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ABSTRACT 
Turning is probably most important and widely used conventional mechanical processes. In machining, tool wear 

influences cutting power, machining quality, tool life and machining cost. When tool wear reaches a certain value, 

increasing cutting force, vibration and cutting temperature cause surface integrity deteriorated and dimension error 

greater than tolerance. The life of the cutting tool comes to an end. Then the cutting tool must be replaced or ground 

and the cutting process is interrupted. The cost and time for tool replacement by adjusting the machine tool increases 

cost and decreases productivity. Hence tool wear relates to the economics of machining and prediction of tool wear is 

of great significance for the optimization of cutting process. 
This work presents a modeling and simulation analysis with FEM for  CNC turning. The work describes the 

simulation of finite element 3D turning process. Second it identifies the correlation between experimental results and 

simulated results. Extensive experimentations, investigators carried out on CNC turning  and the details are reported. 

 

The objective of present work is to analyze the tool wear of the cutting tool used in the machining operations. The 

most important part of this work represents the describing of FEM analysis steps: pre-processing, simulating and post-

processing of data for the established machining processes. An analysis of the most important simulation results is 

made on displacement due to vibration, cutting forces, stresses, chip formation, tool wear and temperature. The 

carbide insert tools are used for the experimental work. Total fifty four experiments are carried out and the results are 

plotted in the form of graphs. These graphs show the variation of displacement and flank wear with respect to cutting 

speed and the various conclusions are drawn from these graphs. 

 

KEYWORDS: Finite Element Method, Wear, Cutting Tool, Milling, Feed Rate, Surface Finish, Coatings. 

INTRODUCTION 
Machining operations comprise a substantial portion of the world’s manufacturing infrastructure. They create about 

15% of the value of all mechanical components manufactured worldwide . Because of its great economic and 

technical importance, a large quantity of research has been carried out in order to optimize cutting process in terms of 

improving quality, increasing productivity and lowering cost. 

Tool wear influences cutting power, machining quality, tool life and machining cost. When tool wear reaches a 

certain value, increasing cutting force, vibration and cutting temperature cause surface integrity deteriorated and 

dimension error greater than tolerance. The life of the cutting tool comes to an end. Then the cutting tool must be 

replaced or ground and the cutting process is interrupted. The cost and time for tool replacement by adjusting machine 

tool increases cost and decreases productivity.  

At present, the prediction of tool wear is performed by calculating tool life according to experiment and empirical tool 

life equations such as Taylor’s equation or its extension versions. Although Taylor’s equation gives the simple 

relationship between tool life and a certain cutting parameters, e.g. cutting speed, and is very easy to use, it gives only 

the information about tool life. For the researcher and tool manufacturer tool wear progress and tool wear profile are 

also concerned. Tool life equation gives no information about the wear mechanism. But capability of predicting the 

contributions of various wear mechanism is very helpful for the design of cutting tool material and geometry. In 

http://www.ijesrt.com/


  ISSN: 2277-9655 

[Kumar* et al., 6(6): June, 2017]  Impact Factor: 4.116 

IC™ Value: 3.00  CODEN: IJESS7 

http: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology 

 [119] 

addition, such tool life equations are valid under very limited cutting conditions. For example, when tool geometry is 

changed, new equation must be established by making experiment. 

Finite Element Method (FEM) based modeling and simulation of machining processes is continuously attracting 

researchers for better understanding the chip formation mechanisms, heat generation in cutting zones, tool-chip 

interfacial frictional characteristics and integrity on the machined surfaces. Predictions of the physical parameters 

such as temperature and stress distributions accurately play a pivotal role for predictive process engineering of 

machining processes. 

 

Tool edge geometry is particularly important, because its influence on obtaining most desirable tool life and surface 

integrity is extremely high. Therefore, development of accurate and sound continuum-based FEM models are required 

in order to study the influence of the tool edge geometry, tool wear mechanisms and cutting conditions on the residual 

stresses and surface integrity on the machined surfaces. 

 

FEM has some advantages such as: it solves contact problems, bodies made from different materials are used, a 

curvilinear region can be approximated by means of finite elements or described precisely, etc. There are two types of 

finite element formulations to describe a continuous medium: Lagrangian and Eulerian. The Lagrangian is widely 

used. In a Lagrangian analysis, mesh grid deforms with the material, while in Eulerian analysis the grid is fixed in 

space. 

 

The Lagrangian analysis simulates the entry, exit, intermittent and discontinuous chip formation phases while the 

Eulerian cannot simulate the intermittent and discontinuous chip formation phases. The cutting tool: Tool parameters 

such as tool material, tool coatings, and tool geometric design (edge preparation, rake angle, etc.) need to be 

appropriately chosen for different operations (roughing, semi-roughing, or finishing). The optimal performance of a 

cutting tool requires a correct combination of the above tool parameters and cutting conditions (cutting speed, feed 

rate, depth of cut, etc.). 

 

The main objective of this research is to apply FEM, to study and describe the data obtained. The FEM analysis 

consists of three steps: pre-processor, simulation and post-processor. 

 

MATERIALS AND METHODS 

The objective of this research work is to develop methodology to predict tool wear and tool life in cutting process 

using finite element simulations the study is limited to turning operation. Because of the complexity of tool wear 

mechanisms and forms in real cutting process, the study at present will be concentrated on two-dimension tool wear 

estimation of uncoated carbide tool in dry cutting mild carbon steel. This tool wear estimation method is performed 

by predicting tool temperature, sliding velocity of chip and normal stress on tool face with FEM simulation of cutting 

process. Therefore to achieve the objective, FEM simulation of turning and milling process are studied at first, 

including chip formation analysis and pure heat transfer analysis. 

 

Turning operation is a steady-state process when continuous chip is formed. The implementation of tool wear 

estimation is relatively easier and studied first. Based on the obtained experience in turning operation. different tool 

wear estimation models are developed for turning operation. 

2.1 Proposed methodology for simulating the CNC turning and  processes: 

The study process for turning operation includes: 

 

Stage 1: Chip formation analysis: A new chip formation modeling method for continuous steady state chip formation 

is developed. It can simulate the entire chip formation process from initial chip formation, chip growth to steady state 

by making use of Arbitrary Lagrangian Eulerian technique. 

 

Stage 2: Heat transfer analysis: In order to save the calculation time, the temperature distribution in the cutting tool at 

thermal steady state is studied by performing pure heat transfer analysis. The concerned modeling problem is 

discussed. 

 

Stage 3: Tool wear estimation modeling: Through the previous stages, normal stress, sliding velocity and tool 

temperature at steady state can be obtained. Then the tool wear estimation modeling is studied. It includes the 
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calculation of wear rate at steady state, the searching method of a suitable cutting time increment, the calculation of 

nodal displacement due to wear and tool geometry updating. 

 

 
 

       Fig 2.1: Deformation in turning process (displacement due to vibration) 

 

2.2 Machine tools used in experimental study:  

The figure 2.2 shows a Horizontal turning centre TC 250 CNC and the specifications of the machine are; Swing over 

bed: 450 mm, Maximum turning diameter: 280 mm, Maximum turning length: 500 mm, Chuck size:  200/250, 

Spindle motor power: 7.5 KW, Speed Range: 50-3500 RPM. 

 

 

Fig 2.2: Horizontal turning centre TC 250  

2.3 Work piece materials: 

In turning the work piece material used is AISI1040 steel. Table 2.3.1 gives the metallurgical properties of the work 

piece materials and mechanical properties of the material are shown in table 2.3.2. The work piece for the turning 

tests is around bar of 80 mm of diameter and 150 mm of length. The above choice is made as the range of carbon 

percentage being similar and variation in the mechanical properties like hardness and strength among the two steels. 

This can show variation results clearly in the investigation.  

 

AISI 1040 steel AISI 4140 steel 

C           0.37-044 

Fe          98.6-99 

C         0.38-0.43 

Cr        0.80-1.10 
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Table 2.3.1 Metallurgical properties of work piece materials 

AISI 1045 steel 

Hardness ,Brinell                           149BHN 

Tensile strength, Ultimate              515 Mpa 

Tensile strength, Yield                   450 Mpa 

Modulus of Elasticity                     200 Gpa 

Poisson’s ratio                                       0.29 

Table 2.3.2 Mechanical properties of work piece materials 

 

 

              
                           (a) Before Machining   (b) After Machining 

       

  Figure 2.3 Specimens used for experimental investigation 

2.4 Cutting tools and holders in face milling: 

Figure 2.4 shows the cutting tools with holders. For on line signal capturing using LDV, a silver color retro reflective 

strip is pasted on the cutting tool  and on the work piece in the case of face turning. 

           

Figure 2.4 Cutting tools and tool holder used in the experiment 

 2.5 Conventional measurements of process variables: 

Vertical profile projector is used for Initial measurement of cutting tool angles. The tool flank wear is measured off-

line at the end of every 4th cut under 30 x  magnifications in a profile projector is presented in figure 2.5. 

Mn         0.6-0.9 

P            Max 0.04 

S            Max 0.05 

Mn       0.75-1.00 

P          Max 0.035 

S          Max 0.04 
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   (a)    (b)   (c) 

Figure 2.5 Various equipment’s used for tool wear measurement 

Tool profile is projected on an optical projector and is compared with that of the virgin tool to assess the tool wear it is 

shown in figure 2.5. With the progress of machining time, tool flank wear, temperature at the bottom of the tool, tool 

flank wear and surface roughness are measured. Tool maker’s microscope shown in figure 3.14 is used to measure the 

flank wear. TalySurf10 –Hobson is used for offline surface roughness measurement of work piece surfaces is shown 

in figure 2.5. The tests are continued up to the 40 passes of cut in each set of test conditions .The block diagram for 

strategy developed under rapid vision inspection system for 3D surface textural analysis and tool wear measurement. 

The vision inspection system for surface texture measurement and tool flank wear measurement is shown in figure 

2.5. 

EXPERIMENTATION 

3.1 Experimental setup and procedure for CNC turning 

Schematic diagram for face turning operation on a Horizontal turning centre TC 250 CNC Lathe machine is presented 

in figure 3.1. To examine the performance of the cutting tools at various machining conditions the following test 

conditions are selected. The tests are carried out on a Horizontal turning centre TC 250 CNC with carbide insert tools. 

The cutting parameters are selected according to the tool supplier’s recommendation for tool and work piece 

combinations. Cutting tests are conducted at dry machining conditions. Cutting velocity and feed rates are selected 

based on the tool manufacturer’s (Sandvik) recommendations for work-piece material and tool combination.  

Experiments in this work aimed at to identify the presence of displacement due to vibration during operations by 

using a Laser Doppler Vibrometer as feedback device for non-contact vibration measurement so as to predict the 

required level chatter vibration which can be tolerated.  

                     

                                       Fig 3.1 Schematic diagram for experimental setup (CNC turning) 
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DEFORM is an engineering software that enables designers to analyze metal forming, heat treatment, machining and 

mechanical joining processes on the computer rather than the shop floor using trial and error. Process simulation 

using DEFORM has been instrumental in cost, quality and delivery improvements  

 

The optimal performance of a cutting tool requires a correct combination of the above tool parameters and cutting 

conditions (cutting speed, feed rate, depth of cut, etc.).The main objective of this research is to apply FEM, to study 

and describe the data obtained. The FEM analysis consists of three steps: pre-processor, simulation and post-

processor. 

 

3.2 Finite Element Simulation of CNC Turning using DEFORM-3D for experimental data 

FEM simulation of machining using Rounded/blunt/worn edge tools is essential in order to predict accurate and 

realistic residual temperature, strain and strain rate, tool wear fields. In Tool wear has a large influence on the 

economics of the machining operations. Thus, knowledge of tool wear mechanisms and capability of predicting tool 

life are important and necessary in metal cutting. A view of the functional elements that affect the wear of a cutting 

tool can be summarized in four major groups, as follows: The work piece material and its physical properties 

(mechanical and thermal properties, microstructure, hardness, etc.), which determine cutting forces and energy for the 

applied cutting conditions. 

 

Cutting forces, cutting temperatures, chip shape, tool wear and tool life computations can be performed using this 

system. The engineer can study the effect of process parameters like, cutting speed, feed rate and depth of cut on the 

process response. DEFORM-3D supports a special purpose template that simplifies the model definition and uses the 

same engineering language of process engineer. For turning applications the rotating work piece, insert and their 

relation to the analysis domain. 

 

                                              
 

Fig 3.2 : Basic components of Turning and it’s relation to analysis domain 

 

3.3  Setting the initial data for modeling and simulation and processes simulation: 

Before modeling and simulation, the user should set the initial data, namely process parameters and conditions: 

cutting speed, depth of cut, feed rate, environment temperature, whether a coolant will be present or not and friction 

coefficient. These parameters will be described and set up in the first step, pre-processor. This method is used to 

simulate the following cutting processes: turning. The process parameters and cutting conditions are described. 

   

Fig 3.3.1 Simulation model and cutting parameters defined 
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                    Fig 3.3.2: Temperature analysis in turning process 

3.4 Tool and work piece properties: 

Insert used for turning: DNMA432 (uncoated, WC as base material),Tool holder:  DDJNR. Material used: AISI 1045 

Steel, Geometry: Modeled as elasto-plastic .The used software (Deform 3D) can design a variety of simple or curved 

geometries based on some work piece properties, such as: length, width, diameter etc. 

 

           

 

                                   Fig 3.4:     (a) AISI 1045steel specimen                              (b) Carbide insert 

3.5 Mesh Generation: 

FEM uses Lagrangian or Eulerian meshing criteria. The Lagrangian mesh is reformulated at nearly every time step, in 

order to manage the material deformation. If a simulation crashes, for any reason, a new simulation can start where 

the other one stopped. Tool and work piece meshing are very important for an accurate process simulation. A finer 

mesh gives a finer accuracy. If the number of elements increases, time also increases. 

 

Meshing the work piece is much more important. In general work pieces are modeled as elasto-plastic objects; they 

can be easily deformed and cut by tools. When the mesh deforms, it must be frequently regenerated. During the 

simulation, the mesh helps reconstruction the distorted material. The new meshes are generated based on user defined 

parameters to keep fine elements where they are needed for resolution. 
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RESULTS AND DISCUSSION 
Different data have been collected through measurements done before, during and after the cutting tests. 

Displacements due to tool wear, hardness and surface roughness were measured and analyzed. Details regarding 

Turning have been explained in the previous chapter. In this chapter, the results of these measurements are analyzed 

and discussed. The total machining time in turning tests is more than 500 simulation steps. 

 

4.1 Estimation of tool wear in turning process: 

In the entire modeling procedure, the tool wear under the same cutting condition as in the chip formation simulation 

of turning operation is estimated. During the run of the modeling procedure, the tool wear can be estimated using the 

same cutting conditions as in the chip forming by analyzing the nodal movement. The analyze of chip forming 

provides the mechanical variables, in stationary mode and the thermal variables by means of the heat transfer analyze. 

The chip formation process is modeled like a Lagrangian problem and the direction of the nodal movement is 

computed at each node on the tool surface. Before calculating the nodal move direction, a dividing node, the circled 

node is searched by the software. It divides the entire tool into flank and rake face. 

 

Cutting 

Speed(N) 

Feed 

rate(f) 

Depth 

of 

cut(d) 

Hardness 
Displacement 

(microns) 
Temperature (0C) Flank wear 

538 0.08 0.5 152.5 12 32 0.08 

538 0.08 0.8 153.5 14 34 0.10 

538 0.08 1.5 155.5 16 36 0.12 

836 0.08 0.5 153.5 16 33 0.15 

836 0.08 0.8 153 20 35 0.15 

836 0.08 1.5 155 22 38 0.17 

1135 0.08 0.5 155 12 31 0.21 

1135 0.08 0.8 158 16 37 0.24 

1135 0.08 1.5 159 22 42 0.26 

 
Table: Experimental Results of different V, d and feed at 0.08 

In the simulation the calculation of tool wear and the tool geometry updating are based on a certain cutting time 

increment. Within the cutting time increment an unchanged nodal wear rate value is used to calculate the tool wear. 

For visualization of the tool wear shape the tool geometry and the size of the wear are updated in two steps. In the 

first step the nodes on the rake face and the flank are moved with the computed value and in the second step the 

whole movement is repeated several times. The flank wear VB is the distance from the position of the cutting edge 

(saved before) and the last moved surface node. 

    
(a) 
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(b) 

Fig4.1  Correlation between the tool wear and displacement, temperature: cutting speed 538rpm, Feed at 0.08 depth of cut 0.5 

 

Fig4.2: Correlation between the tool wear and displacement, temperature: cutting speed 836rpm, Feed at 0.08 

depth of cut 0.5 

 
 

Fig4.10: Correlation between the tool wear and displacement, temperature, cutting speed 1135rpm,Feed at 0.08 

depth of cut 0.5 

  
Fig4.11: Correlation between the tool wear and displacement, temperature cutting speed 836 rpm, Feed at 0.4 depth 

of cut 0.8 
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Fig4.12: Correlation between the tool wear and displacement, temperature cutting speed 1135 rpm, Feed at 0.4 

depth of cut 0.8 

 

 

 
                             Fig 4.13:   Graph between flank wear and cutting speed at feed 0.08 

 

 

Table 4.3: Experimental Results of different V, d and feed at 0.4: 

 

 

(a) 

Cutting Speed(N) Feed rate(f) 
Depth of 

cut(d) 
Hardness 

Displacement 

(microns) 
Flank wear 

Temperature 

(0C) 

538 0.4 0.5 157 18 0.14 38 

538 0.4 0.8 158.5 20 0.17 40 

538 0.4 1.5 160 26 0.19 46 

836 0.4 0.5 157 24 0.21 40 

836 0.4 0.8 158.5 32 0.26 41 

836 0.4 1.5 160 40 0.31 45 

1135 0.4 0.5 162 26 0.36 48 

1135 0.4 0.8 164 38 0.39 52 

1135 0.4 1.5 165 48 0.41 57 
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(b) 

Fig4.14: Correlation between the tool wear and displacement, temperature, cutting speed 538rpm, Feed at 0.4 depth of cut 0.8. 

 

Fig 4.15:   Graph between flank wear and cutting speed at feed 0.4 

Table 4.4: Experimental Results of different V, d and feed at 0.8 

 
 

Cutting 

Speed(N) 

Feed 

rate(f) 

Depth of 

cut(d) 
Hardness 

Displacement 

(microns) 
Flank wear Temperature (0C) 

538 0.8 0.5 161.5 28 0.2 48 

538 0.8 0.8 164 30 0.24 49 

538 0.8 1.5 167 32 0.26 50 

836 0.8 0.5 162 50 0.32 55 

836 0.8 0.8 164 60 0.32 67 

836 0.8 1.5 169 72 0.33 79 

1135 0.8 0.5 168 60 0.43 67 

1135 0.8 0.8 170 72 0.46 81 

1135 0.8 1.5 173 84 0.49 89 
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(a) 

 

(b) 

Fig4.16: Correlation between the tool wear and displacement, temperature: cutting speed 538 rpm, Feed at 0.8 depth of cut 1.5 

 

 
Fig 4.17:   Graph between flank wear and cutting speed at feed 0.8 
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The contact problem between flank wear and the work piece, after a certain tool wear is formed, both wear rate on 

flank face and on rake face are decreasing, the wear rate on flank face decreases more than that on rake face. The 3D 

FEM models were applied to turning operations in certain cutting conditions in Deform for highlighting the most 

important aspects involved in setting the initial data for modeling, simulation and also for obtaining information after 

simulation.In this study the methodologies to numerical implementation of tool wear estimation in turning and milling 

operation are discussed. Based on the researches of tool wear mechanism, which show that wear rate of cutting tool is 

dependent on some cutting process variables such as tool temperature, sliding velocity of work piece material and 

normal pressure on tool face, the preliminary qualitative tool wear estimation models are developed. 

Tool wear estimation in turning operation is based on the study of finite element simulation of steady-state cutting 

process.A new chip formation modeling method is developed to simulate the entire process from initial chip 

formation, chip growth to steady state. Chip separation is formed automatically by solution-dependent mesh 

adaptivity along with material failure criterion. This chip formation model is verified by experimental data. When the 

coefficient of friction calculated according to cutting force and displacement due to vibration in experiment is used. 

Pure heat transfer analysis of only the cutting tool is carried out to save the calculation time to reach thermal steady 

state. Temperature dependent heat flux at tool-chip interface and heat convective and radiation of tool face are 

considered during modeling. After only several minutes of calculation the cutting tool gets a steady temperature 

distribution. 

Fig4.18: Correlation between the tool wear and displacement, temperature: cutting speed 836 rpm, Feed at 0.8 

depth of cut 1.5 

  
Fig4.19: Correlation between the tool wear and displacement, temperature: cutting speed 1135 rpm, Feed at 0.8 

depth of cut 1.5 

  
Fig 4.20: Predicted results of the wear extension and the geometries of flank wear for the tool (AISI-1045 

work piece vs. Uncoated carbide, cutting speed= 538 m/min, f= 0.4 mm/rev. depth of cut=0.8. 
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Tool wear estimation with the help of finite element method can predict not only tool life, but also wear profile of 

both crater wear and flank wear, and relate tool wear with some wear mechanisms. This tool wear estimation method 

will relate the geometry appearance to physical basic of tool wear and bridge the gap between macro and micro 

studies of tool wear. This is very meaningful for the scientific research and education. For tool designer, it is very 

helpful to optimize tool geometry and structure. 

 

CONCLUSION 
In this study the methodologies to numerical implementation of tool wear estimation in turning operation are 

discussed. Based on the researches of tool wear mechanism, which show that wear rate of cutting tool is dependent on 

some cutting process variables such as tool temperature, sliding velocity of work piece material and normal pressure 

on tool face, the preliminary qualitative tool wear estimation models are developed. 

 

Tool wear estimation in turning operation is based on the study of finite element simulation of steady-state cutting 

process. A new chip formation modeling method is developed to simulate the entire process from initial chip 

formation, chip growth to steady state. Chip separation is formed automatically by solution-dependent mesh 

adaptivity along with material failure criterion. This chip formation model is verified by experimental data. When the 

coefficient of friction calculated according to cutting force and displacement due to vibration in experiment is used. 

 

Pure heat transfer analysis of only the cutting tool is carried out to save the calculation time to reach thermal steady 

state. Temperature dependent heat flux at tool-chip interface and heat convective and radiation of tool face are 

considered during modeling. After only several minutes of calculation the cutting tool gets a steady temperature 

distribution. 

 

During the study of cutting process simulation modeling in turning operation including chip formation analysis, heat 

transfer analysis, and tool wear estimation are studied. In order to fulfill the purpose of tool wear study, multi-

programming tools including commercial FE code DEFORM-3D is employed and integrated. This lays a ground for 

the study on more complex problem and the extension of functionality of FEM in the future. 

 

Tool wear estimation with the help of finite element method can predict not only tool life, but also wear profile of 

both crater wear and flank wear, and relate tool wear with some wear mechanisms. This tool wear estimation method 

will relate the geometry appearance to physical basic of tool wear and bridge the gap between macro and micro 

studies of tool wear. This is very meaningful for the scientific research and education. For tool designer, it is very 

helpful to optimize tool geometry and structure. 
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