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Abstract: In metal cutting and blanking processes, one of the primary technological challenges is the formation of burrs on the surfaces of cut parts, especially in thin materials. Many companies face the issue of excessive waste due to burr formation after cutting. Understanding the causes of this defect is complex. This paper presents the current state of knowledge and the authors' research on reducing burr occurrence on cut surfaces. The conditions for achieving a high-quality cut edge were determined through numerical and experimental studies. With the increase of the rake angle in shear-slitting, the burr height decreases. When cutting with trimming, the cutting clearance value should be within hc = 1-3% of the material thickness. When blanking, the cutting clearance should be less than 10% of the thickness of the material being cut. The findings support selecting optimal process conditions to minimise waste after cutting.
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1. Introduction
Optimising production processes and responsibly using resources are essential to modern company operations. Efficient, modern production plants should aim to minimise the impact of their processes on soil, air, and water. Increasingly, companies are demonstrating their environmental impact through ecological balance assessments. In cutting processes, one of the main challenges is excessive waste generation on production lines, often resulting from improper process implementation, incorrect parameter selection, or worn tools (Arslan 2020, Bohdal 2022). Burr formation is one of the main macro-geometrical defects affecting machined metal surfaces. Burrs are hard, sharp, raised edges formed along the cut edge during blanking and cutting processes (Barik 2018) (see Fig. 1). The deburring process significantly increases operation time and costs (Cao 2016), leading many companies to dispose of the product as waste.
Current research focuses on defining burrs, understanding their causes, and assessing their impact on product quality (Cavusoglu 2017, Demmel 2017, Dems 2023). Burrs on sheared edges reduce product quality, complicate machining and assembly, and may cause interlayer short circuits in electric motor cores (Dems 2023). Deburring can contribute up to 30% of the total cost of finished parts, and secondary finishing is challenging to automate (Poór 2021). Burr height on the cut surface indicates cutting process efficiency, directly affecting product quality. Therefore, minimising burr formation during production by selecting appropriate process parameters is crucial (Ghadbeigi 2020).
Based on a review of current knowledge, burr height can be reduced mainly by optimising cutting clearance and cutting tool geometry (Han 2022, Bohdal 2022). Cutting clearance refers to the gap between the punch and die in punching processes or between blades in guillotine cutting or shear-slitting (He 2019). Tool geometry can be adjusted by modifying the rake angle or rounding the cutting edge radius (Husson 2008, Bohdal 2020). However, these parameters require tailored adjustments for different steel types and thicknesses, creating challenges on production lines. This paper assesses the impact of cutting clearance and tool geometry on burr formation on cut surfaces.
Based on the state of knowledge and own research, the conditions for implementing the process that allows for the reduction of burrs in the cutting process were determined. The paper is organised as follows:
a) simulation studies (influence clearance on burrs height), b) experimental studies (influence clearance on burrs height), c) experimental studies (influence the optimal selection of cutting tool geometry on burrs height), d) proposal of a new solution.
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Fig. 1. a) The influence of burrs on potential interlayer short-circuit points in transformer cores 
(Hamzehbahmani 2016), b) Example of an irregular burr on a cut edge
2. Reduction of Burrs Through Optimal Cutting Clearance Selection
Cutting clearance is a key parameter that determines the height of the burr on the cutting surface of qorkpiece. However, its value also depends on the cutting speed. There are works in the literature in which theauthors analyse the effect of cutting clearance on the quality of the cut edge. The authors of the work (Wiedenmann 2009) analysed the cutting process of electrical steel with a thickness of t = 1.4 mm. The influence of the clearance value on the quality of the cut edge of elements in the range of hc = 5-20%t during the cutting of holes with a diameter of 10 mm was investigated. The analysis revealed that as cutting clearance increases, the rounding and cracking zones widths also increase while the smooth zone decreases. These findings align with conclusions from Gréban (2007), who investigated how material microstructure and process parameters impact cut edge quality by measuring the width of individual zones on the surface. The studies indicated that burr height is more influenced by cutting clearance and material type than by the deformation rate of the material. Additionally, the rounding zone is strongly affected by cutting clearance and tool geometry, while the smooth and cracking zones depend largely on the mechanical properties of the sheet metal.
In this work, different thicknesses of cut sheets were used in the analyses. As the analysis of the state of knowledge has shown, the burr height depends not only on the processing parameters but also on the thickness of the cut sheet. Thin sheets with a thickness below t = 0.5 mm are more susceptible to the negative effect of the bending moment than sheets with greater thicknesses, e.g. t = 4 mm. The bending moment extends the plastic flow phase and causes burr growth. Therefore, it is important to determine the effect of, among others, the cutting clearance on the burr height depending on the sheet thickness. Knowledge on this subject is limited. The variable thickness of the sheet metal is not taken into account.
In this paper, we have proposed a method for determining the optimal cutting clearance using FEM modelling and experimental studies. For this purpose, a numerical model was bored in the LS-Prepost system (Fig. 2).
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Fig. 2. Geometric model of the blanking process: cross-sectional view: rs – punch radius, hc – blanking clearance, 
t – sheet thickness, v – punch speed

The simulation results of the blanking process for thick sheets, accounting for the curvature of the cutting line and the effect of cutting clearance on cut edge quality, are presented in Figures 3-5. The tests utilised 1018 steel, and the material description was modelled using the Cowper-Symonds elastic/viscoplastic model. The punch speed was set v = 20 mm/s, based on industrial device data from EMET sp. z o.o. from Szczecinek, with which the authors cooperate with a punch radius of rs = 11 mm, and a sheet thickness of t = 4 mm (Fig. 2). Simulations were performed for various cutting clearance values: hc = 0%t, hc = 5%t, hc = 10%t, and hc = 15%t, following the scope of regulation on the industrial device TRUMPF TruPunch.
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Fig. 3. Distribution (maps) of equivalent stresses in the sheet metal cross-section: a) plastic flow phase for the punch displacement w = 0.5 mm, b) cracking phase for w = 1.7 mm (hc = 0%t) 

Fig. 3 shows the distribution of Huber-Mises equivalent stresses for the clearance hc = 0%t. In the initial phase of the cutting process, the highest stress values were observed in the contact zone between the punch and die with the cut material. During the plastic flow phase, maximum stresses were distributed across the entire thickness of the material until cracking was initiated. The cracking process began at the lower part of the die, ultimately leading to the complete material separation. Fig. 4 shows the influence of the clearance on the values of maximum equivalent stresses in the individual process phases, measured in the area of contact between the punch and the material in the fracture zone.
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Fig. 4. The influence of clearance on the distribution of equivalent stresses in the final phase of the process: 
a) hc = 0%t, b) hc = 15%t

The simulation and experimental studies demonstrate that the clearance between the punch and the die significantly influences the speed of material separation. For the case of punching, when the clearance value is hc = 0%t, the material was completely separated for the displacement of the punch into the material of w = 50%t, while for the clearance hc = 15%t, the displacement value was w = 82%t. An increase in cutting clearance resulted in a wider crack zone and greater rollover on the surface of the cut material. As the clearance increased, there was a corresponding delay in the moment of complete material separation, which led to an increase in the height of the burrs formed at the cut edge (as shown in Fig. 5).
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Fig. 5. The influence of clearance on the burr height
A notable increase in burr height occurs after surpassing the clearance value of hc = 10%t. For a sheet thickness of t = 4 mm, this value represents a critical threshold that minimises the increase in bending moment and excessive material flow during the cutting process. Due to the increase in contact pressures for clearances in the range of hc = 0-5%t and possible acceleration of cutting tool wear, the clearance value should be about hc = 10%t.
Further research was conducted on thin sheets with t = 0.3 mm thickness. For these thinner materials, the selection of cutting clearance is critically dependent on the cutting speed. The experiments used circular shears and used ET 110-30LS electrical steel as the test material.
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Fig. 6. Experimental test stand for thin sheets cutting: 1 – engine, 2 – electrical system, 3 – drive pedal, 4 – threaded socket with a scale for adjusting the cutting clearance, 5 – cutting speed regulator, 6 – sheet stabiliser (needle), 7 – high-speed camera, 8 – knife overlap regulator, 9 – scale for determining the diameter of cut discs for curvilinear outlines, 10 – LED lamp, 11 – auxiliary screen for recording and analysis, 12 – computer workstation for archiving measurement data

Table 1. The ranges of the variability of the studied factors
	Horizontal clearance, hc
	0.02-0.1 mm

	Vertical clearance, cv
	0.1 mm

	Slitting velocity, v
	3-24 m/min

	Rake angle, α
	5-40°



The research results indicate that utilising clearances exceeding hc = 0.06 mm causes a significant increase in burr height, regardless of the cutting speed (Fig. 7). This may be due to a decrease in the stability of the flow and cracking processes, which results in a reduction in the width of the sliding fracture while simultaneously increasing the width of the separation fracture and the height of the burr. When the clearance exceeds the allowable limits, it leads to an excessive concentration of the bending moment within the cutting zone. This not only exacerbates the formation of burrs but also can negatively affect the overall quality and integrity of the cut edge.
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Fig. 7. Influence of cutting speed v and clearance hc on burr height
For clearances exceeding hc = 0.08 mm, the height of the burr becomes excessively large, which can lead to issues on the production line at all analysed cutting speeds. This increase in burr height further contributes to greater rollover of the edges, adversely affecting the quality of the finished products. By reducing the clearance value to hc = 0.04 mm, it is possible to increase the cutting speed to v = 24 m/min while still achieving an acceptable burr height. This optimisation enhances cutting efficiency and ensures that the cut edges' quality meets the required standards, illustrating the importance of precisely adjusting clearance settings in the cutting process.
3. Reduction of Burrs Through Optimal Selection of Cutting Tool Geometry 
Selecting the appropriate geometry of cutting tools in cutting processes is complex. Tool geometry significantly affects cutting forces, contact pressure distributions, and tool durability. Previous studies, such as those by Weiss (2017) and Dems (2023), highlight that the influence of tool geometry on product quality is interdependent with other process parameters, including cutting clearance and cutting speed. In this paper, the authors conducted analyses to evaluate the effect of the upper knife rake angle (α) on burr height. The experiments assessed how varying the rake angle interacts with different cutting clearance values (see Table 1). The research findings are illustrated in Figure 8.
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Fig. 8. Influence of cutting speed v and rake angle α on burr height

As the rake angle increases, the burr height decreases, demonstrating a clear relationship between tool geometry and cutting quality. From the perspective of process efficiency, when operating at the maximum cutting speed of v = 24 m/min, the optimal rake angle should be maintained within the range of α = 30-40° (Fig. 8). If the clearance value is less than hc = 0.04 mm, it is advisable to use small rake angles in the range of α = 5-18°. When using a clearance above hc = 0.06 mm, it is beneficial to increase the rake angle. A larger rake angle decreases the bending moment in the cutting area due to a smaller contact zone between the knives and the material, allowing the material to crack earlier in the cutting process. Conversely, a reduced rake angle results in a wider deformation zone and greater shifting of the material fibers.
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Fig. 9. Influence of rake angle α on burr height: a) α = 40°, b) α = 7°
The longer duration of the material's plastic flow phase leads to the crack line being positioned further away from the cutting edges of the tools. This increased distance results in a greater bending moment within the sheet metal cross-section, contributing to the formation of burrs at the cut edges. The extended plastic deformation allows more material to flow and accumulate at the edges, which not only raises the height of the burr but also can adversely affect the overall quality of the cut surface.
4. A New Method for Removing Burrs from the Cut Surface During the Cutting Process
Based on their research, the authors of this paper developed a new method for removing burrs during the cutting process. Based on the developed numerical model in the LS-Prepost program, analyses of the influence of cutting tool geometry and cutting clearance on the quality of the cut edge were carried out. Based on the research results, a new tool geometry was proposed in which its especially inclined cutting edge performs the process of trimming a fragment of the cut surface of a material with the burr (Figs. 10 and 11).
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Fig. 10. Phases of cutting process: a) standard cutting, b) the beginning of the trimming process, c) end of the trimming process with visible damage to the material cut edge



Initially, the process proceeds in a standard manner, with the separation of individual phases such as elastic-plastic deformation, plastic flow, cracking, and complete separation of the material (Fig. 10a). Following this cutting process, the method involves the trimming of the edge area containing the burr (Figs. 10b and 10c). This innovative step aims to address the challenge of burr formation and improve the overall quality of the cut edge. However, during the analyses, a problem was identified related to the cracking of the material edges (Fig. 10c). This issue arises from excessive stress concentration in the cutting zone, which can lead to unintended cracks and negatively impact the integrity of the cut edge.
Therefore, a wide range of analyses were conducted to determine the appropriate values of the side edge rake angle and cutting clearance, which are critical factors influencing the maximum stresses in the cutting zone of the material post-process. The results of these investigations revealed that burr-free cutting is achievable when the clearance value is maintained at hc = 1-3% of the sheet thickness. In this case, the rake angle of the side cutting edge allows for the obtaining of products without deviations in the perpendicularity of the cutting surface and the introduction of the appropriate state of compressive stresses in the material cutting zone. This specific clearance range minimises stress concentrations that typically lead to burr formation while ensuring efficient material separation during the cutting process (Fig. 12). In the initial stages of the process, the tool exerts a point pressure on the material. As a result, the bending moment is minimised in the plastic flow phase during the maximum hardening of the material. This causes the sheet metal to crack earlier. However, this occurs when the pure shear phase is long enough to achieve a sliding fracture on the cutting surface. Since the plastic flow phase is limited in the final phase after complete separation, a small deviation of the perpendicularity of the cutting surface is visible, which is levelled through an inclined side edge described by an angle β (Figs. 11 and 12). The proposed solution is innovative in relation to the current state of knowledge, where flat punches are used. By trimming the cutting surface, the perpendicularity of the cutting surface is obtained, and a favourable state of compressive stresses that affect, for example, the magnetic properties of electrical sheets. 
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Fig. 11. Blanking process with new tool geometry: α – rake angle of cutting edge, β – rake angle of side edge, 
hc – blanking clearance, t – sheet thickness, v – blanking speed 
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Fig. 12. Trimming with appropriate process parameter settings: a) the beginning of the trimming process, b) the middle phase, c) a view of the cut edge of material after the process
5. Conclusions
Control and prevention of burr formation in cutting processes are essential in reducing cutting waste. Burr formation depends mainly on the workpiece material ductility, cutting parameters, cutting tool geometry, and tool wear. In this paper, based on the analysis of the state of knowledge and own research, methods of reducing burrs on the cut surfaces of elements cut from metal materials were proposed. Due to the complexity of the problem, the focus was on the possibility of reducing product defects by appropriately controlling the technological parameters of the process. Simulation and experimental studies were used for this purpose. A new cutting method with the trimming process was proposed, allowing for the removal of unnecessary burrs from the cut edge of the material in one operation. For standard cutting and blanking, the cutting clearance should be approximately set hc = 5-10% of the thickness of the cut material. The clearance value should be selected when cutting on circular shears depending on the rake angle. With the increase of the rake angle, the burr height decreases, but only in the clearance value range of hc = 2-15% of the material thickness. When cutting with trimming, the cutting clearance value should be within hc = 1-3% of the material thickness. This allows for a high-quality cut edge that is free from burrs.
In terms of environmental protection, burr reduction is necessary because they generate waste already at the stage of cutting out blanks from sheets, e.g. electrical sheets. Another problem is related to the process of sheet stacking in the core of transformer motors. Excessive burr prevents stacking. Grinding the cutting edges is necessary. Even in the case of successful stacking, an excessive burr can negatively affect energy losses and eddy currents, which adversely affect the efficiency of electrical devices. This phenomenon is visible in the magnetic cores of AC circuits, which are made of materials that conduct electricity, e.g., generators or transformers. For this reason, these elements are not manufactured from uniform blocks of metal but consist of, for example, stacks of thin sheets mutually insulated by a layer of insulation. The lack of burrs increases the durability of devices, e.g. transformers, and lower energy consumption (no costs of improving the product).
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Methods of Reducing Burrs in  the Process of Cutting and Blanking Metal Materials   Łukasz Bohdal 1* , Agnieszka Kułakowska 2 , Robert Tomkowski 3 ,  Hamzah Ssekiunga Ssemakula 4   1 Department of Mechanical Engineering, Koszalin University of Technology, Koszalin, Poland   https://orcid.org/0000 - 0002 - 8085 - 9530   2 Department of Mechanical Engineering, Koszalin University of Technology, Koszalin, Poland   https://orcid.org/0000 - 0001 - 5506 - 5440   3 Department of Production Engineering, Manufacturing and Metrology Systems,    KTH Royal Institute of Technology, Stockholm, Sweden   https://orcid.org/0000 - 000 3 - 3056 - 781X   4 Department of Production Engineering, Manufacturing and Metrology Systems,    KTH Royal  Institute of Technology, Stockholm, Sweden   * corresponding author's e - mail:  lukasz.bohdal@tu.koszalin.pl   Abstract:   In metal cutting and blanking processes, one of the primary technological challenges is the formation of  burrs on the surfaces of cut parts, especially in thin materials. Many companies face the issue of excessive waste due  to burr formation after cutting.   Understanding the causes of this defect is complex. This paper presents the current state  of knowledge and the authors' research on reducing burr occurrence on cut surfaces. Th e conditions for achieving  a   high - quality cut edge were determined th rough numerical and experimental studies .  With the increase of the rake  angle in shear - slitting, the burr height decreases. When cutting with trimming, the cutting clearance value should be  within h c   = 1 - 3% of the material thickness.  When blanking, the cutting clearance should be less than 10% of the thickness  of the material being cut.   The findings support  selecting   optimal process conditions to minimi s e waste after cutting.   Keywords:   cutting, blanking, burr, waste ,  numerical and experimental analysis   1.   Introduction   Optimi s ing production processes and responsibly using resources are essential  to   modern company opera- tions. Efficient, modern production plants should aim to minimi s e the impact of their processes on soil, air,  and water. Increasingly, companies are demonstrating their environmental impact through ecological balance  assessments. In cutting processes, one of the main challenges is excessive waste generation on producti on  lines, often resulting from improper process implementation, incorrect parameter selection, or  worn tools  (Arslan 2020, Bohdal 2022). Burr formation is one of the main macro - geometrical defects affecting machined  metal surfaces. Burrs are hard, sharp, raised edges formed along the cut edge during blanking and cutting  processes (Barik 2018) (see Fig.   1). The deburring process significantly increases operation time and costs  (Cao 2016), leading many companies to dispose of the product as waste.   Current research focuses on defining burrs, understanding their causes, and assessing their impact on prod- uct quality (Cavusoglu 2017, Demmel 2017, Dems 2023). Burrs on sheared edges reduce product quality,  complicate machining and assembly, and may cause  interlayer short circuits in electric motor cores (Dems  2023). Deburring can contribute up to 30% of the total cost of finished parts, and secondary finishing is chal- lenging to automate (Poór 2021). Burr height on the cut surface indicates cutting process  efficiency, directly  affecting product quality. Therefore, minimi s ing burr formation during production by selecting appropriate  process parameters is crucial (Ghadbeigi 2020).   Based on a review of current knowledge, burr height can be reduced mainly by optimi s ing cutting clearance  and cutting tool geometry (Han 2022, Bohdal 2022). Cutting clearance refers to the gap between the punch  and die in punching processes or between blades in guillotine cutting or shear - slitting (He 2019). Tool geom- etry can be adjusted  by modifying the rake angle or rounding the cutting edge radius (Husson 2008, Bohdal  2020). However,  these parameters require tailored adjustments for different steel types   and thicknesse s, creat- ing challenges on production lines. This paper assesses the impact of cutting clearance and tool geometry on  burr formation on cut surfaces.   Based on the state of knowledge and own research, the conditions for implementing the process that allow s   for the reduction of burrs in the cutting process were determined.   The paper is organi s ed as follows:   a) simulation studies (influence clearance on burrs h e ight), b) experimental studies (influence clearance on  burrs h e ight), c) experimental studies (influence  the  optimal selection of cutting tool geometry on burrs h e ight),   d) proposal of a new solution.    

