At the end, a validation stage was also included.



2.1. Materials and Technological Setup


The material used for the experimental plan was the electrical steel M400-50A, according to the DIN EN 10106 standard and having the thickness of 0.5 mm [3]. This material is a common one used for motor laminations in the electrical motors manufacturing industries. The main mechanical properties and the chemical composition are presented in Table 1 [3].



The design of the part used during the experiments was made by analyzing the influence of the part’s geometry on its accuracy during AWJM. The most significant influence factor on AWJM is the traverse speed [14,17,18]. It is well known that the traverse speed is not constant along a complex contour of parts, such as the ones of the stator or rotor laminations. The speed depends on the contour curvature, which are constant along the straight lines and are decreasing along the curved ones. Taking into account this aspect, a simple geometry was designed in order to perform experimental trials, as presented in Figure 2. This design was adopted to obtain multiple outer dimensions, which are cut using a straight toolpath on AWJM, because the speed is constant along them. The measurements of the three dimensions, named OD1, OD2 and OD3, were taken between the lines marked in red (Figure 2).



The machine tool used for the tests was a MAXIEM 1530 abrasive waterjet machine from OMAX Company (OMAX Corporation, Kent, WA, USA). The fixing of the strips package was made using four simple C shape clamps, which are pressing on two lateral metal bars, as it is shown in Figure 3.



This fixing method is one of the simplest and is easy to implement for prototyping purposes but at the same time, could be unstable because it keeps together the sheet layers only on the lateral areas. The middle area of the sheet package is less tight, and thus, small gaps could appear between layers, affecting the cutting process and the parts dimensional accuracy.




2.2. Preliminary Tests


The preliminary tests aim to assess the maximum number of layers that can be cut at once using a certain range of values for the traverse speed. Three different layer packages (5 layers, 10 layers, and 15 layers in Figure 4) and three different traverse speeds (250 mm/min, 350 mm/min, and 450 mm/min) were tried. Only these two parameters were selected to be modified in the process because the traverse speed is the most significant influence factor on the AWJM process [14], and the number of layers cut together (package thickness) influences the productivity of the process. Both are also suitable to be easily modified by human operators in the production plant. Regarding the water pressure, it is recommended to use a high-pressure value for better cutting results, good surface roughness [14,32,34], and good productivity. Thus, the water pressure was maintained constant at the highest level of the AWJM machine, 350 MPa. Regarding another important parameter, the stand-off distance, it was maintained constant at 1.5 mm. The type of abrasive was GMA garnet 80 mesh, having the size of the particles between 0.18 mm and 0.30 mm. The abrasive rate used during the experiments was 300 g/min.



For an easier identification of each part after the experiments, a codification rule was used, exemplified for part configuration “P-F250-10-2” and with the following meaning: P (preliminary tests) or E (experimental plan) or V (validation tests), F250 is the feed rate/traverse speed value, 250 mm/min, 10 is the number of layers in the package, and 2 is the second layer from that package, ordered from top to bottom. This codification rule is available for all the experiments presented in this research.



According to the above considerations, all the configurations performed for the preliminary tests are presented in Table 2. The table also shows the limitations of some experiments.



According to Table 2, several trials were not completely succeeded, including the ones for the highest traverse speed value or for the 15 layers packages; thus, not all the planned experiments were performed. Figure 5 presents several parts machined in the preliminary test stage. The dimensions, OD1, OD2, and OD3, were measured for all the parts, using the digital calipers of a microscope, Mitutoyo MT-1005B (Mitutoyo, Kawasaki, Japan).




2.3. Preliminary Tests Results


The dimensional accuracy of a part is usually evaluated by the deviation from the nominal dimension. Deviations are differences between the minimum and maximum measured dimension, Dmin and Dmax, and the nominal dimension, Dnom (OD1, OD2 or OD3), according to equations [39]:


   Dev  m i n   =  D  m i n   −  D  n o m   ,  



(1)






   Dev  m a x   =  D  m a x   −  D  n o m   ,  



(2)







Deviations could be positive or negative. The total amount between the maximum deviation and the minimum deviation shows the tolerance spread field.



The results of the deviations for the parts machined during the preliminary trials are presented in Table 3.



Using the same microscope, the parts edges profile was analyzed in the area where the outer dimensions were measured. Several captures from the microscope edge analysis are presented in Figure 6. As a general rule, it was observed that the first part for all the packages has a relatively smooth edge profile, especially for small traverse speed values. When increasing the traverse speed or the number of layers, the edge profile becomes more and more nonlinear. When the profile edge is not smooth, it may also influence the outer dimension measurement, resulting in inaccurate OD values.



The following is an overview on how the AWJM of thin steel multilayer packages of strips was achieved after the preliminary tests. The main outcomes are:




	
The process has limitations regarding the number of layers that can be cut together with the selected values of the traverse speed (Table 2).



	
The maximum waterjet traverse speed was found, which can be used to obtain parts with a relatively suitable straight cut edge.



	
The tolerance spread field obtained for each parameter configuration gave primary information regarding the dimension accuracy when using this machining method.








For the further full factorial experimental plan, the process parameters (traverse speed and layer packages) were selected based on the results obtained after the preliminary tests.




2.4. Extended Experimental Research


After the preliminary tests and a general overview about the process, further extended experimental research was conducted by implementing a full factorial experimental plan. The main goal of the experiments was to investigate the influence of the waterjet traverse speed and the number of layers of the packages on the dimensional accuracy of the outer dimensions of the parts. Consequently, by conducting more elaborate experimental research, the aim is to determine mathematical models which can be used to predict the dimensional precision that can be obtained using different values of the waterjet traverse speed and different numbers of layers of the package. For this purpose, the experiments were planned according to a well-known technique, the design of experiments (DOE). The Minitab 18 software tool was used to generate and manage those trials. The experimental plan factors and their levels were selected, and they are centralized in Table 4.



According to Table 4, two influence factors, each with three levels, were used in the DOE full factorial experimental plan design. Similar to the preliminary tests, the waterjet traverse speed and the package number of layers were kept as influence factors, but their levels were adjusted taking into account the results and the process limitations proved by those tests. The maximum value of the traverse speed was chosen to be 250 mm/min in order to ensure a complete cutting for the highest number of layers selected. Regarding the selected levels for the number of layers cut at once, three different packages were chosen: 4 layers, 7 layers, and 10 layers. The maximum number of layers per package was selected also according to the results proved in the preliminary tests when the 10-layer package was the one that was completely cut with the maximum traverse speed. Those factors and levels were implemented in DOE using Minitab, and a full factorial experimental plan was designed, according to Figure 7.



It is considered that replicas for those experiments are not needed because cutting each package will result in many parts at once, and more than that, for each part, three outer dimensions, OD1, OD2, and OD3, are measured.



The shapes of the parts are the same, which were used for the preliminary tests, as presented in Figure 5. The parts were manufactured according to the random order generated in Minitab, using the same abrasive waterjet machine, which was used for the preliminary tests, keeping the same values for the water pressure, the stand-off distance, and the waterjet head parameters.



Based on the planned design of experiment presented above, a total number of 63 parts were machined, and 189 measurements were taken for the outer dimensions. For this reason, it was considered that the results will have a great level of confidence.





3. Results and Discussion


3.1. Parts Deviation Measurements


For this stage, the measurements were taken using a high-performance 3D non-contact vision measurement machine from Mitutoyo, Quick Vision APEX (Mitutoyo, Japan), as presented in Figure 8. The machine is driven using the QVPAC software tool, which ensures an automated measurement. This measurement machine is able to ensure a stated accuracy by conforming to ISO 10360-7 [40]; thus, it guarantees the correctness of the measured values.



All the measurements were centralized on an Excel worksheet for easier data management. For each experimental configuration, two values were extracted and used as responses in the DOE method, the minimum deviation (Devmin) and the maximum deviation (Devmax). As an example, the values measured for the parts manufactured using experimental configuration E-F150-4-1…4 are presented in Table 5.



The experimental plan, including the minimum and maximum deviations for all trials, is presented in Figure 9.




3.2. Mathematical Models Used for Parts Deviation Prediction


Usually, when thin sheet parts are manufactured or prototyped using AWJM and processed as a multilayer package, the major interest is to predict the geometric tolerances obtained by cutting those parts. The prediction can be assessed with graphical representations or mathematical models. For this purpose, the results of the experimental plan were analyzed using the fit regression model available in Minitab. This regression analysis is one of the most popular methods, which describes the relationship between predictors (factors) and one single response. Thus, this model was used in order to highlight the factors’ influences upon each response from the experimental plan, Devmin and Devmax. Therefore, after regression analysis was applied using the same factors (traverse speed and number of layers per package) but two different responses, the following mathematical models for Devmin and Devmax predictions were obtained:


  D e  v  m i n   = − 0.00611 − 0.000137 · T s − 0.001111 ·   N l ,  



(3)






  D e  v  m a x   = − 0.0686 + 0.000393 · T s + 0.02544 ·   N l ,  



(4)







These mathematical models can be used to predict minimum and maximum deviations for parts manufactured from thin sheets for different values of the waterjet traverse speed and different number of layers cut at once using the multilayer package method.



The regression analysis confidence is characterized by the statistical parameters called “coefficient of correlation R2” and “standard deviation S” which are presented in Table 6.



Small values for standard deviation S mean that the obtained mathematical model succeeds in a proper response description. There is also a similar meaning for high values of the coefficient of correlation R2, the models being more and more accurate as the term R2 increases towards 100%. For both statistical parameters, the values are satisfactory.




3.3. Practical Validation of Mathematical Models


In the case of Devmin, the R2 coefficient has a smaller value of around 91%, this being one reason why it was decided to implement a validation phase. The validation is also helpful in order to confirm the regression analysis level of confidence and to confirm that the mathematical models obtained through the statistical analysis can certainly be used as prediction models for AWJM cutting of thin sheet metal parts with the multilayer package method.



Thus, two more experimental configurations were machined with the same setup used for the previous experiments. For these two validation trials, there were different process parameter (water jet traverse speed and package number of layers) values used and placed inside the range of the ones used in the full factorial experimental plan. These values, together with the calculated values of the predicted deviations using the mathematical models (3) and (4), are presented in Table 7. Each configuration name is preceded by the symbol “V” (validation).



Both sets of values for the outer dimensions, calculated and measured, were compared using the graphical representation presented in Figure 10. The analysis of these values shows that the predicted deviations are close to the measured ones on the machined parts for almost all the compared values. If for the V-F175-5-1…5 experimental configuration, the difference between the measured and the predicted values do not exceed 0.004 mm, and for the V-F225-8-1…8 experimental set, the values for minimum deviations are matching quite precise (0.005 mm), but there is a difference for maximum deviation of 0.021 mm.



The difference between the predicted values and the measured ones on the parts is provided by analyzing the fixture system used. The sheet strips, especially the ones obtained from coils, have their own flatness deviation, and when they are layered in a package and fixed together only on the lateral areas, small gaps could remain between the layers in the cutting area (Figure 11).



In the cases of cutting multilayer packages when the sheets are completely separated, the behavior of the material is different compared to the AWJM cutting of multilayer composite structures when the layers are welded or glued together [41]. The fixing method on the machine tool is very important because it is the single method to keep the layers as closed as possible without gaps between layers. The fixing method can be improved by implementing a more rigid contoured fixing plate between the clamps and the sheet package, but this will increase the manufacturing time and costs. This gap phenomenon can bring differences between real and predicted deviations and should be treated carefully.





4. Conclusions


The paper presents research concerning the dimensional accuracy for parts manufactured from thin electrical sheet strips by abrasive waterjet machining in a multilayer package. Influence factors for AWJM were analyzed and selected based on the literature review available in this field. The research was divided into three stages: preliminary tests, extended full factorial experimental plan, and validation tests. An overview and the process limitations were assessed by the initial preliminary tests. Extended experimental research was further conducted based on the results obtained in the initial tests. Regression analysis was applied on the deviations results of the extended research, and mathematical models were obtained for minimum deviations (Devmin) and maximum deviations (Devmax). The possibility of using these models to predict the parts deviations for different number of layers and various traverse speed values, was proved by the validation stage. The key conclusions of this research are the following:




	
Waterjet machining is a proper process, which can be successfully used to manufacture thin sheet metal parts for electrical motor laminations prototyping or for small volume production, maintaining the dimensional precision in a range suitable for such type of parts.



	
Initial experimental trials were performed in order to identify the process limitations regarding the most important influence factors, waterjet traverse speed and number of layers per package to be cut at once. These two factors are also the easiest to be modified by operators in the production plants. According to the preliminary tests, the maximum number of layers per package succeeded in being cut using a maximum traverse speed of 250 mm/min was ten layers.



	
Extended experimental research, based on a full factorial plan, was conducted to study the process parameters influence (waterjet traverse speed and number of layers per package) on part accuracy. The maximum and the minimum deviations from the nominal dimensions were the research responses and were statistically processes by regression analysis in order to obtain mathematical models for dimensional accuracy prediction in the case of cutting multilayer packages when the sheets are completely separated and not glued or welded together.



	
The mathematical model confidence was confirmed by additional experiments in a validation stage. The differences between the deviations calculated by mathematical models and the real deviations measured on the machined parts were in good agreement.








The machining setup presented in the paper is easy to implement in the case of prototyping or small volume production of electrical motors lamination and ensure positive results regarding the parts accuracy and productivity. The paper opens future research opportunities, such as studies using different materials or sheet thicknesses, studies on the entire contour for complex parts, different variant for package fixture or even developing a modular fixture design dedicated for sheet package cutting on AWJM.
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Figure 1. Example of stator and rotor lamination shapes. 
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Figure 2. Part shape and dimensions for experimental research, in mm. 
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Figure 3. Machine and fixing setup for sheets package. 






Figure 3. Machine and fixing setup for sheets package.



[image: Processes 11 02788 g003]







[image: Processes 11 02788 g004] 





Figure 4. Layers package and nomenclature. 
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Figure 5. Preliminary tests: (a) sample parts from preliminary tests; (b) measurements on Mitutoyo MT-1005B microscope. 
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Figure 6. Edge profiles for parts machined during preliminary tests: (a) P-F150-15-1; (b) P-F250-5-1; (c) P-F450-5-1; (d) P-F250-5-5; (e) P-F350-5-5; (f) P-F450-5-5; (g) P-F250-10-10; (h) P-F350-10-8; (i) P-F250-15-11. 
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Figure 7. Capture for the full factorial experimental plan designed using Minitab. 






Figure 7. Capture for the full factorial experimental plan designed using Minitab.



[image: Processes 11 02788 g007]







[image: Processes 11 02788 g008] 





Figure 8. Mitutoyo Quick Vision APEX machine in the measurement process. 
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Figure 9. Capture for the experimental plan and values for minimum and maximum deviations. 
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Figure 10. Graphical comparison for calculated and predicted deviations: (a) minimum deviation comparison; (b) maximum deviation comparison. 
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Figure 11. Illustration of small gaps that can appear between layers. 
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Table 1. Main mechanical properties and the chemical composition of M400-50A material [3].
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Main Mechanical Properties of M400-50A Material




	
Density (kg/dm3)

	
Yield Strength

(N/mm2)

	
Tensile Strength

(N/mm2)

	
Young’s Modulus

(N/mm2)

	
Hardess (Vickers)






	
7.7

	
305

	
445

	
210,000

	
150




	
Main elements for chemical composition of M400-50A material




	
Si (%)

	
Mn (%)

	
P (%)

	
S (%)

	
Al (%)




	
1.5–1.9

	
0.4–0.6

	
0.09–0.12

	
max. 0.01

	
0.3–0.45











 





Table 2. Preliminary test configurations and limitations.






Table 2. Preliminary test configurations and limitations.





	
Experiments Performed for Preliminary Tests




	
Part Code

	
Traverse Speed

(mm/min)

	
Package Number of Layers

	
Succeeded Cut

	
Maximum Layers Cut Completed






	
P-F250-5-1…5

	
250

	
5

	
Yes

	
All




	
P-F350-5-1…5

	
350

	
5

	
Yes

	
All




	
P-F450-5-1…5

	
450

	
5

	
Yes

	
All




	
P-F250-10-1…10

	
250

	
10

	
Yes

	
All




	
P-F350-10-1…10

	
350

	
10

	
No

	
max 8 layers of 10




	
P-F450-10-1…10

	
450

	
10

	
Not performed

	
-




	
P-F250-15-1…15

	
250

	
15

	
No

	
max 11 layers of 15




	
P-F350-15-1…15

	
350

	
15

	
Not performed

	
-




	
P-F450-15-1…15

	
450

	
15

	
Not performed

	
-




	
P-F150-15-1…15

	
150

	
15

	
Yes

	
All











 





Table 3. Measurement results for preliminary tests.
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	Part Code
	Minimum Deviations

Devmin (mm)
	Maximum Deviations

Devmax (mm)
	Tolerance Spread Field (mm)





	P-F250-5-1…5
	−0.35
	−0.12
	0.23



	P-F350-5-1…5
	−0.27
	−0.09
	0.18



	P-F450-5-1…5
	−0.27
	0.01
	0.28



	P-F250-10-1…10
	−0.32
	−0.02
	0.30



	P-F350-10-1…10
	−0.28
	0.14
	0.42



	P-F250-15-1…15
	−0.32
	0.11
	0.43



	P-F150-15-1…15
	−0.33
	0.02
	0.35










 





Table 4. Design of experiments factors and levels.
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Factor Description

	
Factor Name

	
Measurement

Unit

	
Number of Levels

	
Level Values

	
Code of the Trial Configuration






	
Waterjet feed rate/traverse speed

	
Ts

	
mm/min

	
3

	
150

	
E-F150-4-1…4




	
200

	
E-F200-4-1…4




	
250

	
E-F250-4-1…4




	
Layer package

	
Nl

	
number of layers

	
3

	
4

	
E-F150-7-1…7




	
7

	
E-F200-7-1…7




	
10

	
E-F250-7-1…7




	
E-F150-10-1…10




	
E-F200-10-1…10




	
E-F250-10-1…10











 





Table 5. Measurements obtained for E-F150-4-1…4 experimental configuration.
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Experimental

Configuration

	
Nominal

Dimension (mm)

	
OD1

(mm)

	
Dev OD1 (mm)

	
OD2

(mm)

	
Dev OD2 (mm)

	
OD3

(mm)

	
Dev OD3 (mm)

	
Devmin/

Devmax (mm)






	
E-F150-4-1

	
30

	
29.991

	
−0.009

	
29.967

	
−0.033

	
29.993

	
−0.006

	
Devmin =

−0.033




	
E-F150-4-2

	
30.034

	
0.034

	
30.015

	
0.015

	
30.026

	
0.026




	
E-F150-4-3

	
30.080

	
0.080

	
30.062

	
0.062

	
30.078

	
0.078

	
Devmax =

0.104




	
E-F150-4-4

	
30.096

	
0.096

	
30.077

	
0.077

	
30.103

	
0.104











 





Table 6. Statistical parameters from the regression analysis.
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	Response
	Standard Deviation, (S)
	Coefficient of Correlation, (R2)





	Devmin
	0.0024056
	90.90%



	Devmax
	0.0184220
	94.82%










 





Table 7. Validation experimental trials and measurements.
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	Validation Configuration Name
	Traverse Speed (mm/min)
	Number of Layers per Package
	Minimum Deviation Devmin (mm)
	Maximum Deviation Devmax (mm)





	V-F175-5-1…5
	175
	5
	−0.089
	0.080



	V-F225-8-1…8
	225
	8
	−0.141
	0.089
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