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ABSTRACT 

 

This thesis originally proposes an improved theoretical method to predict thrust 

and torque of twist drills in high speed drilling. The three existing models and methods 

are thoroughly studied and evaluated. It has been observed that each method has its own 

advantages as well as drawbacks and some errors. 

A fundamental geometrical analysis is carried out on the primary cutting edge of a 

twist drill to understand the correlation between the geometrical features of the drill and 

the distribution of cutting forces. The improved method is based on the representation 

of the cutting forces along the cutting edge as a series of oblique cutting elements. The 

elemental forces are then integrated to determine the overall thrust force and drilling 

torque in terms of the basic geometrical features of the drill, the cutting conditions and 

the properties of the machined material.   

The improved method presents the proper definitions of the dynamic rake angle 

and the uncut chip thickness, proves the negligibility of the feed angle and gives 

accurate representation of the elemental forces acting along the primary cutting edge, as 

well as the total thrust force and the torque. A good agreement between the predicted 

and the experimentally measured forces and torques was found for low carbon steels. 
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Chapter 1. Introduction 

 

The importance of drilling in the field of modern metal cutting is based on the fact 

that drilling is the most common of machining operations performed. The most popular 

tool is the twist drill, which was invented by Steven A. Morse in 1863 [1], who patented 

a new drill design, with two spiral flutes and a pointed cutting part, which exceptionally 

improved the cutting action and chip disposal. The modern twist drill geometry, though 

similar in the general appearance to the Morse drill, has been the subject of numerous 

improvements. Usually, a twist drill consists of two main cutting edges; the chisel edge 

and the cutting lips, as can be seen on Figure 1.1. Some drills have a secondary cutting 

edge, which significantly reduces the thrust forces and produces a cutting edge with a 

positive rake and a chip breaking point. The chisel edge protrudes into the workpiece 

material and contributes mostly to the thrust force. The cutting lips cut out the material 

and provide the majority of the drilling torque and thrust. During the drilling process, 

the chips are formed on the cutting edge and moved up along the drill helix angle. The 

drill geometry has a complicated effect on the cutting forces. A typical twist drill has 

several design parameters affecting the cutting forces and torque. In fact, the rake angle, 

inclination angle and the cutting velocity vary along the drill radius. The normal rake 

angle has a high negative value at the center of the drill, resulting in larger thrust forces 

and changes from negative to positive along the cutting lips affecting primarily the 

torque. 
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Figure 1.1. The cutting edges of a standard twist drill. 

Several simplified models of conducting a metal cutting process analysis have 

been developed and implemented throughout the past decades. The basic model is 

called the single-shear plane model or the Ernst-Merchant [2] model, widely presented 

in most textbooks [3-8]. Based on the principle of energy conservation, Merchant 

showed that the cutting forces are proportional to the uncut chip area or the chip load. 

Another model is the theory of Lee and Shaffer [9], who also attempted to solve the 

metal cutting problems applying the plasticity factor. Both models have numerous 

drawbacks and disagreements with their respective experimental results. Later on, Hill 

[10], with his static equilibrium model tried to solve this same problem, stating that the 

velocity is tangentially discontinuous across the shear plane.  Dewhurst [11] also 
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offered his model of chip formation for the first time analyzing the stress and velocity of 

boundary conditions. 

None of these theories is flawless; and some have been very heavily criticized. 

However, the simplified analyses predict many of the forces and stresses in the cutting 

process, including the drilling. In the past years, researchers developed many analytical 

and numerical models to predict the torque and thrust force in drilling needed to address 

important process-optimization issues such as the most appropriate and efficient cutting 

parameters or tool geometries. 

Oxford [12] identified a small region all around the middle part of the drill 

(indentation zone) where the material is not cut but extruded. Outside the indentation 

zone, the chisel edge performs an orthogonal cut with a negative rake angle. Bera and 

Bhattacharya [13] analyzed the drill geometry and determined that the chisel edge acted 

as an indenting tool and the lip as a cutting tool and presented the first predictive cutting 

model to evaluate the torque and thrust in drilling. They applied the Merchant thin shear 

zone cutting model to predict the drilling forces at the cutting edge. The total thrust and 

torque were found by the summation of the elemental thrusts and torques derived from 

the elemental deformation forces and the thrust and torque components. Williams [14] 

went further and described the secondary cutting edges along with the main cutting 

edges and an indentation zone around the drill center as the three identifiable zones of 

interest. Williams used an orthogonal cutting analysis to model the thrust and torque at 

the drill cutting edge. The total forces were calculated by the summation of the force 

generated by the cutting edge and chisel edge as well as the indentation zone.  
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The difference of his model from the model of Bera and Bhattacharyya was that 

the cutting action for most of the chisel edge was presented as a classical orthogonal 

cutting action with continuous chip formation and highly negative rake angles. 

Mauch and Lauderbaugh [15], in their model also divided the drill into three regions 

and implemented the idea of using different cutting processes for each zone. Both the 

orthogonal and the oblique cutting models were applied to the two elements of the 

chisel edge and to the main cutting edge area accordingly. They also split the main 

cutting edge into N elements and calculated the total torque and thrust by summarizing 

the part values generated in each of these regions. 

Armarego and Wright [16] analyzed the fundamental machining data such as 

shear stress and chip length and the cutting mechanisms of the cutting edge and chisel 

edge developed a model which can be used to estimate thrust and torque for the 

different drill flank configurations. They found similarities in the effects of feed rates, 

spindle speeds and the geometrical characteristics of the drill on the resulting torque and 

thrust values, regardless of the drill flank configurations used.  Armarego and Cheng 

[17, 18] proposed a new simplified method to predict thrust and torque during drilling 

for conventional and modified drills. The method of calculation was also based on the 

implementation of the orthogonal cutting model and the oblique cutting model.  Later 

Wiriyacosol and Armarego [19] further developed this method by implementing an 

already known principle of dividing the cutting edges into a limited number of cutting 

elements, which were assumed to be oblique cutting edges on the primary cutting edge 

and the orthogonal cutting edges on the chisel edge. This method was described 
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extensively in Armarego’s latest textbook [20]. However, the calculations were based 

on empirical equations provided by the orthogonal cutting tests.  

Stephenson and Agapiou [21] developed a static force model for drills with 

various geometrical parameters. They did not include the effect of the chisel edge in 

their model, but like other researchers, they focused on the primary cutting edge and 

split it into small segments. This model was based on calculating the radial forces 

generated by the drill asymmetries and was developed for the drills with different 

geometrical shapes. Stephenson and Agapiou represented each elementary force as the 

product of a specific pressure and chip area, where the specific cutting force coefficients 

could be found based on simple turning tests and also included in their calculations a 

hardness correction function to compensate the variation in hardness of the workpiece 

material.  

All of the above mentioned methods identified and pointed out the significant 

problem in determining the empirical equations for the various cutting parameters.  

Chandrasekharan et al. [22] suggested a new approach in predicting the cutting forces 

for drilling based on the geometric similarity of the drills. In their model the force and 

torque equations were represented in a normalized radial coordinate system. Their 

model consisted of two main points of interest: the primary cutting edge and the chisel 

edge. In order to describe the cutting forces on the primary cutting edges they used the 

Merchant’s model and the calculations for the chisel edge were based on the slip line 

field method derived by Kachanov [23]. They developed a calibration algorithm to 

extract the cutting model coefficients and implemented the mechanistic force approach 

to develop the models for the cutting force system.  
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Later on, many researchers found similarities in the drilling and the oblique 

cutting processes. Watson [24-27] also applied the oblique machining theories to 

drilling by dividing the cutting edges of the drill into small segments, performing 

calculations for each segment, and summing the results. The Watson cutting force 

model for the chisel edge was based on the classical orthogonal cutting analysis and 

included the drilling tests to determine the contribution of the chisel edge to the overall 

torque and thrust. However, the correlation between the predicted values and the 

experimental results for the whole drill was not as good as the correlation between the 

experimental and the predicted results for the cutting edge alone. Rubenstein [28, 29] 

thoroughly investigated the oblique cutting process and derived the expressions for the 

torque and thrust forces, assuming that the removal process is quasi-orthogonal, but for 

the drill point it was only sufficient when the drill diameter was large enough in relation 

to the chisel edge length. Zhang et al. [30] noticed the effect of vibrations and 

developed his model based on the mechanics of vibrations and the continuous 

distribution of thrust and torque along the cutting edge and the chisel edge of the twist 

drill. Wang et al. [31, 32] concluded that vibration drilling is different from 

conventional drilling and presented a method which involved the development of a 

dynamic uncut chip thickness for each cutting element at the cutting edge and chisel 

edge. Their model described the dynamic cutting process, where the mean thrust and 

torque increased as feed increased under constant vibration. Yang et al. [33] studied the 

drilling and reaming processes and proposed a dynamic model which included a 

representation of the forces generated on the cutting edge, the influence of the chisel 
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edge, the relationship between the machine vibrations and forces and the dynamic 

machine tool model.  

Elhachimi et al. [34, 35], based on the oblique cutting model for the primary 

cutting edge and the orthogonal cutting model for the chisel edge presented a new 

theoretical model to predict thrust and torque in high speed drilling. In this model, thrust 

and torque were calculated in terms of the geometric features of the drill, the cutting 

conditions and the properties of the machined material. Chen et al. [36] modified the 

existing force model for the split-point, incorporating the splitting parameters on the 

secondary cutting edge for predicting the thrust forces and torque. By minimizing the 

thrust forces and torque, they obtained the optimization of the split-point drill geometry. 

Kapoor, Chandrasekharan et al. [37-39], Gong and Ehmann et al [40-42] developed 

various mechanistic drilling models. Other recent developments in drilling models have 

utilized the finite element method. Fuh [43] explored the use of the finite element 

method for drilling. Guo and Dornfeld [44] and Min et al. [45] applied the finite 

element technique for modeling drilling and exit burr formation. Shatla and Altan [46] 

using the same approach determined the drilling torque and thrust force. Bono and Ni 

[47, 48] predicted the drill heat flux, temperatures, and the thermal distortion of the drill 

holes.  

Strenkowski et al. [49] developed an analytical finite element technique for 

predicting the thrust force and torque in drilling with twist drills. The approach was 

based on representing the cutting forces along the cutting edge as a series of oblique 

sections and cutting in the chisel region was treated as an orthogonal cutting with 

different cutting speeds depending on the radial location. An Eulerian finite element 
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model was used for each section to simulate the cutting forces. The section forces were 

then combined to determine the overall thrust force and drilling torque. An extension of 

the technique for predicting drill temperatures has also been described.  

Zhao et al. [50] applied the finite element method (FEM) to twist drill stress 

analysis not for design but for verification. Additional studies on the dynamics of 

drilling can be found in the various articles of other researchers [51-76].  

 

Figure 1.2. Various shapes of twist drills (property of Mitsubishi [80]) 

 

During the drilling process, it can be observed that due to the various velocities, 

each segment of the primary cutting edge which lies on the different radial distances 
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from the drill axis are affected by the different forces. The unequal forces along the 

cutting edge are causing the different type of the wear: from the chipping and build up 

edge close to the center area to the extensive wearing and even burning on the 

peripheral area. This is why researchers and manufacturers are trying to create cutting 

edge geometries which will be most suitable for the various specific applications. Some 

examples of the various types of the drill geometries, which contain not only various 

point angles, rake angle and spiral angles, but also different shapes of flank faces, 

different chisels as well as primary and secondary cutting edges in case of a split-point 

drill are shown on Figure 1.2. 
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Chapter 2. The cutting forces prediction models and 

methods 

 

In the presented research three models and methods are studied and evaluated. 

        All three reviewed methods contain two basic steps. First, the authors have 

determined the geometrical relationships between the various angles. Second, they 

constructed the force model to predict the cutting forces and torque. Some of the authors 

have provided the experimental data for the approval of their methods. 

 

2.1 The cutting forces prediction model and method Ι  

2.1.1 Geometrical model Ι and relationships 

In this work, the authors identify three different regions of interest (the primary 

cutting edge, the secondary cutting edge and the chisel edge) and then estimate the 

thrust forces and torque for each of the regions. The geometrical model is shown on 

Figure 2.1. Based on the authors’ opinions, the feed angle must be considered and 

included into the calculations in each of the three regions. 

For any given point on the primary cutting edge the shear angle of the oblique 

cutting    can be calculated as [28] 
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                                                                                                   (1) 

where    is the shear angle of the orthogonal cutting,   is the inclination angle and 

   is the dynamic rake angle 

 

 

Figure 2.1. Dynamic geometry of the primary cutting edge by Chen. 

The shear angle of the orthogonal cutting    can be calculated as [2] 

   
 

 
 

     

 
                                                                                                               (2) 
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where    is the friction angle of the orthogonal cutting and may be determined as [77] 

    
 

 
  

  

 
                                                                                                (3) 

The inclination angle may be found from the following equation: 

                                                                                                         (4) 

where   is the half-point angle and   is the web angle at a specified radius 

Web angle   is given as: 

        
  

 
                                                                                                               (5) 

where    is the half web thickness after the splitting point and   is the radial distance 

from the drill axis. 

The dynamic rake angle    by the authors’ opinions has to be calculated as  

                                                                                                           (6) 

where    is the static rake angle and   is the feed angle 

The static rake angle which will be re-considered later, is calculated as 

       
         

                  
                                                                                      (7) 

where the helix angle     at a specified radius   and can be found as  

       
 

 
                                                                                                  (8) 
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where R  is the radius of the drill and   is  the helix angle at this radius, which are taken 

from the drill specifications. 

Since 

The tangential velocity                                                                                        (9) 

and the axial feed velocity                                                                                   (10) 

Feed angle   is calculated as  

     
 

   
                                                                                                   (11) 

where   is the feedrate  

and N  is the drill revolutions. 

And finally the friction angle    can be calculated as [14] 

          
                          

    
                                                                (12) 

 

2.1.2. The force and torque prediction model Ι 

 

The force and torque prediction model based on the Oxley oblique cutting model [79], 

which defines the differential force and torque elements for each differential element of 

the cutting edge. 
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Figure 2.2 Force prediction model by Chen. 

The force element in the direction is parallel to the cutting velocity  

    
                     

                
                                                                                    (13) 

The force element in the direction perpendicular to the cutting velocity and to the 

cutting edge  

                                                                                                         (14) 

The force element in the direction perpendicular to     and     

                                                                                                    (15) 
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The total thrust force and torque are obtained by integrating the elemental cutting 

forces along the cutting edge. 

         
  

  
          

  

  
                                                                          (16) 

         
  

  
               

  

  
                                                               (17) 

 

2.2 The cutting forces prediction model and the method ΙΙ 

The method of Elhachimi is based on the principle of the calculation of the elements of 

the thrust and the torque for an element    of the cutting edge at an arbitrary point on 

the cutting edge, situated at a radius   from the drill axis. 

 

2.2.1 Geometrical model ΙΙ and relationships 

In this work, the authors identify two different regions of interest (the primary 

cutting edge and the chisel edge) and then estimate the thrust forces and torque for each 

region. The geometrical model is shown on Figure 2.3. 

Dynamic rake angle  
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Figure 2.3. Dynamic geometry of the primary cutting edge by Elhachimi 

where   is the reference angle, which can be calculated as 

                                                                                                    (19) 

Static (normal) rake angle calculated by the formula 

       
         

                  
                                                                                    (20) 

whose credibility will be discussed later. 

The differential element for the length of the cutting edge 
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                                                                                                   (21) 

 

2.2.2. The force and torque prediction model ΙΙ 

 

The determination of the differential force and torque elements for each 

differential element of the cutting edge are also based on the above mentioned Oxley 

model [79]. Furthermore, the authors describe more precisely the way the elemental 

forces act at the arbitrary point of the cutting edge as shown on Figure 2.4. 

The force element in the direction normal to the cutting edge in the plane constructed by 

the cutting edge and the cutting velocity vector 

   
  

            

    
                                                                                                    (22) 

 

The force in the direction normal to the machined surface 

   
  

            

    
                                                                                                    (23) 

And the force element in the direction perpendicular to   
  and   

  

   
       

      
                                                                                      (24) 
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Figure 2.4. Force prediction model by Elhachimi. 

 

where    is the shear force element [79] calculated as 

   
       

             
                                                                                                   (25) 
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Then, the force elements at the specific point are presented as 

       
         

                                                                                           (26) 

        
                                                                                                                 (27) 

        
          

                                                                                            (28) 

 

The following formulas for the total thrust force and torque are: 

 

    
            

        
                      

 

       
  
   

  

  
                        (29) 

 

   
            

        
           

  

       
  
   

  

  
                                                   (30) 

 

 

2.3  The cutting forces prediction model and the method ΙΙΙ 

 

The method Armarego is also based on the principle of the calculation of the 

elements of the thrust and the torque for an element    of the cutting edge at an 

arbitrary point on the cutting edge, situated at a radius   from the drill axis. The cutting 
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action is presented as a number of oblique cutting elements with its own geometry, cutting 

speed, feed, cut thickness and width of cut. 

 

 

2.3.1 Geometrical model ΙΙΙ and relationships 

 

Probably the best description of the cutting edge geometry was given by Armarego [20] 

as it can be seen on Figure 2.5. 

The normal rake angle   , which is defined as an acute angle between the tangent to 

the cutting edge in the plane normal to the cutting edge and the normal to the projection 

of the cutting velocity in that plane. 

                                                                                                                        (31) 

And can be derived from the equations 

        
         

                  
                                                                                 (32) 

and 

                                                                                                     (33) 

Combining these equations it is possible to define    

       
     

    
                                                                 (34) 
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Figure 2.5. Dynamic geometry of the primary cutting edge by Armarego. 

The normal friction angle in the plane normal to the cutting edge 

                                                                                                                  (35) 

The normal shear angle in the plane normal to the cutting edge 

      
  
    

    
     

                 
                                                                                       (36) 
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where  ,   and    are the empirical friction angle, the empirical chip flow angle and the 

empirical chip thickness, respectively. 

 

2.3.2. The force and torque prediction model ΙΙΙ 

Armarego believes that in the cutting action the forces may be divided by two 

main components: the “cutting” or deformation forces components due to the shearing 

and the friction processes on the shear plane and the rake face and the “edge” or 

classical oblique forces due to the ploughing or rubbing at the cutting edge as shown on 

Figure 2.6. 

Then the elemental thrust force is  

                                                              (37)                                 

and the elemental torque is 

                                                                                                    (38) 

 

The total thrust force and torque are expressed as 

        
 
                                                                                                (39) 

       
                                                                                                  (40) 
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Figure 2.6. Force prediction model by Armarego 
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where        and     are the cutting force components due to the shearing and the 

friction processes 

    ,      and      are the cutting forces due to the ploughing at the cutting edge 

n  is the number of elements 

    is the mean radius of each element 

    
                                 

 
                                                                    (41) 

    
             

 
                                                                                                   (42) 

    
                                 

 
                                                                    (43) 

 

where                                     
 

                                  (44) 

   
         

 
                                                                                                   (45) 

                                                                                                       (46) 

                                                                                                      (47) 

                                                                                                            (48) 

Empirical values       and   are taken from Armarego’s cutting database. 
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2.4. Critical notes and discussion 

 

There are a few mistakes in the geometrical analysis that were made by Chen.  

The dynamic rake angle cannot be determined as  

          

From Figure 2.5 it is clear that  

         

where       
     

               
  and since       

 

 
 

       
         

                  
 

The reference angle may be found from a geometrical analysis by projecting the 

tangential velocity in the normal plane. 

From the same Figure 2.5        
          

      
          

Combining both equations 
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and finally 

   
     

    
                                                         (49) 

which is different from the formula(6) presented by Chen 

This formula can also be proved by using parametric derivation [78] 
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Figure 2.7. Parametrical model for the static rake angle derivation. 

 

The static rake angle may be presented as 

                                                                                                                 (50) 

where 

     - unit normal vector to the tool cutting edge reference plane 

      - unit normal vector to the drill rake face 

then 

                                                                                                       (51) 
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           =                                                                                          (52) 

      

           
                                                     

so 

      

           
                                                                                                (53) 

Unit normal vector to the tool cutting edge reference plane 

      c                                                                                                                       (54) 

where 

c -unit vector along the cutting edge 

c =                                                                                                               (55) 

    -unit vector of the direction of primary motion within the tool cutting edge plane 

                                                                                                     (56) 

then, 

        
   
           

         

  

      
        
         
        

                                                                                                 (57) 
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The parametric equation for the helix 

                                                                                                       (58) 

 where   =  ,    b = 
 

     
 =                

p =  

     
     

         
                                                                                                         (59) 

Tangent vector 

         
  

  
  =  

      
     
      

                                                                                         (60) 

Unit tangent vector that is tangent to the rake surface (tangent to the helix line of the 

rake surface) 

t  
    

       
 

since 

        =                                            

        
 

     
                                                                                                           (61) 

so 

 t   

          
         

     

                                                                                                    (62) 
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Then it is possible to find       

      c    t =  
   
         

                        

  

That leads to 

      

                       
              
             

                                                                   (63) 

 

Using formulas (57) and (63) it is possible to express the following as 

       

                                    

                                                       = 

                                  

and 
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  = 

                                

                                 

 

Substituting and simplifying (53)        
      

           
 

Leads to 

      
     
    

                              

 

  Chen in his geometrical model omits the reference angle and replaces it by the feed 

angle. However, the reference angle   is very important, because it is the projection of 

the combined angle of the fundamental angles   and    in the plane normal to the 

cutting edge as it is shown in the Armarego model (Figure 2.5. and Figure 2.6.) 

This misunderstanding also leads to the wrong determination of uncut chip thickness. 

Chen determines it as 
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Figure 2.8. Uncut chip thickness 

Clearly it must be defined as shown on Figure 2.8. 

   
         

 
                                                                                                              (64) 

Furthermore, the proposal of adding the feed angle to the force model seems to be 

questionable because in practice, the value of the resulting cutting speed is very close to 

the value of the tangential cutting speed and the axial feed component is negligible. The 

comparison between the dynamic and static rake angles for 8 mm drill (N=1000 rev/min 

and federate 0.12 mm) is shown on Figure 2.9. 
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Figure 2.9. The distribution of the dynamic, static and feed angles along the cutting 

edge. 

Thus, the adding of the feed angle   into the equations (13), (14) and (15) 

doesn’t properly reflect the actual projection of the elemental forces and also lacks the 

contribution of the inclination angle   in these equations. 

The Elhachimi model describes the projection of the elemental forces more precisely. 

The model contains a proper definition of the differential element of the cutting edge 

   
 

            
                                                                                                     (65) 
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However, while Elhachimi tries to implement the Oxley force model, he makes a 

mathematical error in the formulas (29) and (30), when an incorrect substitution leads to 

a misleading result.   

 

 

Figure 2.10. Oxley orthogonal chip formation model. 

Following the Oxley model [79] the shear forces as shown on Figure 2.10. are 

 

   
     

    
                                                                                                     (66) 
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                                                                                                       (67) 

                                                                                                                 (68) 

From there  

   
          

    
                                                                                                          (69) 

   
          

    
                                                                                                          (70) 

where                                                                                                         (71) 

 

And this clearly contradicts with the formulas of Elhachimi 

   
          

    
 

   
          

    
 

 

It leads to the wrong representation of     and then finally to the serious 

miscalculations in the proposed force model. 

 

The Armarego model precisely describes the cutting edge geometry, but contains a lot 

of empirical formulas and requires the implementation of data from various orthogonal 

tests. The division of the cutting force into two components, the forces created by the 
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shearing and friction from one side and the forces created from the rubbing on other 

side is only assumed.  It is extremely difficult to apply this approach since the "edge 

forces" have to be predetermined from each individual drilling test. 
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Chapter 3. An improved method of cutting forces 

prediction 

 

An improved method is based on the studying and analyzing of the three existing 

methods which were described in Chapter 2 and its purpose is to overcome the 

discovered drawbacks and errors. The new method presents the proper definitions of the 

dynamic rake angle and the uncut chip thickness, proves the negligibility of the feed 

angle and gives accurate representation of the elemental forces acting along the primary 

cutting edge, as well as the total thrust force and the torque. The cutting forces that are 

acting along the primary cutting edge are represented as a series of oblique cutting 

elements. The elemental forces are then integrated to determine the overall thrust force 

and drilling torque in terms of the basic geometrical features of the drill, the cutting 

conditions and the properties of the machined material.   

 

3.1. Notations 

 

          shear angle of the orthogonal cutting 

           shear angle of the oblique cutting 

            angle of resulting force 
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          friction angle of the orthogonal cutting 

           friction angle of the oblique cutting 

           static rake angle 

          dynamic rake angle 

           feed angle 

           helix angle at specified radius 

            helix angle at the diameter 

           web angle at specified radius 

            half-point angle 

            inclination angle 

           half web thickness before splitting point 

            reference angle 

           uncut chip thickness 

        shear stress factor induced by thrust forces 

         shear stress factor induced by torque 

         shear stress factor 

          effective strain 
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             effective strain rate 

          shear strain 

           shear strain rate 

            shear velocity 

            differential element for the length of cutting edge 

          elemental force parallel to the direction of the cutting velocity 

          elemental force perpendicular to the direction of the cutting velocity and to the 

cutting edge (normal direction) 

          elemental force perpendicular to the both     and    .(radial direction) 

               total elemental force in the direction of the cutting velocity 

               total elemental force in the normal direction 

               total elemental force in the radial direction 

          total elemental thrust force 

          total elemental torque 
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3.2 Derivation of improved formulas to predict total thrust and 

torque for the primary cutting edges 

 

From the available Oxley force model [79] for oblique cutting, the elemental thrust 

force     and the elemental torque can be determine based on the elemental forces 

          and      as can be seen on Figure 3.1. 

 

 

Figure 3.1. Oxley oblique cutting model. 
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The elemental force      at any given point on the cutting edge is parallel to the 

direction of the cutting velocity, the elemental force     is perpendicular to the 

direction of the cutting velocity and to the cutting edge and the elemental force     is 

perpendicular to the both     and    . 

The presented CAD model (Figure 3.2.) allows to derive the total thrust force 

accordingly the projections of each elemental force in each direction. 

 

 

Figure 3.2. The projections of the elemental forces. 

The total elemental forces          ,          and            in normal direction, radial direction 

and in the direction of the cutting velocity respectively can be calculated as (Figure 3.3.) 
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                                                                                                             (72) 

                                                                                                              (73) 

                                                                                                    (74) 

 

 

 

 

Figure 3.3. The model for force prediction along the primary cutting edge 
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Thereby 

                                                                                                                  (75) 

So the total elemental thrust force can be expressed as 

                                                                       (76) 

or 

                                                               (77)   

                                                                                                     

From the Oxley model [79]     and     can be found as 

         
     

                                                                                (78) 

                                                                                                              (79) 

substituting those formulas into (77) 
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And expressing this formula in terms of     

    

                      

      
                                                

               

 

                                                              

                          

 

Then the total elemental thrust force can be calculated as 

 

                           
                  

         
           

                                                                                                                          (80) 

 

From the orthogonal chip formation model using formulas (66), (67) and (68) 
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Figure 3.4. Orthogonal chip formation model for force prediction along the primary 

cutting edge 

              

  
  

    
 

   
     

    
 

 

And the formula for the uncut chip thickness (64) from Figure 2.8 
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So the elemental force     can expressed as  

    
                       

         
                                                                                  (81) 

where  

        feedrate 

     shear stress factor 

       differential element of the length of the cutting edge 

Then 

    
                       

         
                  

 
                  

         
                     

 

The differential element of the length of the cutting edge    can be expressed as (21) 
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Hence, 

    
                     

         
                  

 
                  

         

                    
 

           
  

    

and finally 

    
                 

         
                   

                  

         
 

                    
 

       
  
                                                                        (82) 

From there it is possible to present the total thrust force  

        

  

  

 

where    ,     is an interval, which is defined by the radial distance from the drill axis to 

the beginning and the end of the primary cutting edge. 

Therefore,  
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or, 

    
                 

        
                   

                  

         
 

  

  

                  
 

       
  
                                                                         (83) 

 

The total elemental torque can be found as 

                                                                                                                  (84) 

where          is the total force in the direction of the cutting velocity, which can be 

calculated using the expression (74) (Figure 3.3.) 

                         

 

Implementing the same approach that was mentioned above the elemental torque can be 

expressed as 
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                                               (85) 

 

From the Oxley model      and      can be expressed as 

         
     

                                                                                (86) 

                                                                                                              (87) 

substituting those formulas into (85) and expressing this formula in terms of     

                   
                                       

            
   

         
                     

            
                 

         
  

 

Since the elemental force     is presented in (81) 

    
                       

         
 

and the differential element of the length of the cutting edge    can be presented in (21) 
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Hence, 

 

   
                        

         
      

                 

         
   

 

 
                  

         

  

       
  

      
                 

         
    

and finally 

 

   
        

         

  

       
  
 

    

         
                                                 (88) 

 

From there it is possible to present the total torque as 

      
  

  
                                                                                                 (89) 

or 

   
        

        
 

    

         
                   

  

       
  
   

  

  
                         (90) 
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All the parameters in both equations for the total thrust force and torque depend only on 

the radius of a point of the cutting edge from the drill axis and on the drill geometry and 

can be found from the equations (4),(5),(49),(8),(3),(12),(1),(2),(71) and (19). 

                  

       
  

 
 

         
     
    

                               

         
  

 
      

        
                          

    
      

   
 

 
  

  
 

 

                                 

   
 

 
 
     

 
 

    +       
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Figure 3.5. Distribution of the various angles along the primary cutting edge on 8 mm 

standard twist drill. 

The distribution of the various angles along the primary cutting edge on 8 mm standard 

twist drill is shown on Figure 3.5. 

 

The next important step in this calculation is the necessity to determine the shear stress 

factor    , which essentially affects the values of the total thrust force and the torque. 

Elhachimi completely omits this issue in his work [34], Chen applies the empirical 

formulas [36] based on the Oxley model and Armarego [20] uses his own empirical 

databank. 
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The Oxley algorithm [79] for the calculation of the shear stress factor can be used 

though it contains assumptions and repetitive interpolations.  For example, for the given 

cutting conditions and material properties of carbon steel JIS S 45C (the same as AISI 

1045), the below described procedure has to be applied. 

The given formula for the shear stress factor 

    
     

 

  
                                                                                        (91) 

where 

    
   

  
                                                                                           (92) 

    
 

 

    

            
                                                                                       (93) 

The first step is to assume the given temperature T and then to estimate the flow stress 

  , using the empirical formula or the presented diagram. 

The next step is to determine the strain-hardening index  , which is a function of  the 

temperature. It is then necessary to calculate    ,     and     again using either the 

empirical formula or the diagram. 

Since the actual temperature, the so called velocity modified temperature is yet 

unknown it has to be found by applying the following formula 

             
  

   
                                                                                 (94) 

where 
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Then the old and the new values of the velocity modified temperature should be 

compared and if the difference is significant the interpolation process must be continued 

until a reasonable difference is achieved. 

The main problem in the Oxley algorithm is to find     because     is inderterminate 

which leads to multiply interpolations until a desirable result is obtained. 

Shear strain rate at AB by Oxley 

      
  

 
                                                                                                        (95) 

C  is constant, C=5.9  

Shear velocity    

   
     

        
                                                                                                  (96) 

Length AB (from the orthogonal chip formation model) 

  
  

    
 

And since, 
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Shear strain rate  

      
          

                 
                                                                      (97) 

which is different from Chen’s formula  

     
          

         
                                                                                      (98) 

 

Chen [36] suggests that it is reasonable to assume that the shear stress factor is the 

function of the mean shear-strain rate      in the corresponding region of the cutting 

edge and offers the following formulas which were obtained by a regression analysis for 

specific materials (particularly for 1015 steel).  

Shear stress factor for the primary cutting edge induced by trust force 

                                                                                                         (99) 

Shear stress factor for the primary cutting edge induced by torque 

                                                                                                          (100) 

Where      is calculated by (98) 

Both approaches for the determination of the shear stress factor can be applied, however 

for comparison purposes the formulas (99) and (100) were used. 
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Chapter 4. Applications 

 

The calculated values of the shear stress factor for any specific material (steel 

ANSI 1015 was used for the comparison analysis) allowed to find the predicted total 

thrust force and the total torque.  

The comparison was made for the 8.00 mm HSS standard 118 degree twist drill on the 

ANSI 1020 steel with constant 1000 rpm and a feedrate of 0.12 mm/rev 

 

Figure 4.1. Comparison of predicted thrust forces for 8 mm standard twist drill. 
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Figure 4.2. Comparison of predicted torques for 8 mm standard twist drill. 

The total thrust force and torque expressed in formulas (16), (17), (29, (30), (83) and 

(90) in each method respectively were calculated using Matlab, the following graphical 

representations which show the distribution of the total thrust and torque along the 

primary cutting edge as well as the total values were generated, as can be seen on Figure 

4.1. and Figure 4.2. 

The ThirdWave FEM sofware simulation for the 8.00 mm HSS standard 118 degree 

twist drill on the ANSI 1020 steel with constant 1000 rpm and a feedrate of 0.12 

mm/rev shows the following average values: 

Total thrust force = 1256 N 
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Torque = 3321N mm 

 

 

Figure 4.3. Prediction of thrust forces using ThirdWave simulation. 

The calculations made with the original formulas(83) and (90) for the primary cutting 

edge show the following values for the total thrust froce and torque repectively 

         

            

Considering the empirical observations (Figure 4.4.) that the percentage of the total 

thrust forces and torque acting on the primary cutting edges for the conventional twist 

drill is approximately 40% and 80% respectively [72], the predicted values will be: 
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          3321                  

And it shows a fair agreement with the predicted data. The discrepancies may be 

explained by the uncertainity in the calculation of the shear stress factor. 

 

 

Figure 4.4. Percentage of the total thrust forces and torques acting on the primary 

cutting edge and chisel edges for different types of twist drills. 

Unfortunately, there is not enough experimental data for a comparison analysis to 

be found. J. S. Strenkowski, et al. [49], while developing an analytical finite element 

technique for predicting the thrust force and torque have provided experimental data, 

which was used for other comparisons. The drilling tests were performed on a 

Bridgeport using a high speed steel twist drill with a 30 degree helix angle and a 118 

degree point angle. The workpiece was an AISI 1020 steel block. A spindle speed of 

302 rpm was used. Three drills with 6.35, 9.53, and 12.5 mm diameters were used for 

three feed rates of 0.051, 0.076, and 0.102 mm/rev.  

The calculations show a satisfying agreement between the measured and the predicted 

values, as seen on  Figure 4.5. 
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Figure 4.5. Comparison of predicted and experimental thrust forces based on test of 

Strenkowski 

Another comparison was made based on the data provided by Xiong [77], who 

completed tests on the 1050 carbon steel, using conventional, straight-edged, HSS 15 

mm diameter twist drill with the following dimensions: helix angle 60º, point angle 

118º, web thickness 2.25 mm. The results are shown on Figure 4.6. 

As previously mentioned, it is difficult to determine the values for the shear stress 

factor, but considering the fact that the hardness of the 1050 steel is 197 HB and the 

hardness of the 1025 steel is 126 HB [81] it is possible to assume that the predicted data 

will interpolate accordingly. 
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Figure 4.6. Comparison of predicted and experimental thrust forces and torques, based 

on test of Xiong. 
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The improved method also allows to predict the thrust force and torque for the drills 

with various diameters, as seen on Figure 4.7. and  Figure 4.8. 

 

Figure 4.7. Predicted thrust forces for the standard 8, 12 and 16 mm twist drills 

 

Figure 4.8. Predicted torques for the standard 8, 12 and 16 mm twist drills. 
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The formulas (83) and (90) show that the thrust force and torque can be calculated 

using the basic drill geometry features, such as the point angle  , the helix angle   and 

the half-web thickness   . It is therefore possible to determine how each feature affects 

the thrust forces and torque. 

 

An increase of the point angle   leads to the decrease of the thrust force and the 

increase of the torque as seen on Figure 4.9. and Figure 4.10. 

 

 

Figure 4.9. Predicted trust forces for the standard 8mm twist drill with the 118º, 135º 

and 140º point angles 
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Figure 4.10. Predicted torques for the standard 8mm twist drill with the 118º, 135º and 

140º point angles 

 

Figure 4.11. Predicted trust forces for the standard 8mm twist drill with the 30º, 35º and 

40º helix angles 
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An increase of the helix angle   leads to the decrease of  both the thrust force and 

the torque as seen on Figure 4.11. and Figure 4.12. 

 

 

Figure 4.12. Predicted torques for the standard 8mm twist drill with the 30º, 35º and 40º 

helix angles 

 

A decrease of the half-web thickness    leads to the decrease of both the thrust force 

and the torque as seen on Figure 4.13 and Figure 4.14. 
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Figure 4.13. Predicted thrust forces for the standard 8mm twist drill with the half-web 

thickness represents 8.5%, 10.5% and 12.5% of the drill radius. 

 

Figure 4.14. Predicted torques for the standard 8mm twist drill with the half-web 

thickness represents 8.5%, 10.5% and 12.5% of the drill radius. 
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   The improved method, which was applied for the calculations of the thrust force and 

torque on the straight primary cutting edge may also be expanded to predicting the 

thrust forces and torque for the secondary cutting edge for the split point drills and for 

drills with variable half-web thickness, which are widely used in modern metal cutting. 

Moreover, the same technique can be applied for various types of inserted drills. 
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Chapter 5. Summary and conclusions 

 

         The three existing methods were studied and analyzed.  The improved method 

offers a perfected way for calculating the thrust and torque in high speed drilling. The 

thesis focused on the primary cutting edge, which is the main contributor of thrust force 

and torque. The geometrical analysis proved that it is not the feed angle but the 

reference angle that is the lead factor which affects the dynamic rake angle and thus the 

thrust force and torque. The new formulas for the calculation of thrust and torque have 

been derived and contain corrections of the previously suggested formulas of Chen and 

Elhachimi.  The improved method presents the proper definitions of the dynamic rake 

angle and the uncut chip thickness, proves the negligibility of the feed angle and gives 

accurate representation of the elemental forces acting along the primary cutting edge, as 

well as the total thrust force and the torque. It allows to make calculations based on the 

basic geometrical features of the drill alone, as well as the cutting conditions and the 

properties of the machined material. This approach, unlike the other existing methods 

allows to exclude the empirically determined chip flow angle from both formulas for the 

calculations of the thrust and torque. 

             The Matlab program has been developed and comparisons between predictions 

and experimental results have been carried out and a satisfactory agreement has been 

achieved.  
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