		
Axial Cutting Forces in Drilling Operations

Heaven Frezgi   Bharath Gelli
2021



[image: ]
MASTER THESIS
DIVISION OF PRODUCTION AND MATERIALS ENGINEERING
LUND UNIVERSITY
CODEN:LUTMDN/(TMMV-5319/1-55/2021)


Supervisor: Daniel Johansson, Ph.D.
Co Supervisor: Andrii Hrechuk, Ph.D.
Industrial Supervisor: Daniel Johansson, Seco Tools.
Examiner: Jan-Eric Ståhl, Professor.

Author: Heaven Frezgi   Bharath Gelli 
Lund, Sweden 2021

Avdelningen för Industriell Produktion
Lunds Tekniska Högskola
Lunds universitet
Box 118
221 00 Lund
Sverige

[bookmark: _Hlk70152035]Division of Production and Materials Engineering
LTH, School of Engineering
Lund University
Box 118
SE-221 00 Lund
Sweden
 
Printed in Sweden
Media-Tryck
Lund University



Foreword
The master thesis was conducted at Lund University in the mechanical engineering department, division of Production and Materials Engineering. The degree project began as part of an assignment from Seco Tools. They were looking for a model that can predict the axial cutting force in drilling operations, focusing on steel as a workpiece material. 
The authors would like to give a special thank you to the people who have assisted us with valuable information and guidance throughout the work. Thank you for sharing your knowledge and thank you for your patience.
· Daniel Johansson, our supervisor from the Research and Development department in Seco.
· Andrii Hrechuk, our Co-Supervisor from the university, Ph.D.
· Professor Jan-Eric Ståhl, our Examiner.
Additionally, we would like to thank Seco for their support with workpiece materials and tools and for providing experimental data. 



Lund 2021-06-01
Heaven Frezgi  & Bharath Gelli


Sammanfattning
Metallisk bearbetning har varit en del av den industriella utvecklingen sedan järnåldern. Sedan dess har det ändrat form och kriterier men effektivitet i skärande bearbetning av metall har varit ett av de största målen i den industriella världen lika länge. För att ha maximal effektivitet krävs en viss nivå av processbeteende, vilket är det som inspirerade examensarbetet. Projektet genomfördes i samarbete mellan Lunds universitet och Seco som ett akademiskt examensprojekt för universitetet och som ett praktiskt verktyg för Seco.
Projektet startade med litteraturgranskning där befintliga modeller för förutsägelse av axiell skärkraft i borr-operationer grundligt studerades och analyserades. Resultatet av litteraturöversikten var en vald modell för ytterligare tester och modifieringar. Den valda modellen användes för att förutsäga den axiella skärkraften för valda olika verktygsgeometrier och processdata i arbetsmaterial SS2541 inom materielgruppen P5.
För att testa modellen gjordes experimentella tester och modellfelet utvärderades. Vilket ledde till numeriska tester där olika lösningsbaserade konstanter lades till modellen för att ge minsta möjliga felprocent mellan de uppmätta och modellerade axiella skärkrafterna. Under denna fas av projektet upptäcktes ett mönster där modellen underskattade den axiella skärkraften för mindre borrdiametrar.
Resultaten av detta projekt presenteras i prestationsordning där korrelationen mellan diameter, matning, uppmätt och modellerad axiell skärkraft både visualiseras i grafer och beskrivs i rapporten. Dessutom har ett kapitel med förslag för framtida studier lagts till för att ytterligare optimera modellen. 
 
 
 
 
Nyckelord: Axiell skärkraft, borrning, modellering



Abstract
Metal cutting has been part of industrial development since the iron age. Since then, it has changed shapes and criteria, but efficiency in metal cutting has been one of the biggest goals in the industrial world for just as long. To have maximum efficiency requires some level of process behavior prediction, which inspired the degree project. The project was conducted in collaboration with Lund University and Seco as an academic degree project for the university and as a practical tool for Seco. 
The project started with a literature review, where existing models in predicting axial cutting force in drilling operations were thoroughly studied and analyzed. The result of the literature review was one chosen model for further tests and modifications. The chosen model was used to predict the axial cutting force for chosen tool diameters and feed machining SS2541 in the material group P5. 
Experimental tests were performed to test the model. They showed that the prediction was not a perfect fit, which led to mathematical tests where different solver-based constants were added to the model to provide the minimum possible error percentage between the measured and modeled axial cutting forces. During this phase of the project, a pattern was detected where the model underestimated the axial cutting force for smaller diameters. 
The results are presented in performance order where the correlation between diameter, feed, measured, and modeled axial cutting force is both visualized in graphs and described in the report. Furthermore, a chapter with a suggestion for future studies has been added to optimize the model further. 

Keywords: Axial cutting force, Drilling, Model optimization.
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1. [bookmark: _Toc74224976]Introduction
In this chapter, background, problem description, limitations, and company description will be presented. 
1.1 [bookmark: _Toc74224977] Background 
This master thesis, supported by Seco Tools, helps gain knowledge and understand the concepts of axial cutting forces in drilling operations. In general, three forces are acting on the drill bit during the drilling process. The forces acting during drilling operations are axial force (along the axis), the radial force (along the radial direction), and the tangential force (perpendicular to the other two force components, axial and radial). This thesis focuses mainly on the axial cutting force in the drilling operation and its relationship with drill geometry and the cutting data. The modeling of the Equation by optimizing the parameters and constants is the major challenge of this study. The focus is on understanding the trend of the values and the behavior of axial cutting forces with changes in parameters like feed and tool diameter, which is an interesting concept that led us to take up this concept as a thesis. Moreover, the modeled Equation helps Seco determine the axial force theoretically and utilizes this Equation in different software applications.  
 In this chapter, the theoretical background necessary for the project's progress, such as workpiece material, the drilling operation, tool material, and tool geometry, will be described.
1.2 [bookmark: _Toc74224978] Problem description 
The focus of this research is a prediction model for the axial cutting force in drilling operations. The model is of research interest due to its impact on the hole quality and process efficiency. The work will support Seco by creating an empirical model for predicting the axial cutting force in drilling operation depending on the machined material, the tool geometry, tool material, and recommended cutting data. If Seco correctly predicts the axial cutting force, it would increase production planning efficiency and increase customer satisfaction. The model created in this project would potentially be programmed in software applications to provide their customers an optimal operational condition. The following research questions have been on focus to achieve the project goal. 
1. What are the significant factors that affect the axial cutting force in drilling operations?
2. How do these factors affect the axial cutting force and each other?
3. Can an empirical model that predicts the axial cutting force with less than 10% error be created? 
1.3 [bookmark: _Ref69926271][bookmark: _Toc74224979] Limitation and criteria's
This master thesis is limited to investigating drilling operations commonly used workpiece materials such as steel and stainless steels. The models derived should be applicable to a spreadsheet or give a realistic estimate on the axial cutting forces acting on the tool for given cutting conditions. The model and the experiments only focus on the conventional drilling operation with 90 degrees of entrance angle. Parameters, such as hole quality and tool life, are not studied in this thesis. 
The mathematical model should include the crucial parameters that affect the axial cutting forces and have as minimum error percentage as possible compared to practical test results. Additionally, the model should be user-friendly, meaning that it should be easily used in Microsoft Excel, Mathcad, and other similar software. When investigating the existing models, the criteria described above will be in focus. Finally, when creating the model, the assumption that less than 10% of the average error is accepted is valid. 
1.4 [bookmark: _Toc74224980] Company description 
Seco Tools is one of the largest providers of metal cutting tools. Seco's origin can be traced back to the formation of Fagersta Bruks AB in Fagersta, Sweden, in 1873. In 1932, production of a cemented carbide product commenced, and the product was named SECO. In 2012, Seco became a wholly-owned part of the Sandvik Group, operating as part of its Sandvik Machining Solutions business area. The figure below shows the structure of the Sandvik group to which Seco belongs. See Error! Reference source not found..
[image: ]
[bookmark: _Toc74182869]Figure 1:The structure of the Sandvik group to which SECO belongs.
Today, Seco operates in 75 countries and has around 4 100 employees. Seco's solutions are based on their high-quality tools in indexable milling, solid milling, stationary hole-making, and tooling systems.  The organization has chosen eight sustainable development goals out of the 17 on the UN's agenda as their sustainable business strategy. Goal 3 focuses on decent health and wellbeing. Meanwhile, SDG 5 focuses on gender equality. Both these goals provide a good working environment for Seco's employees, taking the social aspect of sustainability. Goal 7 with focus on affordable and clean energy, goal 12 about responsible consumption and production, and goal 13, focusing on climate action, create a focus on the environmental dimension of Seco's sustainability. The third pillar of sustainability which economic growth, is cover with goals 8 that focuses on good work and economic growth, while goal 9 focuses on industry, innovation, and infrastructure. Goal 17, partnerships for the goals, can be put in all three aspects of sustainable development. 
Seco has over 30 000 standard products and custom items for special applications, and in 2019 Seco had a turnover of ca 6 billion SEK. The organization has research and development units in five countries. This degree project collaborates with the research and development department that is placed in Fagersta.  These R&D departments have come a long way in digitalization; Seco Suggest, a digital service where a solution can be found without knowing Seco products, and new solutions that will effectively optimize the existing process were released in 2015. As the digitalization trend kept taking over the industry world, Seco kept up by releasing an app called Seco Assistant in 2020. 

1.5 [bookmark: _Toc74224981] Theory
1.5.1 [bookmark: _Toc74224982]Drilling
Drilling is a process of material removal that uses a drill bit to create a hole in a given workpiece. In most cases, it can be considered to that of turning and milling operations. The chip breaking and the chip evacuation phenomena are more precise in a drilling operation. The concept of drilling is a combination of two movements: the radial and a linear movement. The most common drill method uses a solid tool to machine the surface, known as solid drilling. Another method of drilling uses indexable inserts to machine the workpiece (Sandvik Coromant, 1994). 
Additional to drilling, milling is another rotational operation with similar functions. When milling, metal cutting can be performed vertically as well as horizontally (Adams, 2021). Since this project aims to predict axial cutting force in drilling operations, milling will not be considered. 
The mechanical properties of the workpiece are affected by the drilling, which often creates low residual stresses around the hole in the workpiece. Crack propagation and corrosion are observed on the workpiece's stressed surface when a thin layer of highly stressed and distributed material is triggered on a newly formed surface. (GUO, et al., 2019)
Rotberg, et al. (1998) mentioned that the tip of the drill encounters the workpiece, and later sufficient feed and revolution per minute (rpm) should be provided so that the penetration phase turns into a thoroughly drilling phase. Guibert, et al., (2008) states that chip evacuation is difficult for creating deep holes with a smaller diameter. Deep holes cover holes where the length is 5 to 6 times the diameter (L=5-6*D). The deep holes result in unwanted outcomes leading to severe damage of tools and poor quality of the workpiece. The drill tool consists of two edges that include the main cutting edge and the chisel edge. The material removal is performed with the main cutting edge in the form of chips, and the chisel edge guides the cutting tool towards the workpiece. During the rotation of the tool, the chisel edge makes a small indent on the workpiece leading to plastic deformation on the workpiece. 
Tsao & Hocheng, (2008) states that the axial force is affected by the drill diameter and the feed rate. When the operation has a proper feed rate and optimum cutting speed, it results in a good finish and smooth transition into the workpiece. The main difficulty in the drilling operation is the bondage of the chips to the tool flutes. When the depth of the drill increases, the chips start to get attached to the flutes and later increases the friction between the tool and the workpiece. 
During the drilling process, much heat is generated due to removing the material from the workpiece. The heat is mainly generated when the chips slide over the drill flutes and in the contact between clearance faces and the workpiece, resulting in friction between the two bodies. Another source of heat generation could be the plastic deformation in the shearing process (Rivero, et al., 2005). 
The heat generation is reduced by introducing coolant in the drilling process where the coolant turns down the heat – cooling down the tool when injecting the cooling fluid to the cutting zone. The coolants are generally soluble oils that provide an excellent option for general-purpose machining. The main drawback of such soluble oils is that if the coolant sump is not correctly maintained, some microbiological matters lead to the formation of fungus and bacteria, which can lead to poor material properties if the machined material absorbs the coolant fluid (Mein, S, 2020).
However, using coolant for process optimization can harm the environment by contaminating marine life after disposal. The oil spill creates a thin layer on the surface blocking oxygen from passing to the animals and plants in the marine ecosystem. On the other hand, most oil spills come from the transportation sector and not from lubrication (Kingston, 2002). Additionally, reducing the use of coolant can have a beneficial impact on the production cost. According to Fernández-Valdivielso, et al. (2016), in the automotive industry, around 17% of the total production cost is dedicated to cutting lubricants, while aeronautical turbomachinery industry, the cost for lubrication can be between 20 – 30% of the total production cost. 
Recently, there has been an increased need for green machining and environmentally friendly lubricant oils. A minimum quantity lubrication method (MQL) has been in focus (Pereira, et al., 2017). MQL is a method that reduces the usage of coolant by spraying a mixture of compressed air and cutting fluid (micro-oil particles) in an improved way instead of flood cooling (Said, et al., 2019). 
1.5.2 [bookmark: _Toc74224983]Tool Geometry
In general, a conventional solid drill consists of two cutting surfaces. Several chips are removed from the surface during cutting and pass through the flutes present on the drill bit. These flutes enable the chips to flow out easily. The presence of chips in the workpiece results in more heat and results in damaging the tool. The coolant application is also mandatory when drilling at high speeds, which results in smooth penetration of the tool into the workpiece. Drilling can be divided into short-hole drilling and long-hole drilling. Depth of hole and size of the tool diameter determine the type of drilling, and short hole drilling includes holes up to 30 mm diameter. (Sandvik Coromant, 1994).
Most of the tools in the drilling operation consist of two cutting edges. The number of chip channels depends upon the number of main cutting edges. The chips after the machining process are simultaneously sent out through these chip channels. Some advanced cutting tools contain an internal chamber for the flow of cutting fluids where the coolant is forced onto the workpiece through the channels present in the tool. The formation of chips is dependent on the material of the workpiece, geometry of the tool, cutting speed, feed, and choice of the cutting fluid (Sandvik Coromant, 1994).
The quality of the drill is achieved when the right tool is used for the right material. Several tool parameters come into play while performing the drilling operation. See Figure 2. A drill has two parts, a shank, and a body. The body can have different geometry, which affects the outcome of the operation. Point angle is the angle located on the head of the twist drill. It is also the angle between the two main cutting edges. In general, it is 140°, but it varies according to the application, with increased point angle both the cutting force and the torque decrease.
Another factor affected by the tool geometry is the Radial depth of cut (ap) which is the distance a tool is steeping over into a workpiece. The higher ap, the higher the axial cutting force is necessary. Ap is calculated with the Equation below:
							Equation 1
Where: D [mm] – tool diameter 
d [mm] – pre-drilled hole
The inclination of the flute with the axial direction of the drill is called a helix angle. It differs according to the cutting-edge position, and it decreases significantly as the circumference approaches the center. The helix angle affects the rake angle in the cutting-edge periphery while the clearance angle is not changed. The smaller the cutting-edge angle (β angle ), the better the cutting edge, which means a lower cutting force is necessary. The helix angle plays a vital role in designing drills with internal cooling channels. In this case, the helix angle is higher for drills with a larger diameter for providing enough space for cooling channels and stiffness (Sandvik Coromant, 1994). 
The chisel edge has a negative rake angle in the drill tip. Therefore, the chisel edge has almost zero cutting speed playing the role of the drill centering. For materials with a higher hardness value, a smaller rake angle is preferred, and similarly, for the materials with lower hardness values, larger rake angles are preferred. Cutting forces are reduced by increasing the positive rake angle, and cutting forces are increased by increasing the negative rake angle. Smaller helix angles are used for hard, short-chipping materials (Mitsubishi, Corporation Materials, 2019). The relation between the chisel edge and the axial cutting force can be represented by an equation (Zhang , et al., 2015).
 							Equation 2
Where:  [N] – the axial cutting force on the chisel edge.
	  [mm2] – the instantaneous extrusion area of the chisel edge.
	 – the Brinell Hardness number of the workpiece material. 

 						Equation 2.1
The chisel edge does not cut any workpiece material. It pushes the material up to the flute, which creates an enormous axial cutting force that the model can predict in the tool with small diameters (Zhang , et al., 2015).
[image: ]
[bookmark: _Ref71792183][bookmark: _Toc72501641][bookmark: _Toc74182870]Figure 2: Visualization of tool geometry (Mitsubishi, Corporation Materials, 2019)
The Clearance angle can be described as the angle between the end surface of a cutting tool and the cutting edge in the direction of cutting motion. The primary function of the clearance angle is to reduce the friction between the flank face and the machined surface and control the sharpness and the strength of the cutting edge with the help of the rake angle. A lower clearance angle is used for more rigid materials, and for softer materials, a more significant clearance angle is used (Sandvik Coromant, 1994). 
Indexable drills are another form of tool used for drilling operations, but unlike solid drills, indexable drills contain exchangeable inserts with complex geometry. These inserts make the indexable drill non-symmetrical, where the center cutting insert has different geometry from the peripheral insert. The difference is due to the different functions of the inserts (Parsiana, et al., 2014). 
1.5.2.1 Theoretical chip thickness 
The average theoretical chip thickness can be calculated by multiplying the depth of cut (ap) with feed (f), but this calculation is a simplification of reality which neglects some errors that are significant to the cutting forces (Ståhl, et al., 2007).  Therefore, the true equivalent chip thickness is used for the calculations necessary for the modeling in this project. 

					Equation 3
Where: W [mm] – theoretical chip thickness
 [mm2] – Woxén's chip area
 [mm] – Woxén's cutting length
	 [mm] – radial depth of cut
 [mm/rev] – feed
 [radius] – (point angle / 2) 
1.5.3 [bookmark: _Toc74224984]Workpiece material
Steel and stainless steel are the workpiece materials that are the project's focus. Theoretically, steel includes all iron materials with carbon less than 2% carbon and 1% manganese and small amounts of silicon, phosphorus, sulfur, and oxygen​. Meanwhile, stainless steel can be divided into Martensitic, Ferritic, Austenitic, and Duplex steels. Martensitic steels are composed of (10.5 – 18%) chromium and (0.2% – 1%) carbon.​ Ferritic steels are composed of 12.5% to 17% of chromium and very lite carbon.​ Ferritic steels are brittle, making them hard to machine, but they have the corrosion resistance of stainless steel. Austenitic Steels are generally composed of iron, chromium (16 – 26%), and nickel (6 – 25%). Duplex steels are a mixture of ferrite and austenite and are usually iron-chromium-nickel alloys. It consists of iron, chromium (18 – 26%) nickel (4 – 7%), molybdenum and (0 – 4%), copper (Smallman & Bishop, 1999).
On the other hand, the workpiece materials can be categorized based on their mechanical behavior instead of their chemical composition, which is how Seco tools categorize them. Martensitic and ferritic steels fall under the steel (P) category instead of stainless steel due to this high hardness and machinability variation. According to this classification, only austenitic and duplex steels belong to the stainless steel (M) category. These workpiece materials have high ductility, poor thermal conductivity, and strain hardness, leading to short tool life (Vos & Ståhl, 2014). See Table 2
Table 1 shows the chemical composition of P5. P5 is a group of metal that has maximum 0.15% carbon, between 0.3 – 0.6% manganese, 0.025% phosphorus, 0.025% sulfur, maximum 0.50% silicon, between 4 – 6% chromium, 0.45 – 0.65% molybdenum and iron (Metline Industries, 2017).
[bookmark: _Ref71792281][bookmark: _Toc74183218]Table 1: Chemical composition of workpiece material P5 (Metline Industries, 2017)
	Grade
	C
	Mn
	P
	S
	Si
	Cr
	Mo

	P5
	0.15 max
	0.30-0.60
	0.025
	0.25
	0.50 max
	4.00-6.00
	0.45-0.65



[bookmark: _Ref71792260][bookmark: _Toc74183219]Table 2: Mechanical properties of workpiece material P5 (Metline Industries, 2017)
	Grade
	Tensile strength
[MPa]
	Yield strength
[MPa]
	Elongation 
[%]
	Impact Energy
[J]
	Hardness

	P5
	0.15 max
	0.30-0.60
	0.025
	0.25
	0.50 max



1.5.4 [bookmark: _Toc74224985]Forces
To fully understand the efficiency of a drill bit during the drilling process, it is mandatory to measure the cutting forces. The cutting forces are affected by the geometry of the tool. Additionally, the forces are also influenced by the machining conditions, tool properties, and material properties. The cutting forces influence the problems such as surface errors, vibrations, tool wear, and other factors in the drilling operations. (Pirtini & Lazoglu, 2005). 
The forces in the drilling operations are as follows:
· Axial force: The force acting along the axis of the drill. 
· Radial force: The force acting along the radial direction.
· Tangential force: The force perpendicular to the other two force components (Axial and Radial).  
Usually, the radial and tangential forces are represented as torque, but the axial force remains as an independent force. This project is concentrated and limited only to the axial forces. The axial force affects flank wear rate, hole quality, and hole tolerances, which is why the axial force should be investigated and predicted as accurately as possible. The axial force is affected by feed rate and tool diameter (Sandvik Coromant, 1994). 


2. [bookmark: _Toc74224986]Methodology 
This project was conducted in three stages. The first stage was a thorough literature review of existing knowledge. Based on the outcome of the literature review and identified gaps, adequate and feasible experimental design and testing were planned and performed, which is the second stage. Cutting forces were collected using the Kistler Dynamometer for different tool geometry and cutting data, leading to the third stage gap analysis. A new model for predicting the axial cutting force in drilling operation was derived and reported based on the experimental work's outcome.
The method described above is a mixture of the case and action research methodology. The research framework is structured where the problem description of the thesis is clearly described. See Figure 3. The purpose of the study is to test theories in practice. Seco provided workpiece material and tools for which the model is created, and this material is chosen as a case for this degree project. Hence this is a single case study. A thorough literature review is initially performed to determine the Equation for predicting axial cutting forces in drilling operations. Later, the mathematical models found in the literature review are compared against each other by considering factors like project boundaries, crucial factors, user-friendliness, and minimum error percentage. The model that satisfies all the criteria is chosen and later developed for optimization.
Data gathering is done by obtaining the values conducted by Seco Tools at their respective site. The axial cutting force values are obtained using the Kistler Dynamometer and data feedback given by the Data Acquisition System called DASYLAB 2020.1. The data is analyzed and is well depicted in Excel Microsoft to study the measured axial cutting force values. On the other hand, the axial cutting force is modeled by the involvement of parameters like diameter and feed. During the Action planning stage, the error percentage is identified between the measured and the modeled axial cutting force leading to the development of an optimized model that can be further implemented to the different materials used in the future. An evaluation of the model is further made by comparing the error percentages obtained at different stages of model development.
[image: ]
[bookmark: _Ref71792440][bookmark: _Ref71792427][bookmark: _Toc72501643][bookmark: _Toc74182871]Figure 3: Visualization of the research framework
Additional to figure 3, the methodological process can be described as following, see Figure 4. The scientific approach was analytical, and the actors view. The facts have been in the focus of the literature review, and based on the facts, the drilling process, tool geometry, and the workpiece have been described, in general terms, which is the base for the analytic view. At the same time, understanding the subject and finding gaps between theory and practice is crucial to this project.  The actors view sees as desired as it is essential to creating knowledge (Yin, 2009). 
The second step after identifying the scientific approach is identifying the research approach best suited for this research. The research approach was a mix of conceptual, decision-oriented, and action-oriented approaches. A conceptual approach is when existing knowledge is observed and analyzed to build on it and develop new theories or models. On the other hand, the decision-oriented research approach is a method that focuses on directly relevant information that can change the outcome of the research, such as the significant factors that affect the axial cutting forces. Finally, the action-oriented research approach collaborates with partners to provide practical information, as this research does with Seco (Yin, 2009). 
The third milestone in the methodological process is to decide which research method fits the degree project. The literature review was conducted as a base for the project, where existing models on axial cutting forces were collected and analyzed. The collection of literature was mainly conducted using search words axial cutting force, drilling, and steel in Lund University's online search database (https://www.lub.lu.se/sok/lubsearch). School literature and course materials were also used as validation sources. When gaps were identified in the literature review, an experiment was performed in Seco's facilities to see if the gaps exist in practice and how these gaps can become smaller or extinct. The result from the experiment was used as a case study for this thesis and for filling the gap between theory and practice.  

[image: ]
[bookmark: _Ref71792586][bookmark: _Toc72501644][bookmark: _Toc74182872]Figure 4: Methodological process inspired by (Yin, 2009)
When the research methods were chosen, the next phase started, which was data collection. Thorough readings of already existing documents collected the data and research papers, and observations of the models react to change in different factors and constants. These observations were later used in data analysis, where different patterns were identified and explained using logical models. Logical models were furthermore used when optimizing the mathematical model. 
2.1 [bookmark: _Toc74224987] Research quality
At last, the quality of this research has met all the requirements for construct, internal, and external validity and reliability. According to Yin (2009), there are two steps an investigator must follow to meet construct validity. The first step is to define the bigger picture of the research in terms of concept and relate them to the research objective, which for this research has been done by defining drilling and drill bit geometry and related that to axial cutting force by identifying the significant factors. According to Yin (2009), the next step is to identify operational measurements to match the concept which has been in this case study. 
According to Patel & Davidson (2011), internal validity comes down to how relevant the measurements taken are to the research and if all the factors accounted for. The purpose of having different tool geometry and feeds in the experiments was to ensure that the results do not mislead the focus of the research. On the other hand, Yin (2009) says that the biggest concern about internal validity is to ensure that no factor has been forgotten. For example, if the behavior of the axial force in the small diameter were just neglected as a test error instead of a geometrical factor of the chisel edge, the internal validity of the research would have failed. 
External validity is also known as Generalizability, is about how applicable the research results are. Patel & Davidson (2011) mean that every time a test does not include all possible combinations of factors, a stand must be taken on how this affects the validity of the research. Similarly, Yin (2009) states that external validity deals with knowing how relevant test results are beyond the research boundaries. In this degree project, the tests have been explicitly on a workpiece (P5) and certain geometrical aspects, which means it is hard to say that the model developed in this thesis can be applied in all Seco's materials and all tools geometries. 
Yin (2009) describes reliability as the objectivity level of research. If a third party were to conduct the same research, would they come to the same conclusion? Meanwhile, Patel & Davidson (2011) describes it as the credibility level of research. Is the researcher impartial when comparing the results? In this thesis, the investigation has not been biasing affected since all results are numerical measurements and no interviews that can affect the reliability have been conducted. 
2.2 [bookmark: _Toc74224988] Literature Review
The focus in this stage was to create a theoretical foundation based on already existing research to create a mathematical model of the axial cutting force in drilling operations. Literature about workpiece material, cutting tool geometry, and existing constants for the workpieces and existing equations were retrieved from the review. The findings and results of the literature review were discussed and analyzed to create a mathematical model for calculating the axial cutting force during conventional drilling operations based on specific parameters of the drill geometry and used cutting data.
2.2.1 [bookmark: _Ref71622534][bookmark: _Toc74224989]Findings from literature review 
In the practical handbook, part 2 of Sandvik Coromant (1994), the axial cutting force is generally influenced by the depth of cut, workpiece material, feed, and tool geometry. As stated by (Sandvik Coromant, 1994), the axial cutting force components are the product of several cutting edges and the axial force per edge, leading to feed force or drill pressure. The feed force must be considered to make sure that the machine's spindle is well sufficient to withstand the force. Additionally, the feed force increases with increasing in entering angle. The entering angle is described as the angle between the main cutting edge and the direction of the feed (Sandvik Coromant, 1994). The axial cutting force is calculated using the Equation below.
				Equation 4
Where:  [N/mm2] – specific cutting force 
 [mm] – radial depth of cut 
    [mm/rev] – axial feed rate
 [radius] – entering angle.
 – constant to get the force per tooth 

				Equation 4.1

The specific cutting force (kc) is also known as the tangential force required to machine a chip with a specific cross-section of one square millimeter. In equation 4.1, the specific cutting force is an exponential curve fitting described with two constants, kc1.1 and mc. The specific cutting force is vital during the calculation of feed force, torque, and power (Engqvist & Linde, 2015). It is a measurement of machinability for a specific material having a specific known chip thickness and rake angle. These force values were obtained from tables where the values are specific to various workpiece materials, rake angle, and chip thickness. The kc value continuously decreases with the increase in the rake angle (Sandvik Coromant, 1994).

On the other hand, Roukema uses a different approach to calculate the axial cutting force described as an axial force in his research. In his paper about mechanics and dynamics of drilling (Roukema, 2006), he uses different models to predict cutting forces, torque, power, vibrations, and the shape of the hole as the function of drill edge geometry as well as workpiece material based on cutting coefficients, the structure of drill and drilling conditions. As stated by Roukema (2006), the axial cutting force is derived using two methods. 

The first method is the cutting mechanism approach, where the values are obtained from collection through a database. This method provides good results for the determination of drilling forces. The second method is through the mechanistic approach, where the values are obtained directly from experimentation. From his research, he concluded that for achieving accurate force prediction, a mechanistic approach is used.  The model below calculates the axial force based on theoretical assumptions and practical experiments (Roukema, 2006). 

						Equation 5
Where:  – empirical cutting constant
fr [mm/rev] – feed rate 
D [mm] – diameter
0.8 – a constant based on the experiments
According to  (Strenkowski , et al., 2004), the model is applicable for all general drill geometries. The determining forces in the experimentation can be linked to all solid drills. The model is also verified by comparing measured and modeled axial forces.

Strenkowski et al. (2004) also state that the chisel edge forces contribute to more than half of the axial force. The authors also performed tests for orthogonal cutting, oblique cutting, and drilling operations. Additionally, for small rake angles, the axial cutting force is found to be significantly higher. Moreover, higher feeds also resulted in large values of thrust force. Further, in the case of large diameters, the thrust force is also higher.  

The axial cutting force can be calculated using different parameters that lead to a different equation than Roukema or Coromant's. Their research used the finite element technique to predict the axial force and torque on a series of oblique sections (Strenkowski , et al., 2004). For each section, an Eulerian finite element model was used to simulate the cutting forces, and one of the results of their research was the mathematical model below. 
				Equation 6
Where:  [N] – normal force
 [degree] – rake angle
 [N – friction force 
 [degrees] – helix angle
Laza (2012) stated that delamination is an essential characteristic of the drilling process and is linked to the axial force. This research about the cutting force model allows error-free offline prediction of axial cutting force and, additionally, torque. Laza (2012) also stated that low point angles reduce axial force, and moreover, the axial force varies parabolically, and the least value of axial force is observed at point angles of 118- degree. 

Moreover, the chisel edge also plays an important role and affects the axial force. Additionally, the tool exit delamination occurs and is linked to the axial force. Laza (2012) explained the two stages of drilling. In the first stage, the interaction of the chisel edge onto the workpiece takes place, and in the later stage, the main cutting edges are fully engaged with the workpiece. In these stages, the axial forces are found to be maximum. In theoretical aspects, the maximum value of the forces is observed before the tip of the drill coming out completely. 

However, Laza (2012) used a different model in his research about Cutting Force Modelling for Drilling of Fibre-Reinforced Composites. The difference between metallic and composite lies in their structure which is thoroughly explained in the research paper. Additionally, his research is based on oblique operations outside of this research’s scope, but the results will be used to compare the theoretical modeling of the Equation. The result was the following Equation (Laza, 2012).

				Equation 7
Where:  [N/mm2] – specific cutting pressure coefficient (or function)
 [mm2] – uncut chip area
 – geometrical factor
 – specific pressure on the relief face
 [mm2] – contact area on relief face
 – geometrical factor
2.2.2 [bookmark: _Toc74224990]Gap analysis and Chosen mathematical model.
Based on the literature review and the experiment, gap analyses were performed to provide the optimal model for axial cutting force. The gap analysis was made through a discussion with the supervisor from Seco Tools and the authors. In the gap analysis, different graphs were created to visualize and analyze the different outcomes. 
The models found during the literature review value different parameters as significant factors for the axial cutting force. The factors in the different equations will be compared against each other and to the criteria of this project as a sensitivity analysis. 
When analyzing Equation 4, an observation was made that increased feed rate or diameter increases the axial force since they are directly proportional. A constant 0.5 is applied in the Equation, which states that the axial force is calculated for a single cutting edge. In order to calculate the axial force for the whole drill bit, the constant should be removed.  Along with feed rate and diameter, point angle also plays a significant role as an increase in point angle can increase the axial force. The point angle of a drill is generally at 140 degrees. 
However, in Equation 5, with an increase in feed rate and diameter, the axial cutting forces reduce since they are inversely proportional. After a thorough investigation of the research, the constant 0.8 is a solver-based constant based on the experiments conducted for the research. At the same time (Strenkowski , et al., 2004) values normal force, rake angle, friction force, and helix angle as major factors in Equation 4.
Additionally, Equation 6 and Equation 7 were modeled for oblique operations outside of this project's scope. In Equation 7, various parameters like specific cutting pressure coefficient, uncut chip area, geometrical factors, and specific pressure on the relief face are considered essential factors. With an increase in all the factors, the axial cutting forces also increase since they are directly proportional. Furthermore, the models will be compared in the table below based on the criteria described in chapter 1.3, see Table 3. 


[bookmark: _Ref69926394][bookmark: _Toc74183220]Table 3: Criteria comparison of the existing mathematical models of axial cutting force.
	Criteria
Model
	Inside project boundaries
	Considers crucial factors
	User friendly
	Minimum error percentage

	Equation 4
	✔
	✔
	✔
	

	Equation 5
	
	
	✔
	

	Equation 6
	
	✔
	✔
	

	Equation 7
	✔
	✔
	✔
	✔



Based on the analyses above and Table 3, the chosen model for further investigation is Equation modeled by Sandvik Coromant (1994). The chosen Equation will be used to predict the axial cutting forces in the experiment and later analyze the error percentage. If the model has relatively high accuracy in predicting the axial cutting force, additional tests will be conducted on other workpiece materials. 


3. [bookmark: _Toc74224991]Experimental setup and conditions 
The experiment was designed to bridge the gaps from the literature review, which is the base of the mathematical model created, and reality based on the experiment has measured results. Mori Seiki NV 5000 alpha 1, 3 axis milling machine with a maximum of 14000 RPM and power being 22 KW was used for experimental tests (see Figure 5). This milling center satisfies the requirements for performing planned drilling operations. 

[image: ]
[bookmark: _Ref71792980][bookmark: _Toc72501645][bookmark: _Toc74182873]Figure 5: Mori Seiki NV 5000 alpha
The axial cutting force was measured using a Kistler 9275 (Quartz Torque Dynamometer) force sensor, see Figure 6. The measuring device was a plate Kistler; thus, concentricity between sensor center and drill axis has been provided for every drilled operation. It provided appropriate force measurements. The Data Acquisition System used to obtain and organize data was DASYLAB 2020.1- Data Acquisition Laboratory System.

[image: Kistler is the global leader providing modular solutions in dynamic  measurement technology for pressure, force, torque and acceleration  applications.]
[bookmark: _Ref71793002][bookmark: _Toc72501646][bookmark: _Toc74182874]Figure 6: Kistler 9275 (Quartz Torque Dynamometer) (Kistler Group, 2021)
[bookmark: _Toc74224992]3.1  Case study from Seco
The experiment conducted in Seco's facility was under the experimental setup described above, and the geometrical condition is shown in Table 4. The tests were performed with seven different diameters and different feeds. The smaller diameters 2 and 5 mm were tested with three different feeds, while the bigger diameters from 8 mm and above were tested with four different feeds. Every drill bit had a point angle of 140 degrees. 

[bookmark: _Ref71793041][bookmark: _Ref71793029][bookmark: _Toc74183221]Table 4: The geometrical condition for the experiment conducted in Seco's facility.
[image: Table
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4. [bookmark: _Toc74224993]Result
In this chapter, the result of the experiments will be shown.
[bookmark: _Toc74224994]4.1 Experimental Results from Seco
In this subsection, the results from experiments conducted to test the models in practice will be presented to provide validation for the analyses and conclusion chapter. The results presented below are from tests performed at Seco Tools. The experiment was conducted on a P5 workpiece SS2541 with a specific cutting force of 1689 and mf of 0.2 (see Table 5). 

[bookmark: _Ref71793101][bookmark: _Toc74183222]Table 5: Material specific data, (Engqvist & Linde, 2015)
[image: ]
The experiment was performed with seven different diameters on the drill bits and nine different feed rates. The result of the tests is put under the column Measured Ff.  The theoretical chip thickness and workpiece-specific cutting force are calculated using Equation 3, which later is used in Equation 4.1. 
[bookmark: _Ref72232287][bookmark: _Toc74183223]Table 6: Experiment values and results
[image: Table
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As described in chapter 2.2.1, the Sandvik equation considers both feed rate and the depth of cut (which is directly affected by the diameter) as significant factors, and so does the experiment set up since the feed and diameter are the only factors changing. See Table 6.
Based on Equation 4, a modeled result was calculated for the axial cutting force based on the experimental conditions and factors. See Appendix 1 for detailed calculation. The modeled result can be seen in Table 7. The result from the experiment was not an exact match to the theoretical values, so there are columns added in Table 7. The column error calculates the error percentage between the measured and modeled axial cutting forces. The error percentage was calculated using the Equation below.
		Equation 8
The Mean Root Square error (ABS) calculates the errors' absolute value, giving us the option to calculate the average error given at the last row of the column. At last, the SSE column magnifies the errors providing us a glance at how the error would change in cutting conditions with larger parameters where the sum is calculated at the last row of the column. The SSE was calculated using the Equation below. 

    Equation 9

[bookmark: _Ref71794662][bookmark: _Toc74183224]Table 7: Measured and modeled results
[image: Table
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When analyzing the results, some patterns were detected. The first pattern was that when the diameter increases, the error percentage decreases. As visualized in the graph below, there is a clear pattern that the absolute error decreases as the diameter increases see Figure 7. When the diameter is 2 mm, the absolute error is between 80 – 87%, but when the diameter is 16 mm, the absolute error is between 50 – 55%.
[image: ]
[bookmark: _Ref71793552][bookmark: _Toc72501647][bookmark: _Toc74182875]Figure 7: Correlation between diameter and error perventage
Another pattern is that increased feed leads to decreased error percentage. Figure 8 shows the pattern. If we compare the feed rate 0.1 and 0.22, the error percentages for 0,1 are between 80 – 86%; meanwhile, the error percentage for 0.22 is around 58%. 
[image: ]
[bookmark: _Ref71793581][bookmark: _Toc72501648][bookmark: _Toc74182876]Figure 8: Correlation between feed rate and error percentage
Figure 7 and Figure 8 show a clear correlation between feed, diameter, and error percentage differnce between the measured and modeled axial cutting forces. As shown in the graphs, the error percentage decreases significantly with increased diameter and feed. 
[image: ]
[bookmark: _Ref71793689][bookmark: _Toc72501649][bookmark: _Toc74182877]Figure 9: Correlation between the measured and modeled axial cutting forces focusing on diameter and feed.
Figure 9 visualizes the difference between the measured and modeled axial cutting forces. As shown in Figure 9, the model underestimates the amount of force used throughout the experiments. The next step in the project was to decrease the error between the measured and modeled axial cutting forces mathematically. See Appendix 1 for more detailed graphs and tables. 
The first mathematical test was to affect the significant factors by adding two exponential constants, one for the diameter and one for the feed rate, using solver calculation in Excel Microsoft. The average absolute error decreased from 15.98% to 11.50%, and the absolute max error increased from 55% to 56.89%, and the absolute min error reduced from 0.33% to 0.23%. Where the exponential constant for the depth of cut became 0.93 and the exponential constant for the feed became 1.23. See Appendix 2 for further details.
					Equation 10

[image: ]
[bookmark: _Ref72501346][bookmark: _Toc72501650][bookmark: _Toc74182878]Figure 10: Correlation between diameter and error percentage in the modeled axial cutting force with exponential constants.
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[bookmark: _Ref72501358][bookmark: _Toc72501651][bookmark: _Toc74182879]Figure 11: Correlation between feed and the error percentage in the modeled axial cutting force with exponential constants.
[image: ]
[bookmark: _Ref71793933][bookmark: _Toc72501652][bookmark: _Toc74182880]Figure 12: Correlation between the measured and modeled axial cutting forces focusing on diameter and feed after modifying the model with exponential constants.
As visualized in Figure 10, Figure 11, and Figure 12, the patterns identified become more evident with the added constants. Figure 10 shows that the error percentage is high for diameters 2 mm and 5 mm; meanwhile, it is around 0% for the larger diameters. Additionally, Figure 11 shows the same pattern for smaller feeds. The same pattern is shown in Figure 12, where the line representing the measured values merges with the modeled line from 8 mm diameter and above. 
The next step was to multiply Equation 4 with one solver-based constant to minimize the number of constants used in our optimization of the model. The result was as following, see Figure 13 – Figure 15. The result of multiplying the model with a solver-based constant provided the least error between the measured and modeled axial cutting forces, but the error % was still above 10%.  The average absolute error decreased from 15.98% to 11.61%, with the constant being 0.659.  The absolute max error went from 55% to 49.28%, and the absolute min error increased from 0.33% to 2.83%. See Appendix 3 for more graphs and details. 
				Equation 11

[image: ]
[bookmark: _Ref71794212][bookmark: _Toc72501653][bookmark: _Toc74182881]Figure 13: Correlation between diameter and error percentage in the modeled axial cutting force with one constant.
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[bookmark: _Toc72501654][bookmark: _Toc74182882]Figure 14: Correlation between feed and the error percentage in the modeled axial cutting force with one constant.

[image: ]
[bookmark: _Ref71794219][bookmark: _Toc72501655][bookmark: _Toc74182883]Figure 15: Correlation between the measured and modeled axial cutting forces focusing on diameter and feed after modifying the model with one constant.
After further modifying the model by adding exponential constants and a product constant, the exponential constants balanced the differences in feed and diameter. The constant generated for feed was 1.19, the constant generated for the diameter is 1.003, and the constant for the whole model is multiplied by 0.83. The average error between the measured and modeled forces decreases to 9.42. Even with the improvement, the pattern on the small diameters and feed remained. See Figure 16 – Figure 18 and Appendix 4 for more details.  
			Equation 12

[image: ]
[bookmark: _Ref71794292][bookmark: _Toc72501656][bookmark: _Toc74182884]Figure 16: Correlation between diameter and error percentage in the modeled axial cutting force with a constant and exponential constants for feed and depth of cut.
[image: ]
[bookmark: _Toc72501657][bookmark: _Toc74182885]Figure 17: Correlation between feed and the error percentage in the modeled axial cutting force with a constant and exponential constants for feed and depth of cut.

[image: ]
[bookmark: _Ref71794301][bookmark: _Toc72501658][bookmark: _Toc74182886]Figure 18: Correlation between the measured and modeled axial cutting forces focusing on diameter and feed after modification of the model with two exponential constants and one constant for the whole model.
As visualized in Figure 18, the model can predict the axial cutting force for diameters bigger than 5 mm. To understand the root cause of the patterns that appear with smaller diameter the tools were observed under an Olympus and Alicona (Infocus optical) microscope. All the tools were put under the Olympus microscope and the chisel edge and cutting edge of every tool was measured, see Figure 19. 
[image: ]
[bookmark: _Toc72501659][bookmark: _Toc74182887]Figure 19: The length of chisel edge and the cutting edge
The measurement result is listed in the table below and was used for calculating the chisel edge ratio.
[bookmark: _Ref72403941][bookmark: _Toc74183225]Table 8: Tool geometry as root cause of the pattern in the model
	Tool geometry
Diameter 
	Chisel Edge
[µm]
	Cutting Edge
[µm]
	Chisel edge ratio
[%]

	2 mm
	126.26
	951.62
	13.3

	5 mm
	259.15
	2566.67
	10

	8 mm
	279.14
	4126,43
	7

	12 mm
	326.26
	6264.43
	5

	16 mm
	290.23
	833.29
	3.5


As mentioned above, the values from Table 8 were used to create Figure 20 to visualize the size of the difference in the chisel edge. 
[image: ]
[bookmark: _Ref72404004][bookmark: _Toc72501660][bookmark: _Toc74182888]Figure 20: Chisel edge ratio correlation with the diameter size
Additionally to the difference in the chisel edge, the beta angle, also known as cutting edge angle, was observed and analyzed on every tool in the Alicona microscope. The figure below shows a simplified tool geometry of the beta angle. The point closer to the chisel edge is described as the center, and the point closest to the flute is described as the periphery. 
[image: ]
[bookmark: _Toc72501661][bookmark: _Toc74182889]Figure 21: Visualization of the tool geometry used for figure 22.
The result from the Alicona microscope is shown in Table 9 and Figure 22. The result shows that the smaller the diameter, the higher the beta angle range. 
[bookmark: _Ref72404698][bookmark: _Toc74183226]Table 9: Correlation between the beta angles and diameter.
	Beta angle
Diameter
	Center
[Degrees]
	Periphery
[Degrees]

	2 mm
	83
	67

	5 mm
	74
	61

	8 mm
	74
	55

	12 mm
	73
	52

	16 mm
	72
	52



[image: ]
[bookmark: _Ref72404713][bookmark: _Toc72501662][bookmark: _Toc74182890]Figure 22: Correlation between the beta angles and diameter.
When removing the test results with a diameter of 2 mm, the error margin decreased even more. See Figure 23 to Figure 25. Additionally, see Appendix 5 for more detailed results.
[image: ]
[bookmark: _Ref71794454][bookmark: _Toc72501663][bookmark: _Toc74182891]Figure 23: Correlation between diameter and error percentage in the modeled axial cutting force after removing the test results with 2 mm diameter.

[image: ]
[bookmark: _Toc72501664][bookmark: _Toc74182892]Figure 24: Correlation between feed and the error percentage in the modeled axial cutting force after removing the test results with 2 mm diameter.
[image: ]
[bookmark: _Ref71794462][bookmark: _Toc72501665][bookmark: _Toc74182893]Figure 25: Correlation between the measured and modeled axial cutting forces focusing on diameter and feed after removing the test results with 2 mm diameter.
A graph was created from diameter 8 mm – 16 mm to see the variation in the error between the bigger diameters. When removing the test results with a diameter of 5 mm, the error margin decreased furthermore. See Figure 26 and Figure 27 as well as Appendix 6 for a more detailed result.

[image: ]
[bookmark: _Ref71794496][bookmark: _Toc72501666][bookmark: _Toc74182894]Figure 26: Correlation between the bigger diameters (8-16 mm) and error percentage in the modeled axial cutting force after removing the test results with 5 mm diameter.

[image: ]
[bookmark: _Ref71794503][bookmark: _Toc72501667][bookmark: _Toc74182895]Figure 27: Correlation between the feed and error percentage in the modeled axial cutting force after removing the test results with 5 mm diameter.
[image: ]
[bookmark: _Ref71802086][bookmark: _Toc72501668][bookmark: _Toc74182896]Figure 28:Correlation between the measured and modeled axial cutting forces focusing on diameters 6 mm - 18 mm.
Figure 28 visualizes that the measured and modeled axial cutting forces are as close as they can be. The graph has only one line but represents both measured and modeled axial cutting force, which means that the prediction of the axial cutting force is relatively accurate.

5. [bookmark: _Toc74224995]Analyses and discussion
A literature review was conducted on already existing models to predict the axial cutting forces in a drilling operation to reach the project objective. These models were compared against each other based on the project criteria. The model created by Sandvik was chosen for further analysis due to its fulfillment of all the project criteria. The model was used to predict the axial cutting forces for solid drills with diameters 2 – 16 mm. See Table 7. After predicting the forces, experiments were performed to test the theory in practice. 
The results showed that the model had a considerable force difference compared to the measured forces, which led to a calculation of error percentage. The error percentage was significantly much higher with smaller diameters and feeds, which was slightly expected. The error percentage between measured and modeled axial cutting force was too high for the project's criteria, which meant some modification was necessary. The goal created by these patterns was to minimize the average error percentage and minimize the error on the smaller feeds and diameters. 
The optimization was tested first by adding a solver-based constant which minimized the average error, but the smaller diameters and feeds were still far from optimal. Consequently, another modification that attacks the error in feed and diameter was created. The modification resulted in an improved error percentage, but the errors were still too high outside the acceptable boundaries of the project. This pattern exists due to underestimating the forces when predicting the axial cutting force for smaller diameters. 
The model underestimates the cutting force for the smaller diameters due to the difference in chisel edge (see Figure 20). The model does not consider the different ratios in tool geometry and tool profile as visualized in  Figure 29. The chisel edge is significantly bigger in tools with smaller diameters to prevent tool breakage. Zhang, et al. (2015) described that the pattern seen in all the figures from Figure 7 to Figure 18 could be caused by the difference in the chisel edge ratio. The microscopic testing conducted confirms the theory of Zhang et al. (2015) about the chisel edge ratio increases with decreasing diameter size. Since the chisel edge does not cut but pushes materials the bigger, the chisel edge, the higher the axial cutting force. 
[image: ]
[bookmark: _Ref72404977][bookmark: _Toc72501669][bookmark: _Toc74182897]Figure 29: Visualization of tool geometry, A shows tool geometry with Olympus microscope, B shows a 3D visualization of the tool taken from Alicona microscope, C shows the tool profile taken from Alicona microscope.
Additional to the chisel edge, the β angle plays a significant role in the axial cutting force. The smaller the β angle, the sharper the cutting edge, which leads to less axial cutting force. The β angle is not included in the model, which can also create the pattern with the smaller diameters. As shown in Figure 22, the smaller diameters have a higher range between the center and periphery β angles than the bigger diameters. 
There could have been some measurement errors when the experiment was conducted that might affect the difference seen in the smaller diameter, but since the authors did not perform the tests, it is hard to say what measurement errors could have occurred. The uncertainty of the measurement error makes it challenging to consider measurement error as a factor.  Additionally, the kc1.1 and mc values were taken from an earlier research paper conducted with the collaboration of Seco Tools. These values could also cause some measurement error since the tests were conducted in a turning operation in 2015.
The final alteration of the model was a combination of the first two optimization attempts, where the model has a constant from feed and one for the whole Equation. Additionally, the constant 0.5 was removed from the Equation since that was for finding axial cutting force per cutting edge, but the experiment was measured for the whole drill bit. 
This project had research questions that have been discussed throughout the report, but short and direct answers are written below. 
In summary, the final model is one with an exponential constant that balances the error difference by attacking the feed and with a constant for the whole model. This model does not work for smaller diameters due to the chisel edge ratio to diameter. 
 			Equation 12
The optimized Equation (Equation 12) is constant to the power of ap, which is 1.003. The graph above explains the trend of varying errors if the constant varies. If the constant 1.003 is rounded to 1.00, then the error is increased from 9.42% to 9.87%. If the constants are further increased or decreased, the error percentage is further increased, clearly seen from the graph below. 
[image: ]
[bookmark: _Toc72501670][bookmark: _Toc74182898]Figure 30: Correlation between the error percentage and the exponential constant of ap.
Equation 12 has a constant to the power of fr, which is 1.196. The graph above explains the trend of varying errors if the constant varies. If the constant 1.196 is rounded to 1.2, then the error is increased from 9.42% to 9.95%. If the constants are further increased or decreased, the error percentage is further increased, which can be seen from the graph. If the constant is replaced by a unit constant (fr1), the error remains higher, 31.36%.
[image: ]
[bookmark: _Toc72501671][bookmark: _Toc74182899]Figure 31: Correlation between the error percantage and the exponential constant of fr.

Additionally, the Equation has a multiplication constant which is 0.834. The graph above explains the trend of varying errors if the constant varies. If the constant 0.834 is rounded to 0.8, then the error is increased from 9.42% to 13.13%. The error percentage is further increased if the constants are further increased or decreased, which is seen from the graph. The influence of this constant is essential. If the constant is removed (unit constant), the error would remain higher, 23.49%.
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[bookmark: _Toc72501672][bookmark: _Toc74182900]Figure 32: Correlation between the error percentage and the exponential constant that is multiped with the model.

The model aims to provide minor errors to the maximum extend. The significance of constants is essential for the varying parameters in the Equation. Hence constants are applied for feed rate, diameter, and a multiplication constant for the entire Equation. When we observe the table (Table 7), the error percentage is significantly higher if the constants are not considered 61.00%. The presence of error makes the model less realistic, and hence an optimized model is created to minimize the errors.
Moreover, if we consider the model errors, we can round off the constant exponential to ap, which is 1.003 to 1, making the error shift from 9.42% to 9.87%. There is no significant shift in the error, and the error percentage is still less than 10%. Similarly, if we consider the other constant exponential to feed rate, the constant can be rounded off from 1.196 to 1.2, making the error shift from 9.42% to 9.95%. The rounding off the constants can only happen in terms of changing either ap or fr individually. However, if both the constants are rounded off simultaneously, the error percentage shifts from 9.42% to 10.43%, shown in Figure 28.

[bookmark: _Toc74183227]Table 10: The change in data when rounding off both exponential constants.
[image: Table
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On the other hand, rounding off the exponential constant of the depth of cut ap would lead to the model having one less constant without any significant change in the error percentage between the measured and model axial cutting force. This insight leads to the final Equation without the exponential constant for the depth of cut.


6. [bookmark: _Toc74224996]Conclution
1. What are the significant factors that affect the axial cutting force in drilling operations?
The significant factors that affect the axial cutting force in drilling operations are feed and tool geometry. In this project, an assumption was made that tool diameter and point angle is the most important factors but, as a result, showed later that the chisel edge ratio to diameter has an important role when it comes to smaller diameters. The difference in chisel edge ratio means that for future optimization of the model, the chisel edge ratio should be added into the model for better prediction of the axial cutting force with smaller diameters. 
2. How do these factors affect the axial cutting force and each other?
As shown in the equations above, increased depth of cut (ap), increased specific cutting resistance (kc), and high point angle leads to increased axial cutting force. In the original Equation, the increased feed would also lead to proportionally increased axial cutting force, but the increased feed would lead to an exponential increase in the axial cutting force after the modification. 
3. Can an empirical model that predicts the axial cutting force with less than 10% error be created? 
An empirical model that predicts the axial cutting force with less than 10% average error has been developed. This model is ideal for tools with a bigger diameter than 5 mm due to the lack of consideration of the chisel edge ratio in small diameters. Eqaution 13 has an error percentage below 10%, which is acceptable according to the project's criteria and has one less constant than Equation 12. 
				Equation 13
To summarize, the project's final output is an empirical model for predicting the axial cutting force in drilling operations shown as Equation 13. This detailed report on the process to achieve the model and a Microsoft Excel file with all the modified Equations and the result values are also the outcome of this degree project. 


7. [bookmark: _Toc74224997]Recommendation for future study
The pattern found during our research has created more questions that might be answered in future studies. Equation 2 and Equation 2.1 can be added to the model to remove the pattern of small diameter by including the chisel edge. Another recommendation is to consider other geometrical factors that might become apparent after the chisel edge difference is not creating the patterns. 
· Can the geometrical aspect of the drill bit be included in future modeling of the axial cutting forces? 
· How can the chisel edge ratio difference be included in the model?
· Does this model work for other workpiece materials? 
· Is considering the workpiece-specific cutting resistance enough when testing the model for other workpiece materials? 
· If possible, how can the model be adjusted to work universally for all workpieces and all tool geometries?
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Diameter [mm] Depth of cut (ap) Feed [mm/rev] Point angle
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Axial Cutting Force (Ff)

Material Kf

1.1

mc

SS2541 1689 0.2

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

2 1 0.06 1.22 0.06191316 968.2471752 200 27.27840897 86.36% 86.36% 74.58%

2 1 0.1 1.22 0.10110208 1068.025608 325 50.14910803 84.57% 84.57% 71.52%

2 1 0.14 1.22 0.13873758 1137.806658 400 74.79594503 81.30% 81.30% 66.10%

5 2.5 0.1 1.22 0.10426448 1074.624975 600 126.1474528 78.98% 78.98% 62.37%

5 2.5 0.14 1.22 0.14476279 1147.522046 700 188.5865126 73.06% 73.06% 53.38%

5 2.5 0.18 1.22 0.18459657 1204.687424 613 254.5472665 58.48% 58.48% 34.19%

8 4 0.14 1.22 0.14635176 1150.030186 763 302.3979301 60.37% 60.37% 36.44%

8 4 0.18 1.22 0.18718815 1208.051135 980 408.4128157 58.33% 58.33% 34.02%

8 4 0.22 1.22 0.22760206 1256.217634 1198 519.0737954 56.67% 56.67% 32.12%

8 4 0.26 1.22 0.26760001 1297.558286 1416 633.6387988 55.25% 55.25% 30.53%

8.5 4.25 0.14 1.22 0.14650942 1150.277859 810 321.3669961 60.33% 60.33% 36.39%

8.5 4.25 0.18 1.22 0.18744614 1208.383958 1042 434.0581686 58.34% 58.34% 34.04%

8.5 4.25 0.22 1.22 0.2279836 1256.638524 1273 551.7006905 56.66% 56.66% 32.11%

8.5 4.25 0.26 1.22 0.26812759 1298.069517 1505 673.5064772 55.25% 55.25% 30.52%

9 4.5 0.14 1.22 0.14664985 1150.498282 858 340.3361417 60.33% 60.33% 36.40%

9 4.5 0.18 1.22 0.18767607 1208.680264 1103 459.7036974 58.32% 58.32% 34.02%

9 4.5 0.22 1.22 0.22832382 1257.01336 1348 584.3279163 56.65% 56.65% 32.09%

9 4.5 0.26 1.22 0.2685983 1298.524961 1593 713.374714 55.22% 55.22% 30.49%

12 6 0.22 1.22 0.22978117 1258.613934 1797 780.0959332 56.59% 56.59% 32.02%

12 6 0.26 1.22 0.2706174 1300.471359 2124 952.5920166 55.15% 55.15% 30.42%

12 6 0.3 1.22 0.31117125 1337.302147 2451 1130.273627 53.89% 53.89% 29.04%

12 6 0.34 1.22 0.35144564 1370.25464 2778 1312.541355 52.75% 52.75% 27.83%

16 8 0.26 1.22 0.27215175 1301.942716 2832 1271.559709 55.10% 55.10% 30.36%

16 8 0.3 1.22 0.31320165 1339.042799 3268 1508.993076 53.83% 53.83% 28.97%

16 8 0.34 1.22 0.35403783 1372.270044 3704 1752.629165 52.68% 52.68% 27.75%

16 8 0.38 1.22 0.39466195 1402.409032 4139 2001.842157 51.63% 51.63% 26.66%

61.00% 994.36%
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Axial Cutting Force (Ff)

Material Kf

1.1

mc A B

SS2541 1689 0.2 1.235028807 0.928768341

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

2 1 0.06 1.22 0.054802025 3019.050157 200 87.81394075 56.09% 56.09% 31.46%

2 1 0.1 1.22 0.089698161 2735.728164 325 149.5394148 53.99% 53.99% 29.15%

2 1 0.14 1.22 0.123364315 2566.798276 400 212.5919463 46.85% 46.85% 21.95%

5 2.5 0.1 1.22 0.092178638 2720.843689 600 348.3216023 41.95% 41.95% 17.60%

5 2.5 0.14 1.22 0.128105406 2547.511528 700 494.1574061 29.41% 29.41% 8.65%

5 2.5 0.18 1.22 0.163510007 2426.167508 613 641.8987008 -4.71% 4.71% 0.22%

8 4 0.14 1.22 0.129348171 2542.597356 763 763.1447472 -0.02% 0.02% 0.00%

8 4 0.18 1.22 0.165540066 2420.187562 980 990.7747197 -1.10% 1.10% 0.01%

8 4 0.22 1.22 0.20140064 2327.113043 1198 1220.608388 -1.89% 1.89% 0.04%

8 4 0.26 1.22 0.236934421 2252.703417 1416 1452.329141 -2.57% 2.57% 0.07%

8.5 4.25 0.14 1.22 0.12947131 2542.113524 810 807.1936822 0.35% 0.35% 0.00%

8.5 4.25 0.18 1.22 0.165741808 2419.598101 1042 1047.906687 -0.57% 0.57% 0.00%

8.5 4.25 0.22 1.22 0.201699334 2326.423396 1273 1290.925297 -1.41% 1.41% 0.02%

8.5 4.25 0.26 1.22 0.237347921 2251.917953 1505 1535.914646 -2.05% 2.05% 0.04%

9 4.5 0.14 1.22 0.129580964 2541.683142 858 851.0588263 0.81% 0.81% 0.01%

9 4.5 0.18 1.22 0.165921548 2419.073653 1103 1104.800411 -0.16% 0.16% 0.00%

9 4.5 0.22 1.22 0.201965584 2325.809689 1348 1360.949118 -0.96% 0.96% 0.01%

9 4.5 0.26 1.22 0.237716689 2251.218842 1593 1619.151894 -1.64% 1.64% 0.03%

12 6 0.22 1.22 0.203105035 2323.194183 1797 1775.793115 1.18% 1.18% 0.01%

12 6 0.26 1.22 0.239296824 2248.23789 2124 2112.279008 0.55% 0.55% 0.00%

12 6 0.3 1.22 0.275267225 2186.143916 2451 2450.993863 0.00% 0.00% 0.00%

12 6 0.34 1.22 0.311018265 2133.400884 2778 2791.703075 -0.49% 0.49% 0.00%

16 8 0.26 1.22 0.240495779 2245.991756 2832 2756.489363 2.67% 2.67% 0.07%

16 8 0.3 1.22 0.276854914 2183.630754 3268 3198.024751 2.14% 2.14% 0.05%

16 8 0.34 1.22 0.313046665 2130.628996 3704 3642.031775 1.67% 1.67% 0.03%

16 8 0.38 1.22 0.349072186 2084.714564 4139 4088.275635 1.23% 1.23% 0.02%

9.86% 109.43%
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Axial Cutting Force (Ff)

Material Kf

1.1

mc A

SS2541 1689 0.2 0.659455928

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

2 1 0.06 1.22 0.061913156 2946.273507 200 109.476683 45.26% 45.26%20.49%

2 1 0.1 1.22 0.101102078 2671.023035 325 165.4150242 49.10% 49.10%24.11%

2 1 0.14 1.22 0.138737577 2507.210675 400 217.3782976 45.66% 45.66%20.84%

5 2.5 0.1 1.22 0.104264485 2654.620045 600 410.9979896 31.50% 31.50% 9.92%

5 2.5 0.14 1.22 0.144762789 2485.983611 700 538.8447117 23.02% 23.02% 5.30%

5 2.5 0.18 1.22 0.184596574 2368.017581 613 659.9252652 -7.66% 7.66% 0.59%

8 4 0.14 1.22 0.146351761 2480.561845 763 860.2712431 -12.75% 12.75% 1.63%

8 4 0.18 1.22 0.187188145 2361.424046 980 1052.940419 -7.44% 7.44% 0.55%

8 4 0.22 1.22 0.227602055 2270.881194 1198 1237.5832 -3.30% 3.30% 0.11%

8 4 0.26 1.22 0.267600013 2198.530139 1416 1415.999442 0.00% 0.00% 0.00%

8.5 4.25 0.14 1.22 0.146509422 2480.027741 810 913.8413888 -12.82% 12.82% 1.64%

8.5 4.25 0.18 1.22 0.187446143 2360.773643 1042 1118.44106 -7.34% 7.34% 0.54%

8.5 4.25 0.22 1.22 0.227983596 2270.1206 1273 1314.491736 -3.26% 3.26% 0.11%

8.5 4.25 0.26 1.22 0.268127593 2197.664271 1505 1503.906876 0.07% 0.07% 0.00%

9 4.5 0.14 1.22 0.14664985 2479.552595 858 967.4113838 -12.75% 12.75% 1.63%

9 4.5 0.18 1.22 0.187676072 2360.194905 1103 1183.941399 -7.34% 7.34% 0.54%

9 4.5 0.22 1.22 0.228323819 2269.44366 1348 1391.399746 -3.22% 3.22% 0.10%

9 4.5 0.26 1.22 0.268598303 2196.893463 1593 1591.813479 0.07% 0.07% 0.00%

12 6 0.22 1.22 0.229781166 2266.557618 1797 1852.840411 -3.11% 3.11% 0.10%

12 6 0.26 1.22 0.270617397 2193.605403 2124 2119.241378 0.22% 0.22% 0.00%

12 6 0.3 1.22 0.311171248 2133.191071 2451 2377.932824 2.98% 2.98% 0.09%

12 6 0.34 1.22 0.351445639 2081.891144 2778 2630.180203 5.32% 5.32% 0.28%

16 8 0.26 1.22 0.272151751 2191.126357 2832 2822.46183 0.34% 0.34% 0.00%

16 8 0.3 1.22 0.313201651 2130.418089 3268 3166.455595 3.11% 3.11% 0.10%

16 8 0.34 1.22 0.354037828 2078.833545 3704 3501.756468 5.46% 5.46% 0.30%

16 8 0.38 1.22 0.394661945 2034.157607 4139 3829.618409 7.47% 7.47% 0.56%

11.56%89.52%
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Axial Cutting Force (Ff)

Material Kf

1.1

mc A B C

SS2541 1689 0.2 1.003574827 0.834385313 1.19603256

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

2 1 0.06 1.22 0.054802025 3019.050157 200 81.76691918 59.12% 59.12% 34.95%

2 1 0.1 1.22 0.089698161 2735.728164 325 136.495576 58.00% 58.00% 33.64%

2 1 0.14 1.22 0.123364315 2566.798276 400 191.5187338 52.12% 52.12% 27.17%

5 2.5 0.1 1.22 0.092178638 2720.843689 600 340.4958335 43.25% 43.25% 18.71%

5 2.5 0.14 1.22 0.128105406 2547.511528 700 476.7582928 31.89% 31.89% 10.17%

5 2.5 0.18 1.22 0.163510007 2426.167508 613 613.2579957 -0.04% 0.04% 0.00%

8 4 0.14 1.22 0.129348171 2542.597356 763 762.6220626 0.05% 0.05% 0.00%

8 4 0.18 1.22 0.165540066 2420.187562 980 980.4402633 -0.04% 0.04% 0.00%

8 4 0.22 1.22 0.20140064 2327.113043 1198 1198.461374 -0.04% 0.04% 0.00%

8 4 0.26 1.22 0.236934421 2252.703417 1416 1416.718415 -0.05% 0.05% 0.00%

8.5 4.25 0.14 1.22 0.12947131 2542.113524 810 810.3073447 -0.04% 0.04% 0.00%

8.5 4.25 0.18 1.22 0.165741808 2419.598101 1042 1041.689792 0.03% 0.03% 0.00%

8.5 4.25 0.22 1.22 0.201699334 2326.423396 1273 1273.263759 -0.02% 0.02% 0.00%

8.5 4.25 0.26 1.22 0.237347921 2251.917953 1505 1505.064613 0.00% 0.00% 0.00%

9 4.5 0.14 1.22 0.129580964 2541.683142 858 858.0025262 0.00% 0.00% 0.00%

9 4.5 0.18 1.22 0.165921548 2419.073653 1103 1102.951939 0.00% 0.00% 0.00%

9 4.5 0.22 1.22 0.201965584 2325.809689 1348 1348.081411 -0.01% 0.01% 0.00%

9 4.5 0.26 1.22 0.237716689 2251.218842 1593 1593.428645 -0.03% 0.03% 0.00%

12 6 0.22 1.22 0.203105035 2323.194183 1797 1797.26794 -0.01% 0.01% 0.00%

12 6 0.26 1.22 0.239296824 2248.23789 2124 2123.941441 0.00% 0.00% 0.00%

12 6 0.3 1.22 0.275267225 2186.143916 2451 2450.811698 0.01% 0.01% 0.00%

12 6 0.34 1.22 0.311018265 2133.400884 2778 2777.903793 0.00% 0.00% 0.00%

16 8 0.26 1.22 0.240495779 2245.991756 2832 2832.003623 0.00% 0.00% 0.00%

16 8 0.3 1.22 0.276854914 2183.630754 3268 3267.35083 0.02% 0.02% 0.00%

16 8 0.34 1.22 0.313046665 2130.628996 3704 3702.865472 0.03% 0.03% 0.00%

16 8 0.38 1.22 0.349072186 2084.714564 4139 4138.573484 0.01% 0.01% 0.00%

9.42% 124.63%
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Axial Cutting Force (Ff)

Material Kf

1.1

mc A B C

SS2541 1689 0.2 1.003574576 0.834384799 1.196032959

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

5 2.5 0.1 1.22 0.092178638 2720.843689 600 340.4952323 43.25% 43.25%18.71%

5 2.5 0.14 1.22 0.128105406 2547.511528 700 476.7575151 31.89% 31.89%10.17%

5 2.5 0.18 1.22 0.163510007 2426.167508 613 613.2570569 -0.04% 0.04% 0.00%

8 4 0.14 1.22 0.129348171 2542.597356 763 762.6207286 0.05% 0.05% 0.00%

8 4 0.18 1.22 0.165540066 2420.187562 980 980.4386467 -0.04% 0.04% 0.00%

8 4 0.22 1.22 0.20140064 2327.113043 1198 1198.459494 -0.04% 0.04% 0.00%

8 4 0.26 1.22 0.236934421 2252.703417 1416 1416.716287 -0.05% 0.05% 0.00%

8.5 4.25 0.14 1.22 0.12947131 2542.113524 810 810.305915 -0.04% 0.04% 0.00%

8.5 4.25 0.18 1.22 0.165741808 2419.598101 1042 1041.688059 0.03% 0.03% 0.00%

8.5 4.25 0.22 1.22 0.201699334 2326.423396 1273 1273.261742 -0.02% 0.02% 0.00%

8.5 4.25 0.26 1.22 0.237347921 2251.917953 1505 1505.062329 0.00% 0.00% 0.00%

9 4.5 0.14 1.22 0.129580964 2541.683142 858 858.001 0.00% 0.00% 0.00%

9 4.5 0.18 1.22 0.165921548 2419.073653 1103 1102.950088 0.00% 0.00% 0.00%

9 4.5 0.22 1.22 0.201965584 2325.809689 1348 1348.079257 -0.01% 0.01% 0.00%

9 4.5 0.26 1.22 0.237716689 2251.218842 1593 1593.426204 -0.03% 0.03% 0.00%

12 6 0.22 1.22 0.203105035 2323.194183 1797 1797.264938 -0.01% 0.01% 0.00%

12 6 0.26 1.22 0.239296824 2248.23789 2124 2123.938035 0.00% 0.00% 0.00%

12 6 0.3 1.22 0.275267225 2186.143916 2451 2450.807908 0.01% 0.01% 0.00%

12 6 0.34 1.22 0.311018265 2133.400884 2778 2777.899636 0.00% 0.00% 0.00%

16 8 0.26 1.22 0.240495779 2245.991756 2832 2831.998877 0.00% 0.00% 0.00%

16 8 0.3 1.22 0.276854914 2183.630754 3268 3267.345541 0.02% 0.02% 0.00%

16 8 0.34 1.22 0.313046665 2130.628996 3704 3702.859663 0.03% 0.03% 0.00%

16 8 0.38 1.22 0.349072186 2084.714564 4139 4138.567176 0.01% 0.01% 0.00%
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image43.emf
Axial Cutting Force (Ff)

Material Kf

1.1

mc A B C

SS2541 1689 0.2 1.003574827 0.834385313 1.19603256

Diameter [mm] Depth of cut (ap) [mm] Feed [mm/rev] Point angle [radians] he [mm] Kf [N/mm^2] Measured Ff [N] Modeled Ff [N] Error [%]ABS error [%] SSE [%]

8 4 0.14 1.22 0.129348171 2542.597356 763 762.6220626 0.05% 0.05% 0.00%

8 4 0.18 1.22 0.165540066 2420.187562 980 980.4402633 -0.04% 0.04% 0.00%

8 4 0.22 1.22 0.20140064 2327.113043 1198 1198.461374 -0.04% 0.04% 0.00%

8 4 0.26 1.22 0.236934421 2252.703417 1416 1416.718415 -0.05% 0.05% 0.00%

8.5 4.25 0.14 1.22 0.12947131 2542.113524 810 810.3073447 -0.04% 0.04% 0.00%

8.5 4.25 0.18 1.22 0.165741808 2419.598101 1042 1041.689792 0.03% 0.03% 0.00%

8.5 4.25 0.22 1.22 0.201699334 2326.423396 1273 1273.263759 -0.02% 0.02% 0.00%

8.5 4.25 0.26 1.22 0.237347921 2251.917953 1505 1505.064613 0.00% 0.00% 0.00%

9 4.5 0.14 1.22 0.129580964 2541.683142 858 858.0025262 0.00% 0.00% 0.00%

9 4.5 0.18 1.22 0.165921548 2419.073653 1103 1102.951939 0.00% 0.00% 0.00%

9 4.5 0.22 1.22 0.201965584 2325.809689 1348 1348.081411 -0.01% 0.01% 0.00%

9 4.5 0.26 1.22 0.237716689 2251.218842 1593 1593.428645 -0.03% 0.03% 0.00%

12 6 0.22 1.22 0.203105035 2323.194183 1797 1797.26794 -0.01% 0.01% 0.00%

12 6 0.26 1.22 0.239296824 2248.23789 2124 2123.941441 0.00% 0.00% 0.00%

12 6 0.3 1.22 0.275267225 2186.143916 2451 2450.811698 0.01% 0.01% 0.00%

12 6 0.34 1.22 0.311018265 2133.400884 2778 2777.903793 0.00% 0.00% 0.00%

16 8 0.26 1.22 0.240495779 2245.991756 2832 2832.003623 0.00% 0.00% 0.00%

16 8 0.3 1.22 0.276854914 2183.630754 3268 3267.35083 0.02% 0.02% 0.00%

16 8 0.34 1.22 0.313046665 2130.628996 3704 3702.865472 0.03% 0.03% 0.00%

16 8 0.38 1.22 0.349072186 2084.714564 4139 4138.573484 0.01% 0.01% 0.00%
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