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Abstract: This article presents predictions and comparisons of simulation results of the distribution of the 

effective stress in the cutting area, the distribution of heat in the cutting area and on the front surface of the 

cutting tool, the change in cutting force on the cutting tool in cutting two materials: Steel C45 and titanium alloy 

Ti-6Al-4V. The material of the cutting tool is WC-Co carbide. The orthogonal cutting model is created by the 

finite element method in the environment of Deform 3D V6.1. The thermal properties of materials in the model 

are functions of temperature. Based on the results obtained from the simulations, the maximum temperature on 

the chips and on the front surface of the cutting tool is determined and compared. Performing evaluations for the 

distribution of effective stress in the cutting area, the change in cutting force. The results of the article show that 

the working condition of the cutting tool in cutting titanium alloy Ti-6Al-4V is harder than the case of cutting 

Steel C45 in the same cutting mode. The elastic deformation of all elements of the technological system in 

cutting titanium alloy Ti-6Al-4V is greater than the case of cutting steel C45. These results show that it is 

necessary to choose a rational cutting mode, a rational cooling system, high rigidity of the technological system 

in cutting the titanium alloy Ti-6Al-4V in actual production conditions. 

Keywords: Cutting heat, simulation, cutting force, effective stress in cutting area. 

 

1. Introduction 
Metal cutting is a complex process in which elastic deformation and plastic deformation occur. Metal 

cutting occurs in high friction, with heat, with shrinkage of the chips, with changes in physical and mechanical 

properties on the surface of the machined part, with the wear of the cutting tool. All of these affect the 

performance of the manufacturing process [1] [2]. 

The study of the physical and mechanical phenomena that occur during the processing of metals by 

cutting allows us to clearly understand the causes and consequences of these phenomena. Prediction of the 

effects of physical and mechanical elements on the cutting tool, on the surface of the machined part, on the 

productivity of manufacturing process. Hence, it is easy to control the process of metal cutting through the 

selection of rational cutting modes to ensure the quality of the surfaces of the machined part and high economic 

efficiency. 

There are many studies that study the thermomechanical phenomena during the cutting process, but 

only for one material of the workpiece, there is no comparison or assessment of the differences in 

thermomechanical phenomena when cutting different materials of the workpiece in one cutting mode. In several 

of them, the thermomechanical parameters of the workpiece materials are used in constant values [3] [4], 

according to which the correctness of the simulation results is affected. 

In this article, the orthogonal model of metal cutting is created by the finite element method in 

Solidworks 2018 and Deform 3D V6.1. The simulation process is carried out with a workpiece, the materials of 

which are steel C45 and titanium alloy Ti-6Al-4V with thermo-mechanical properties are functions of 

temperature. Based on the simulation results, the distribution of heat and effective stresses in the cutting area are 

considered. Determination and comparison of the highest temperature on the chips and on the cutting tool, 

determination and comparison of the average values of the effective force on the cutting tool during metal 

processing by cutting with two different workpiece materials. 

 

2. The Main Theory and Method of Research 
The heat generated during metal cutting is generated from deformation and friction. This friction exists 

in the contacts on the front surface of the cutting tool with the chips, and on the rear surface of the cutting tool 

with the machined surface of the part. Deformations during metal cutting are elastic and plastic in the cutting 

area. The amount of heat generated during cutting in a minute is determined by the formula (1) [1] [2]: 
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P vzQ Q Q KcalmsbdE


    (1) 

In the above formula, Pz: The main constituent force in unit [KG], v: Cutting speed in unit [m/min], E 

= 427 [KGm/Kcal]: mechanical equivalent of heat, Qbd: heat generated due to deformation, Qms: heat 

generated during cutting due to the contact areas between the cutting tool with the chips and the machined 

surface. 

The heat generated during cutting is distributed in the chips (50% ÷ 86%), in the cutting tool (40% ÷ 

10%), in the machined part (9% ÷ 3%), in the environment (1%) [1] [2]. 

The heat generated during cutting greatly affects the cutting process. 

The heat generated during cutting affects the accuracy of the machined part according to the formula 

(2): 

2 2 2
2

d D h D h D L
th d

         (2) 

In the formula (2), 
th

d is actual diameter of the machined part, D is nominal diameter of the part, h is 

initial machining allowance, h2 is machining allowance corresponding to an increase in the diameter of the 

machined part due to heat generation during cutting, D  is the change in the diameter of the workpiece due to 

heat during cutting, L
d

  is the change in the length of the cutting tool due to heat during cutting. Therefore, 

according to the formula (2), the actual diameter of the machined part will lose accuracy due to heat generation 

during cutting.The heat generated during cutting affects the quality on the machined surface of the part and 

changes the physical and mechanical properties of the machined surface of the part. Due to sharp changes in 

temperature on the workpiece surface with changes in cutting force, the consequence of which are residual 

stresses, microcracks, microroughness created on the machined surfaces of the part. The machined surfaces of 

the part will be hardened.The heat generated during cutting greatly affects the performance of the cutting tool, 

changes the physical and mechanical properties of the cutting tool, reduces the wear resistance and hardness of 

the cutting tool, and increases the wear of the cutting tool.Thus, heat during cutting strongly affects the cutting 

process, therefore, it is necessary to determine its values and the relationship between heat during cutting with 

stresses in the cutting area. To evaluate the levels of influence of heat during cutting on the cutting process, it is 

necessary to determine the temperature in the cutting area [1] [2]. 

 

3. Creating an Orthogonal Model of Metal Cutting 
Currently, there are many programs for simulating the cutting model, specifically: ANSYS, ABAQUS, 

DEFORM 3D, LS DYNA, ... In this article, the simulation and analysis of the cutting model are performed in 

the Deform-3D v6.1 environment [5]. The constituent components of the cutting model were created in Solid 

works 2018. The cutting model is orthogonal, as in Figure 1. The cutting model consists of a workpiece and a 

cutting tool. The dimensions of the workpiece and cutting tool are presented in Table 1. 

 

3.1. Thermomechanical properties of materials of the cutting model 

The thermomechanical properties of materials change with the influence of temperature [6]. Therefore, 

if these thermomechanical properties are used as constant values, then the accuracy of the simulation results will 

not be good.In this article, the thermomechanical properties of materials are used as functions of temperature. 

Steel C45 is a popular material in the general engineering industry. The thermomechanical properties of steel 

C45 are presented in table 2 [6] [7]. The titanium alloy Ti-6Al-4V is a good material, which is better than 

ordinary steels, specifically: its density is equal to half relative to steel, high strength [8]. Titanium alloy is used 

in the aviation and space industries and in medicine [9]. The thermomechanical properties of the titanium alloy 

Ti-6Al-4V are presented in Table 3 [8]. The cutting tool of the cutting model is a WC-Co hard alloy with 

thermomechanical properties presented in Table 4 [8] [10]. 

 
Figure 1. Orthogonal cutting model 
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Table 1: The geometry parameters of the workpiece and cutting tool. 

Workpiece  Cutting tool 

Length: 100mm Rake angle: 5
0 

Height: 50mm Back corner: 5
0 

Width: 5mm Cutting edge rounding radius: 0.015mm 

Table 2:Thermomechanical properties of steel C45 [6] [7] 

The material of the workpiece C45 

Density (g/cm3) 7.87 

Modulus of elasticity (MPa) 250.29 0.1086 T   

Poisson’s ratio 0.3 

Heat capacity (N/mm2·C-1) 4 5 2
3.518 6.37 10 0.39 10T T

 
       

Thermal conductivity (W/m·C-1) 51.638 0.0228 T   

Thermal expansion coefficient  (mm·mm-1·C-

1) 
8.8608 0.0068 T   

Melting temperature (
0
C) 1460 0

C 

Table 3: Thermomechanical properties of titanium alloy Ti-6Al-4V [8]. 

The material of the workpiece Ti-6Al-4V 

Density (g/cm3) 4.43 

Modulus of elasticity (MPa) 0.7412 113.375T   

Poisson’s ratio 0.31 

Heat capacity (N/mm2·C-1) 0.0007
2.24 10

T
  

Thermal conductivity (W/m·C-1) 0.0011
7.039 10

T
  

Thermal expansion coefficient  (mm·mm-1·C-1) 9 6
3.1 10 7.1 10T

 
     

Melting temperature (
0
C) 1660

0
C 

Table 4: Thermomechanical properties of the WC-Co carbide [8] [10]. 

The material of the cutting tool. WC-Co 

Density (g/cm3) 15.63 

Modulus of elasticity (MPa) 500 

Poisson’s ratio 0.25 

Heat capacity (N/mm2·C-1) 0.0005 2.07T   

Thermal conductivity (W/m·C-1) 0.042 36T   

Thermal expansion coefficient  (mm·mm-1·C-1) 6
4.7 10


  

Melting temperature (
0
C) 2870

0
C 

 

3.2. The Johnson-Cook material model 

In this article, the Johnson-Cook material model is used to simulate the process of metal cutting. The 

Johnson-Cook material model combines the effects of equivalent strain, strain rate, and temperature. The 

Johnson-Cook material model is popularly used in simulation of metal cutting under conditions of high 

deformation, high speed of deformation and high temperature [4]. In comparisons of the simulation results for 

metal cutting, the Johnson-Cook material model with the Power law material model give deviations of the 

simulation results less than the Litonski-Batra, Bodner-Partom models, relative to the experimental results [11]. 

The Johnson-Cook material model is represented as in equation (3) [11]:   

0( ) 1 ln 1

0 0

m
T Tn

A B C
T Tm


 




     



     
                    




 (3) 

In equation (3), it represents that many elements affect the stress of any material: equivalent 

deformation, strain rate, heat release during cutting processing. A is the yield strength under slow loading at 

room temperature, B is the material hardening modulus, C is the coefficient of sensitivity to the strain rate,   is 

the equivalent strain,  is the strain rate, 
0
 is the reference strain rate, m is the coefficient of thermal 

compaction; n is the solidification coefficient, T0 is the room temperature, Tm is the melting point.The 

parameters of the Johnson-Cook material model for Steel C45 and the titanium alloy Ti-6AL-4V are presented 

in Table 5. Due to steel C45, it is equivalent to AISI 1045 steel, therefore, the parameters of AISI 1045 steel in 
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the Johnson-Cook material model can be used for steel C45 [7] [12] [13]. 

 

Table 5:The parameters of the johnson-cook material model for 

steel C45 and the titanium alloy Ti-6Al-4V [6] [14] [15]. 

Materials Tm T0 A B C n m 

C45 1460 20 553.1 600.8 0.0134 0.234 1 

Ti-6Al-4V 1660 20 782.7 498.4 0.028 0.28 1 

 

3.3. Creating a finite element simulation model 

At the beginning, the geometry of the workpiece and cutting tool is built in Solidworks 2018 with the 

dimensions in Table 1.After creating three-dimensional models of the workpiece and cutting tool in Solidworks 

2018, an orthogonal cutting model was created in the Deform-3D V6.1 environment, which includes two 

objects: a workpiece and a cutting tool. The meshing of the finite elements for the workpiece and the cutting 

tool is performed according to the parameters in Table 6.   

 

Table 6:Parameters for the mesh of the finite element model. 

Parameters for the grid Workpiece Cutting tool 

Type of elements Tetrahedral  Tetrahedral 

Number of elements 103365 13667 

 

In the finite element method, if the number of elements increases, the accuracy of the results will 

increase, but the calculation time will increase significantly [5]. 

 

3.4. The boundary conditions of the orthogonal cutting model 

The boundary conditions of the orthogonal cutting model are presented in Figure 2.  

 
Figure 2. The boundary conditions of the orthogonal cutting model. 

 

Figure 2 shows that the degrees of freedom of movement of the workpiece from the axes OX, OY, OZ 

are deprived. The cutting tool moves along the OX axis with a cutting speed of VC = 70m/min, which is selected 

based on the durability of the material of the cutting tool [16]. Cutting thickness: a=1mm, cutting width: 

b=5mm. During the simulation, the cutting tool is considered a rigid body [12]. The initial temperature is used 

for the workpiece and cutting tool To=20
0
C. The friction between the workpiece and the cutting tool is 

expressed on the basis of the Coulomb’s theory as in these equations: 

 if   
max max

 if  
max

nf

n nf

    

     

  

   





 (4) 

In the equations (4), 
f

 is the shear stress in the contact plane, 
max
  is the maximum shear stress of 

workpiece material,
n

  is the normal stress,   is the coefficient of friction. The value of the coefficient of 

friction for the simulation is 0.4. 

 

3.5. The basis of the theory for the analysis of cutting forces in the orthogonal cutting model [1] [2] 

The resulting cutting force is the sum of the component forces along the loaded planes as in Figure 3.  
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Figure 3. Analysis of cutting forces in the orthogonal 

cutting plane. 

Figure 4. Radial component force Fz in longitudinal 

turning [17]. 

 

Figure 3 shows that the main component is the force Fc, whose direction along the axis OX. As a result 

of the simulation, Fc is Fx. The feed force Ft has a direction along the axis OY. As a result of the simulation, Ft 

is Fy. All of these are the basis on which the constituent forces of the simulation results are determined.  

In addition to the two component forces Fc and Ft, there is also the component force Fz, whose 

direction along the axis OZ. This component force Fz is obtained in simulation with three-dimensional model. 

In longitudinal turning, the component force Fz has a direction along the holder of the cutting tool, called the 

radial component force as in Figure 4 [17].The component force Fz strongly affects the elastic deformation of 

all elements of the technological system in cutting, in which the workpiece is considered a rigid body according 

to the formula (5) [18]: 

Fz
y

J
  (5) 

In the formula (5), J is the rigidity of the technological system [kN/m]; Fz is the radial component of 

the cutting force; y is the displacement of the cutter head in the direction of the force Fz due to elastic 

deformation [mm]. The rigidity of each element of the technological system is a certain value as in the formula 

(5). Due to the movement of the cutter head in the direction of the radial cutting force Fz, the deviation of the 

diameter and the deviation of the geometric shapes of the machined part are caused and the surface quality of 

the machined part deteriorates. From the formula (5), the elastic deformation of each element of the 

technological system is determined [18]: 

; ;
Fz Fz Fz

y y yusutbd J J Jusutbd

    (6) 

The elastic deformation of all elements of the technological system is determined by: 

y y y yusutht bd
    (7) 

In the formulas (6) and (7): are the elastic deformations of the lathe carriage, front headstock, tailstock, 

and technological system, respectively.  are respectively the rigidity of the lathe carriage, front headstock, 

tailstock. According to the formulas (5), (6), (7), after obtaining the simulation results based on the radial 

component of the force Fz through displacements of the cutter head due to elastic deformations of each element 

in the technological system, the deviation of the diameter and quality of the machined surfaces of the part will 

be evaluated [17] [18]. 

 

4. Simulation Results and Discussion 
Run the calculation for the finite element model that describes the processing of metals by cutting with 

the given: cutting speed Vc=70m/min, cutting thickness a=1mm, cutting width b=5mm, the number of 

simulation steps is 500. The heat transfer coefficient is used in the simulation: h=1000kW/m2.C-1 [19].The 

workpiece material in the simulation is respectively Steel C45 and titanium alloy Ti-6Al-4V.  
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4.1. Simulation results with the workpiece materialC45 

 
 

Figure 5. Heat generated in the cutting and on the 

front surface of the cutting tool. 

Figure 6. Graph of effective stress in the cutting area. 

 

 

 
Figure 7. The main constituent force is Fx (N). 

 

 
Figure 8. The feed force Fy (N). 

 

 

 
Figure 9. The radial component force Fz (N). 

 

Figure 5 shows the distribution of heat generated in cutting in the workpiece, on the chips and on the 

cutting tool. The maximum temperature is on the chips in contact with the front surface of the cutting tool T = 

211
0
C. Figure 5 also shows the distribution of heat on the cutting tool when machining Steel C45. The heat of 

cutting is distributed on the front surface of the cutting tool due to sliding chips on the front surface of the 

cutting tool and the transfer of heat from the chips to the cutting tool. The maximum temperature on the front 

surface of the cutting tool T=175
0
C.Figure 6 shows a graph of the effective stress in the cutting area. The 
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effective stress increases rapidly from the beginning of cutting, then oscillates in the region from 
3

1.31 10 MPa 

to 
3

2.32 10 MPa.The main constituent force is shown in Figure 7. The value of the main component of the 

cutting force increases rapidly from the beginning of cutting t = 0 (s), then oscillates to t = 0,043 (s). The value 

of the main component of the force oscillates due to the mechanical behavior of the workpiece material. Under 

the action of an external force, elastic deformation and plastic deformation occur in metals. After that, the metal 

is destroyed. The value of the external force slowly increases from the point of plastic deformation to the point 

of fracture, then slowly decreases. The processes of deformation, fracture of the metal and the formation of 

chips occurs continuously during the processing of metals by cutting, so the value of the main cutting force 

oscillates in the region from 
3

7.06 10  (N) to 
4

2.27 10  (N). The average value of the main component of the 

cutting force is 
4

1.58 10  (N). Figure 8 shows the feed force Fy (N), the average value of which is 
3

2.5 10  

(N). Figure 9 shows the radial component force Fz. 

 

4.2. Simulation results with the workpiece material Ti-6Al-4V 

  
Figure 10. Heat generated in the cutting area and on 

the front surface of the cutting tool. 

Figure 11. Graph of effective stress in the cutting 

area. 

  
Figure 12. The main constituent force is Fx (N). Figure 13.  The feed force Fy (N). 
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Figure 14.  The radial component force Fz (N). 

 

Figure 10 shows the distribution of heat generated in cutting in the workpiece, on the chips and on the 

cutting tool.The maximum temperature is on the chips in contact with the front surface of the cutting tool 

T=416
0
C. Figure 10 also shows the distribution of heat generated during cutting on a cutting tool in the case of 

cutting with Ti-6Al-4V. The heat of cutting is distributed on the front surface of the cutting tool due to the 

sliding chips on which. In addition, heat is transferred from the chips to the cutting tool, the maximum 

temperature on the cutting tool is T=340
0
C. Figure 11 shows a graph of the effective stress in the cutting area, 

which increases rapidly from the beginning of cutting and then it oscillates in the region from 
3

1.61 10 MPa to 

3
2.98 10 MPa. The oscillation region of the effective stresses in the cutting of the titanium alloy Ti-6Al-4V is 

wider than the case of cutting steel C45. The main component of the cutting force is shown in Figures 12. The 

value of the main component of the cutting force increases rapidly from the beginning t=0(s) and continuously 

oscillates until the end of the simulation t=0,043(s). The average value of the main component of the force is 

4
1.82 10  (N) and the region of oscillation of the main component of the cutting force is from 

3
8.32 10 (N) to 

4
2.49 10  (N). In Figure 13, the feed force is shown, the average value of which is 

3
2.75 10  (N). Figure 14 

shows the radial component force Fz. 

 

4.3. Comparison of simulation results of thermomechanical phenomena in cases of cutting steel C45 and 

titanium alloy Ti-6Al-4V 

Table 7:The results of simulation of thermomechanical phenomena in cases of cutting steel C45 and 

titanium alloy Ti-6Al-4V 

Workpiece material Steel C45 Ti-6Al-4V 

The maximum temperature on the chips during metal 

cutting. 
211

0
C 416

0
C 

The maximum temperature on the front surface of the 

cutting tool. 
175

0
C 340

0
C 

The average value of the main component of the force. (N) 4
1.58 10  

4
1.82 10  

The average value of the feed force component. (N) 3
2.5 10  

3
2.75 10  

The average value of the radial force component. (N) 340.45  443.20 

Oscillation width of effective stress in cutting area. (Mpa) 3 3
1.31 10 2.32 10    

3 3
1.61 10 2.98 10    

 

Table 7 shows the differences in the results of simulations of thermomechanical phenomena when 

cutting steel C45 and titanium alloy Ti-6Al-4V. Specifically, large heat is distributed on the chips in the case of 

cutting the titanium alloy Ti-6Al-4V,the maximum temperature on the chips T=416
0
C and the maximum 

temperature on the front surface of the cutting tool T=340
0
C. The heat in cutting titanium alloy Ti-6Al-4V is 

much greater than the case of cuttingSteel C45 because of the thermal conductivty of titanium alloy Ti-6Al-4V 

is much less than Steel C45. In addition, the strength of the titanium alloy Ti-6Al-4V is high, therefore, it 

requires a lot of cutting work which is converted into heat of cutting. Table 7 also shows the average value of 
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the main component of the cutting force in cutting the titanium alloy Ti-6Al-4V is much larger than the case of 

cutting steel C45. 

From the graphs of the radial component of the cutting force Fz, as in Figures 9 and 14, it is shown that 

the radial component of the cutting force Fz oscillates continuously from the beginning of cutting to the end of 

the simulation. According to Table 7, the average value of the radial component of the cutting force Fz in the 

case of cutting the titanium alloy Ti-6Al-4V is 443.2 (N), which is 1.3 times more than the case of cutting steel 

C45. Thus, according to the formulas (5), (6), (7), the elastic deformation of all elements of the technological 

system in the case of cutting the titanium alloy Ti-6Al-4V will be 1.3 times greater than in the case of cutting 

Steel C45 in the same cutting mode. Therefore, the deviations of the diameter of the machined part in the case of 

cutting the titanium alloy Ti-6Al-4V is greater than in the case of cutting steel C45. In addition, according to the 

formulas (5), (6), (7), the value of y is the elastic deformation of all elements of the technological cutting 

system, which changes continuously in the time of cutting due to the oscillation of the radial component of the 

force Fz with large amplitudes, as in Figure 14. Therefore, the vibration in the case of cutting the titanium alloy 

Ti-6Al-4V will be greater than in the case of cutting steel C45. The surface quality of the machined parts in the 

case of cutting the titanium alloy Ti-6Al-4V will be worse than in the case of cutting steel C45. 

 

  
Figure 15. Graph of temperature comparisons 

on chips and on cutting tools. (° C) 

Figure 16. Graph comparing average values of the main 

component of the force, the feed force and the radial 

component of the force when machining Steel C45 and 

titanium alloy Ti-6Al-4V (N.) 
 

5. Conclusions 
An orthogonal three-dimensional cutting model is created and the simulation runs. The distribution of 

the effective stress in the cutting area is considered. The distribution of heat in the cutting area and on the 

cutting tool is considered. The changes in the components of the cutting forces are considered during the cutting 

of two materials: steel C45 and titanium alloy Ti-6Al-4V. Analysis and comparison of the obtained simulation 

results. Specifically, according to the Table 7, Graphs 15, 16 show that all the results obtained from simulations 

for cutting titanium alloy Ti-6Al-4V are larger than in the case of cutting Steel C45. Therefore, it is shown that 

the working condition of the cutting tool in the case of cutting the titanium alloy Ti-6Al-4V is harder than in the 

case of cutting steel C45. The average value of the radial component of the cutting force in the cutting of the 

titanium alloy Ti-6Al-4V is greater than the case of cutting Steel C45 by 1.3 times. Consequently, the 

displacements of the cutting head due to elastic deformation in the cutting of titanium alloy Ti-6Al-4V are 

greater than the case of cutting Steel C45 according to formulas (5), (6), (7), according to which the deviations 

of the diameter of the machined part will be greater. In addition, the vibration in the cutting increases, the 

quality of the machined surface of the part deteriorates in the cutting of the titanium alloy Ti-6Al-4V. Hence, the 

research results show that it is necessary to choose a rational cutting mode, a rational cooling system, a 

technological system with high rigidity under the actual conditions of cutting the titanium alloy Ti-6Al-4V 

relative to steel C45. 
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