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Abstract

:

The paper extends the concept of cut edge quality and examines the fibre laser cutting process. A Prima Power Platino Fiber Evo device with a reference speed (RS) of 3500 mm/min was used for laser cutting. In order to analyse the influence of the laser cutting speed on the cut edge quality of X5CrNi18-10 stainless steel sheets, macroscopic studies were conducted on a stereoscopic microscope and surface stereometry on a confocal microscope. The obtained results were analysed to evaluate 2D and 3D parameters. These parameters make it possible to determine the cut edge quality and the susceptibility to the application of protective coatings. It was observed that the value of the Sa parameter is the highest for a cutting speed equal to 130% of RS. The Sz parameter is similar, while the Sk, Spk and Svk parameters rise as the speed increases, which is a negative phenomenon. Comparative tests were also conducted for four specimens made at cutting speeds of 70%, 85%, 100% and 115% of RS, respectively. It was found that the laser cutting speed has a significant impact on the cut edge quality and that stainless steel can be cut while maintaining the technological regime at 115% of RS.
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1. Introduction


Modern technology for small and off-shore (large-scale) structures is based on the application of part preparation operations using various cutting, machining, joining, coating and painting techniques [1,2,3,4,5]. This is followed by major component assembly operations using welding or other techniques. Auxiliary technological operations, on the other hand, usually consist of corrosion protection of the entire structure at the very end of the process. They typically consist of the application of galvanic coatings or paint coatings.



While the edges of the cut parts to be welded are usually well prepared, aligned and inspected, the quality of the remaining cut edges is shaped during preparation operations. These edges can either be visible to the end recipient (the device user) or subject to painting. Surface geometric structure (SGS) formed during the cutting operation directly affects the technology of the welding operation and it is also responsible for the development of the adhesion mechanism and the mechanical anchorage mechanism of galvanic and painting coatings [6]. Lack of due care in the preparation of cut edges not only results in the loss of mechanical properties of the welded structure but also deteriorates the visual aspects, contributing to the development of corrosion and faster wear of the device [7,8,9].



In the sector of large-scale structures, thermal cutting is an essential process for preparing edges for further work such as welding or painting. Ordered materials are delivered in the form of steel sheets or linear sections and can be cut to size using various techniques. Solid or porous metallic materials can be successfully cut using the methods listed in [10,11,12], which include cavity cutting (e.g., water jet cutting, electric discharge machining), mechanical cutting (using a circular or band saw) or thermal cutting (i.e., thermal cutting with oxygen, plasma or laser). The technique listed last is most commonly used in cutting large parts in the welded structures industry.



Laser cutting is one of the advanced methods of thermal cutting, along with plasma cutting and thermal oxygen cutting. This method produces precision cut parts at high cutting speeds, achieving a narrow heat zone. The process is contactless, so it does not contribute to tool wear, and the resulting cut edge is smooth and clean and does not require finishing [13]. In recent years, this method has gradually become a practical cutting method due to its availability and lower price. Laser cutting can be applied in various industries such as medical, marine, aviation, automotive and construction. This method is often used to cut parts made of unalloyed steel, stainless steel, aluminium and its alloys and synthetic materials. It can be used to cut almost any material [14,15,16]. The popularity of this method, the simplicity of automation and the high quality of the edges obtained have led to various studies on the application of this method to different materials. Laser radiation sources used in laser cutting include CO2 lasers, Nd: YAG lasers, fibre lasers and disk lasers. In the following sections, a fibre laser [17] is discussed, which was used to make samples for further studies of surface stereometry and the determination of functional parameters. This method uses a high-powered laser beam to achieve a narrow slit, resulting in greater material savings. The laser beam emitted from the interconnected semiconductor diodes is delivered directly to the head via an optical fibre, so transmission losses are minimal. The laser emits radiation with a wavelength of approximately 1064 nm. The maximum impulse emission frequency is 250 kHz, the minimum duration is 2 μs and the maximum duration is 65 ms. Moreover, the wavelength of the laser light obtained is 10 times smaller than that of a CO2 laser (with a wavelength of 10600 nm), which translates into a higher concentration of energy, allowing the cutting of more reflective materials. The small focal length and the laser beam quality are the distinguishing features of fibre lasers, translating into efficiency and very good quality cut edges. The power of the fibre resonator in this type of laser ranges from 0.5 kW to 8 kW, and cutting speeds exceed 20 m/min. Therefore, it is possible to perform cutting speed optimisation [18,19,20,21,22,23,24].



Innovative cutting technologies are also being developed, such as the new NVEB cutting process with local suction, which produces extremely high cutting speeds of up to 17 m/min with high edge quality, making this method a significant advance for new NVEB applications [25]. Due to the specific environment, many structures, including offshore structures (such as oil and gas platforms, wind farms, ports, hydraulic structures, subsea oil and gas pipelines) need to be repaired, and components to be scrapped or reconditioned, so underwater cutting work is being carried out [26]. An exemplary study on this topic was published by Parshin et al. [27,28]. They present a study on underwater wet cutting with the use of flux-cored wires to improve quality and performance. The mechanism of underwater wet cutting is a cyclic process with the formation of periodic keyholes in the metal and consists of operating and idle cycles [29,30].



Due to the specific nature of the metalworking industry, a high workload occurs in CNC portals with thermal cutting heads. It is the duty of every manufacturer to ensure the quality of the manufactured structures and to meet the technical requirements during the manufacturing process of steel and aluminium structures in accordance with the requirements of PN-EN 1090-2 [31]. The quality of the edge after thermal cutting is often underestimated, which contributes to cracks in welded joints of low-alloy and stainless steels. If cracks appear after the cutting process, the coatings applied in this area will not adhere properly.



Various authors have attempted to compare mechanical and thermal cutting methods according to different criteria. For example, Bursi et al. [32] report that mechanically cut specimens for unalloyed S355N steel better meet the requirements of the standard [31]. Similar conclusions were obtained for holes drilled specifically for bolted connections, where higher fatigue strengths were found. Eltawahni et al. [33] extensively describe the impact of laser cutting on the quality of the cut edge in AISI 316L alloy steel. The width of the upper kerf increases with increasing laser power and decreases with increasing cutting speed. If the cutting speed is too high, the lower kerf can be negatively affected and will decrease. The authors noticed that cutting speed increases surface porosity. Cutting parameters were optimised in terms of edge quality or process economics.



Anghel et al. [34] obtained lower surface porosity of AISI 304 steel at low cutting speed, high laser power and average gas volumes and laser focal length. The process is more complicated in the case of thermal cutting due to the low melting point. It is recommended to use a high speed and optimum laser power, suitable for the thickness, in order to obtain low surface roughness [35,36,37,38,39]. Taking into account the above literature data, it can be concluded that cutting speed and auxiliary gas pressure are the most significant parameters affecting the change in surface porosity, while the impact of laser power is much less [40,41,42].



Another obvious conclusion from the literature is that the state of the geometric structure changes with changes in the technological parameters of cutting [32,33,34,35,36,40,41,42]. However, it is rarely emphasised that changes in roughness, micro-roughness and waviness and shape errors of the cut surfaces at the upper and lower edges occur simultaneously. In addition, a transition surface condition appears between the upper and lower edges of the cut surface. The quality of the cut edges is an important factor in determining the suitability of the cutting process used for subsequent welding work. This is particularly important in the case of surface preparation for welding, i.e., cutting with simultaneous chamfering.



The examination of surface properties prior to the application of coatings is sometimes necessary. The initial state of the surface geometric structure determines the subsequent performance and durability of the coatings applied to the surface of the finished product. The mechanism of the adhesion process of the coating to the metallic material is based on the attachment of particles to the micro-roughness of the surface (as a result of the so-called mechanical anchoring effect of the coating). If chemical interactions (diffusion) occur at the surface-coating interface or if additional bonds are created through adhesion forces, the durability of such a coating will be highest. However, it is not always possible to produce and combine all three effects simultaneously in the coating application process. Most often, the technologist considers the influence of the roughness parameter values Ra or Rz on the mechanical anchorage of the protective paint coating or abrasive coating (metallic or ceramic). Among abrasion coatings, polymer-based epoxy resin technology is often used as an effective anti-corrosion coating for steel with peel resistance. Savinkin et al. [43] remanufactured turbine blades and found that in order to achieve high-quality adhesion of the coating to the remanufactured component, the roughness of the surface for plasma spraying should be in the range of 10 to 60 Rz. This means that the surface should be matt. At the same time, they did not provide information on the height of the surface peaks and the depth of the valleys.



Sometimes different types of techniques are used to improve the adhesion of coatings, such as surface anodising using aluminium, electrochemical or plasma methods, or blasting, sandblasting and sodding. Ra is the most common surface roughness parameter used to measure flat surfaces [44,45]. However, without the determination of volumetric parameters such as Vvv (valley void volume) and Vvc (core void volume), the surface during electrolytic etching may lose the ability to mechanically anchor the coating. In contrast, the contact surface is characterised by other properties, such as roughness, hardness, contact area, tangential frictional force, longitudinal vibration velocity, elastic modulus and material hardness, on which the anchoring mechanism of the coating depends [46]. More recently, it has begun to define for a surface its load-bearing parameter Sbi, or indices such as Sci (surface core fluid retention parameter describing the main void volume acting as a lubricant reserve) or Svi (surface valley fluid retention parameter describing, like Svk, the void volume of the deepest valleys).



In order to compare the surface topography of the thermal cutting kerf, three main regions are defined, which include the cut zone, the reflection zone and the dross zone. The surface topography of the cut material at different laser beam parameters proved that the variation of the dross is caused by the laser cutting speed and the intensity of the laser interaction. At slow speed, a spinning effect is created upon reflection and the molten metal is displaced into the dross zone. Thus, the variation in the cut zone progresses as a function of the laser feed rate [47].



This paper is based on experience gathered from a literature review as well as our own experience. Confocal microscopy data allowed us to map the cut surface and characterise the volumes describing it. The concept of “cut edge quality” has been extended, based on PN-EN ISO 4287 [48] and PN-EN ISO 25178-600 [49] to define the surfaces to be tested in terms of 2D and 3D dimensions. On the other hand, the fact that the cut surface of an object is to be welded or further processed in order to obtain corrosion protection should determine the set of functional features by which such a surface should be defined, as well as how they should be measured [50,51,52].



In conducting the literature review on the assessment of the structure of machined surfaces, no sources were found that directly addressed the influence of cut edge topography on the ability to apply coatings after welding. However, the difficulties of applying coatings to welded joints are well known. The presented paper can therefore be considered to fill this gap in the state of knowledge.



X5CrNi18-10 steel (also known as 1.4301 and AISI 304) with enhanced mechanical properties was selected for the study, as its share in structures is increasing year and year [53,54,55,56]. The chosen material is also used for nitriding or the application of various types of coatings, such as those made of ZrSiN [57,58,59,60,61].




2. Materials and Methods


The chemical composition of the X5CrNi18-10 austenitic steel used in the study was determined on a LECO GDS 500A glow discharge spectrometer (Leco Inc., St. Joseph, MI, USA). The percentage of elements by weight obtained from the spectrometric analysis is presented in Table 1. Static tensile testing of the steel was performed on the material in delivery condition. During the test, the correlation between the tensile force and the increase in sample length was recorded. The tensile stresses Rm, yield strength Re/Rp0.2 and relative elongation A were determined for the obtained force values. The tests were performed using an INSTRON 5585H testing machine (Instron, Norwood, MA, USA), recording the parameters electronically in Bluehill 2 software. The obtained mechanical parameters of the steel are shown in Table 2.



Studies of the impact of cutting speed on the edge quality of sheets were performed using a Prima Power Platino Fiber Evo device (Prima Industrie S.P.A., Collegno, Italy) with a YLS-4000 source, at a reference speed (RS) of 3500 mm/min. They were carried out on 5 samples made at cutting speeds equal to 70%, 85%, 100%, 115% and 130% of the reference speed, respectively. Table 3 presents all the cutting parameters applied in the tests. They were selected based on preliminary investigations so that they would allow the cutting of sheets without the occurrence of problems and the process would be stable.



The adopted cutting speeds are within ± 30% of RS and are acceptable speeds that the laser device operator can use without consulting the technologist and without compromising the quality of machining.



In order to characterise the stereometry of the surface after fibre laser cutting, an analysis of the cut edges was performed with the use of an AltiSurf A520 confocal microscopy (Altimet, Chambéry, France). Macroscopic studies were carried out using a Nikon AZ100 stereo microscope with AZ Plan Apo 1x lens (Nikon Industrial Metrology, Tokyo, Japan). The geometry of the resulting cut surfaces was determined by examining the samples in confocal microscope. Due to the atypical structure of the stainless steel, a CL3 confocal sensor with a maximum measurement range of 1.2 mm was used, which allowed the focus on the foam cutting plane in order to continue measurements on a surface characterised by a high degree of waviness. With the microscope used, the examined surface can be tilted at a maximum angle of ±27° to the lens axis. The surface can be scanned with a vertical resolution of 25 nm, an accuracy of 60 nm and a range of 1.2 mm. The device allows full CNC control in five axes: X, Y, Z and two additional ones. The stepper motor resolution is 0.1 μm in the XY plane and 0.5 μm along the Z axis, while the resolution of each rotary axis is 0.0005°. The maximum dimensions of the sample can be 200 mm × 200 mm × 200 mm and the sample mass may not exceed 20 kg. The test consists in focusing white light on a measured surface so that the spot has the smallest possible diameter. The reflected light returns to the lens, passes through a chromatic lens and is scattered. The spectral band of the scattered light passes through the detector aperture. The background light reflected from the unmeasured surface is separated. Therefore, confocal examination with optical sensors provides high contrast and measurement accuracy [10,11,62,63,64,65].



In addition to the calculation of standard parameters of surface roughness, i.e., Rz and Ra [66], confocal microscopy allows multi-criteria spatial analysis of the topography and evaluation of 3D stereometric parameters of the surface according to PN-EN ISO 25178-600 [49]. The parameters include:




	
Amplitude parameters (Sq, Ssk, Sku, Sp, Sv, Sz, Sa);



	
Volume functional parameters (Vm, Vv, Vmp, Vmc, Vvc, Vvv);



	
Feature parameters (Spd, Spc, S10z, S5p, S5v, Sda, Sha, Sdv, Shv);



	
Other 3D parameters (Smean, Sdar, Spar).








Confocal microscopy also allows the following 2D stereometric parameters to be determined according to PN-EN ISO 4287 [48]:




	
Distribution parameters—roughness profile (RSm, Rdq);



	
Peak parameters—roughness profile (RPc);



	
Material ratio parameters—basic profile (Pmr, Pdc);



	
Amplitude parameters—profile (Rp, Rv, Rz, Rc, Rt, Ra, Rq, Rsk, Rku).








The processing of the measurement results is illustrated in Figure 1, Figure 2, Figure 3 and Figure 4 using sample No. 3 as an example.



The raw data are shown in Figure 1. In the first step, artefacts were removed from the image, resulting, for example, from an incorrect measurement at a given point by assigning a threshold value. The image of the sample after this operation is shown in Figure 2. Then, the surface was levelled (Figure 3). The last stage in processing the stereometric data was the calculation of the roughness and 3D and 2D profile parameters of the test object. The 2D profile parameters are shown in Table 4 and Figure 4.



Macroscopic results from the stereo microscope are shown in Figure 5a, Figure 6a, Figure 7a, Figure 8a and Figure 9a. The AltiMapa 6 software, which was used to process the raw confocal microscope data, allowed the recorded topography to be analysed taking into account surface examination standards. The results are shown in Figure 5b, Figure 6b, Figure 7b, Figure 8b and Figure 9b.



Based on the presented research methodology, an analysis of the stereometric parameters of fibre laser cut edges was performed. The results obtained allow the optimisation of the cutting process parameters and characterisation of a set of functional parameters of the cut edge.




3. Results and Discussion


The Altisurf A520 confocal microscope, together with AltiMapa 6 software, made it possible to measure and evaluate the geometric structures of 2D profiles and the 3D topography of the surfaces after fibre laser cutting. Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 present the geometry of the planes in two variants, as macroscopic images and mapped surfaces. The surfaces show significant differences depending on the cutting speed. For X5CrNi18-10 stainless steel, the most favourable cutting speed appears to be between 85 and 100% of RS. Then the profile of the bottom surface, the upper edge and the transition surface show the lowest height difference.



The changes in morphology at the upper and lower edges of the cutting surface are perfectly visible in all the figures showing the surface of the samples. The image of the so-called transition surface, whose nature varies depending on the value of the cutting speed, is also visible. Moreover, in the case of sample No. 5, the formation of a ridge approximately 100 to 150 µm high at the interface of the transition surfaces was also observed. Its presence restricts the contact of the joined objects, limiting the possibility of full remelting of the welded surfaces without adequate preparation. Its presence can also contribute to a reduction in the thickness of the protective (paint) coating. The formation of rounds with a radius of up to 70 µm along the lower cut edge was also observed in all samples.



The value of Sa (arithmetical mean height of the scale limited surface) is the highest for a speed of 130% of RS. Optimum cutting parameters are speeds between 100 and 115% of RS. The same is true for the Sq parameter (root mean square height of the scale-limited surface). Surfaces with the smallest values of deviation of irregularities from the mean plane were recorded for samples made at 70% and 100% of RS, as illustrated in Figure 10.



According to PN-EN ISO 9013 [67], samples characterised by an Rz5 parameter below 119 µm meet the range acceptance criteria for EXC4, according to PN-EN 1090-2 [31]. In contrast, the Sz parameter (for the 3D system), which is similar to the Rz5 parameter in the 2D system, exceeds the 119 µm level for speeds of 130% of RS. From the point of view of the welding process, it is desirable that the surface is characterised by single high peaks, which first melt and—in liquid form—fill small gaps in the material in its plasticised state. Taking this aspect and the economics of the cutting process into account, the optimum speed for X5CrNi18-10 stainless steel is also 115% of RS. The correlation between the Sz parameter (maximum height of the scale-limited surface), the Sp parameter (maximum peak height of the scale limited surface) and the Sv parameter (maximum pit height of the scale limited surface) is shown in Figure 11.



On the other hand, due to the application of protective coatings (surface painting), it is desirable for the coating to anchor mechanically in the material. Hence, it is also desirable that, in addition to high peaks, there are deep valleys and a surface core with a small width. Thus, it is judged that the best surface for painting is the surface obtained on sample No. 3. However, the analysis carried out for X5CrNi18-10 steel shows that the Sk parameter (core height) is lowest for a cutting speed of 85% of RS. Under these conditions, the plane level is averaged over the largest area. Differences in the Spk (reduced peak height) and Svk (reduced valley height) parameters start to occur more often at higher speed values. These correlations are shown in Figure 12.



The functional parameters (Sbi, Sci and Svi) are important tribological parameters and can be used to analyse contact surfaces of all types. The levels of Sbi (surface bearing parameter) and Svi (stroke volume parameter) are similar, but Sbi is lowest for a cutting speed of 130% of RS, whereas Sci (core fluid retention parameter) is lowest for a speed of 115% of RS, as shown on Figure 13. Svi indicates that all samples have a similar number of indentations relative to the load-bearing surface. Sbi indicates that all samples have a similar bearing capacity (calculated for the height of the entire surface). A reduced Sci value indicates a fairly flat cut edge, where the cut zone, reflection zone and dross zone are similar in the three areas. If large-scale structures with such shaped cut surfaces need to be painted, the cutting speed should not have a significant impact on the paint demand.



The flatness of the joined surfaces is a very important aspect of welding. The FLTt parameter (peak-to-valley flatness deviation of the surface) is lowest for 85% and 100% of RS. A weld of uniform strength along the entire length should be formed on the edges of long workpieces shaped in this way, and a weld made on the edge of workpieces cut at the most cost-effective speed of 100% of RS should look similar. The FLTt, FLTp (peak to reference flatness deviation), FLTv (reference to valley flatness deviation), FLTq (root mean square flatness deviation) parameters are highest at a cutting speed of 130% of RS, as shown in Figure 14.



The issue of the influence of cutting speed on the quality of the edges of metal sheets is a very interesting and important issue from a technological point of view, as the correct choice of cutting speed makes it possible to obtain a good cut surface. This eliminates further surface processing, thus shortening the technological process, which affects the final cost of the product. It would be advisable to study the impact of fibre laser cutting speed on the stereometric parameters and the cut edge quality in order to select the best parameters.



The conducted studies show that the best edge for welding for X5CrNi18-10 steel is obtained using speeds in the range of 100% to 115% of RS. On the other hand, it is recommended to paint the edges of the structure immediately after shape cutting at speed values between 85% to 100% of RS. Variations in the technological parameters of edges for different purposes should be noted in the design documentation so that the cutting machine operator can set up the CNC machine correctly.



With the exception of additional descriptions on the technical drawing, this variation should be defined by the appropriate SGS parameter, e.g., Sz ≤ 120 μm. On the other hand, as a supplementary condition, the designer should specify the value of the FLTt parameter, e.g., FLTt ≤ 60 μm, for the welded edge surfaces and a set of Sz, Svk and Spk parameters for the surfaces that will be painted subsequently.



The research shows that the cutting of stainless steels (e.g., X5CrNi18-10) can be performed at a cutting speed of 115% of RS when maintaining the technological regime. After analysing the data obtained from the performed tests, it was found that the speed of laser cutting has a significant impact on the quality of the edge obtained. The studies initiated on a set of functional parameters for the cut surfaces will be continued in order to determine the limits that are achievable from a technological, quality and economic point of view, so that they can become the grounds for their implementation in the documentation by designers (on technical drawings).




4. Conclusions


It is worth taking a closer look at the parameters of the cutting programmes on the machine, as they are not always favourable for particular types of materials. The cutting speed has a significant impact on the temperature variation in the cutting kerf due to the regular changes in the amount of linear laser energy per unit time. Stainless steel can be cut at speed of 115% of the reference speed while maintaining the technological regime. As a result of increasing the speed by more than 30%, there may be a significant change in the SGS character, which may affect the weakening of the mechanical anchoring effect of paint coatings.



The operation cost of a laser system is high when it is used inefficiently. Parameter optimisation based on the surface stereometrics analysis performed by confocal microscopy favours a reduction in the cost of preparing semi-finished products for welding and the subsequent operation of the structure. In order to obtain the desired cut quality, it is very important to correctly select the laser parameters and type of cut for the material to be machined.
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Figure 1. Mapped surface of sample No. 3. 
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Figure 2. Surface of sample No. 3 after consideration of the threshold value. 
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Figure 3. Levelled surface of sample No. 3. 
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Figure 4. Surface of sample No. 3: (a) 2D profile; (b) 2D profile−location. 
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Figure 5. View of the edge made at 70% of RS from: (a) stereo microscope; (b) confocal microscope. 
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Figure 6. View of the edge made at 85% of RS from: (a) stereo microscope; (b) confocal microscope. 
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Figure 7. View of the edge made at 100% of RS from: (a) stereo microscope; (b) confocal microscope. 
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Figure 8. View of the edge made at 115% of RS from: (a) stereo microscope; (b) confocal microscope. 
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Figure 9. View of the edge made at 130% of RS from: (a) stereo microscope; (b) confocal microscope. 






Figure 9. View of the edge made at 130% of RS from: (a) stereo microscope; (b) confocal microscope.



[image: Coatings 13 00015 g009]







[image: Coatings 13 00015 g010 550] 





Figure 10. Variation of Sa and Sq parameters depending on the cutting speed calculated according to PN-EN ISO 25178-600 [49]. 
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Figure 11. Variation of the Sz, Sp and Sq parameters depending on the cutting speed calculated according to PN-EN ISO 25178-600 [49]. 
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Figure 12. Variation of the Sk, Spk and Svk parameters depending on the cutting speed calculated according to PN-EN ISO 25178-600 [49]. 
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Figure 13. Variation of the Sbi, Sci and Svi parameters depending on the cutting speed calculated according to PN-EN ISO 25178-600 [49]. 
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Figure 14. Variation of the FLTt, FLTp, FLTv, FLTq parameters depending on the cutting speed. 
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Table 1. The chemical composition of the X5CRNI18-10 steel.
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Element Content, % by Mass






	
C

	
Mn

	
Si

	
P

	
S

	
Cr

	
Ni

	
Fe




	
0.05

	
1.39

	
0.427

	
0.03

	
0.003

	
19.0

	
7.48




	
Cu

	
Al

	
Ti

	
Co

	
W

	
Mo

	
V

	
(rest)




	
0.384

	
0.019

	
0.003

	
0.093

	
0.065

	
0.242

	
0.044
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Table 2. Mechanical properties of the X5CRNI18-10 steel.
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	Sample No.
	Re [MPa]
	Rm [MPa]
	A [%]





	X5CRNI18-10—1
	278
	563
	48



	X5CRNI18-10—2
	285
	561
	47
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Table 3. Fibre laser cutting process parameters.
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	Sample No.
	1
	2
	3
	4
	5





	Cutting speed [mm/min]
	2450
	2975
	3500
	4025
	4550



	Laser power [W]
	4000
	4000
	4000
	4000
	4000



	Frequency [Hz]
	1000
	1000
	1000
	1000
	1000



	Gas pressure [bar]
	15
	15
	15
	15
	15



	Focal length [mm]
	−1.5
	−1.5
	−1.5
	−1.5
	−1.5



	Sample thickness [mm]
	5
	5
	5
	5
	5



	Type of gas
	nitrogen
	nitrogen
	nitrogen
	nitrogen
	nitrogen
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Table 4. 2D stereometric parameters for sample No. 3.






Table 4. 2D stereometric parameters for sample No. 3.





	
2D Parameters






	
Rp [μm]

	
Rv [μm]

	
Rz [μm]

	
Rc [μm]

	
Rt [μm]

	
Ra [μm]




	
10.7

	
9.82

	
20.5

	
10.7

	
32.4

	
2.3




	
Rq [μm]

	
Rsk

	
Rku

	
RSm [mm]

	
Rdq [°]

	
RPc [1/mm]




	
3.08

	
0.517

	
5.1

	
0.0487

	
54.4

	
20.8
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