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Abstract – Experimental investigation in machining operation for the temperature 
generated on workpiece, chip formation and cutting tool are difficult, time consuming and 
costly to carry out. Machining simulation using FEM software is an alternative. This paper 
presents a simulation study of temperature generated on workpiece and chip formation for 
various combinations of tool geometries (rake angle and clearance angle). Ductile cast 
iron FCD500 grade was used as material workpiece, and uncoated carbide tools with code 
number DNMA432 were used as cutting tool. Twelve designs of carbide cutting tools with 
various combination of rake angle (15, 20, and 30 deg) and clearance angle (5, 7, 8 and 9 
deg) were designed. The nose radius of the cutting tool was kept constant at 0.4 mm. 
Machining parameters of cutting speed, feed rate and dept of cut (DOC) were kept 
constant at 200 m/min, 0.35 mm/rev and 3 mm respectively. Using a commercial software 
package Deform-3D, twelve orthogonal machining simulations were carried out to analyze 
the effect of tool geometries on temperature generated and chip formation. The results 
show that by increasing the rake angle, the machining performance is improved due to the 
low temperature generated on the machined surface, as well as low cutting force, stress, 
and strain.  On the other hand, increasing/decreasing the clearance angle, does not 
significantly affected the cutting force, stress, and strain, consequently it does not affected 
the temperature generated. For the chip formation, the highest temperature occurred in 
the sliding region due to the work piece material adheres to the cutting tool and shear 
occurs within the chip, the frictional force is very high; consequently heat is generated 
from this sticking region  

 
Keywords: carbide tool, chip formation, cutting force, generated temperature, tool 
geometry.  

 
 

I. Introduction 
To understand the physical phenomena generated during 
cutting processes, the characterization of the 
temperature field is essential, because the most 
important part of the work generated during the cutting 
process is converted into heat [1].  

There are three main regions concerned with heating 
during the cutting process: the primary shear zone 
where the chip is formed and characterized by high 
shear deformation. The secondary and the tertiary zone 
where friction and shearing are combined are located 
respectively along the tool-chip interface and below the 
tool edge. In these regions heat is generated and flows 
into the workpiece, chip and cutting tool.  

The energy required to deform the workpiece 
material and the chips is mainly converted into heat. As 
shown in Fig.1, there are three zones in which the heat 
is generated [2]: 
 Primary deformation zone; where plastic deformation 

takes place and QS is generated. 

 Secondary deformation zone; where the deformation 
takes place in the tool-chip interface and as the result 
of friction force, QC occurs. 

 Tertiary deformation zone; where the heat is 
generated due to friction between tool clearance face 
and newly generated workpiece surface, QF. 

Thus, the total heat, QT can be obtained by the following 
Eq. (1) [2].   
 
            QT = QS + QC + QF     (1) 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1. Generation of heat in orthogonal cutting 
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 The machining problems of cast iron have been not 
necessary foundry-related, but most of problem were due 
to the microstructure formation during the machining 
process itself. According to Jaharah et al [3], the width 
of microstructure changes, increases with the increase in 
wear land and feed rate.  Therefore, study on the 
machinability of ductile cast iron is required to improve 
the productivity as well as to obtain the optimal 
machining parameters.  

The temperatures, and also the effective stress 
generated on the cutting edge, are affected most by 
cutting speed, followed by feed rate and tool geometries 
[4]. Controlling the generated temperature is also 
important in maintaining and controlling the 
microstructure and hardness underneath workpiece’s 
surface [5].  In addition the worn tools caused 
overheating in the machined surface, resulting in 
changes to the microstructure of the work material.    

The temperature is also an important parameter 
controlling to tool wear and consequently the tool life, 
the quality of the surface finish, chip segmentation and 
the choice of lubrication.  Furthermore, thermal aspects 
become more important with high cutting speeds used 
presently in industrial processes.  

A large number of techniques [6] have been 
developed to quantify the temperature, which can be 
classified as intrusive (e.g. thermocouple technique [9] 
or non-intrusive techniques (e.g. pyrometry technique 
[10]-[12]). Most of the above mentioned experiments are 
expensive, high risk and time consuming, therefore as 
an alternative, machining simulation is suggested. By 
performing the machining simulation, problems related 
to high cost, time, and injuries caused by high 
temperature and other high risks in machining 
experiments can be prevented. 

This paper presents the application of FEM 
simulation to predict the effect of tool geometries (rake 
angle and clearance angle) on temperature generated on 
workpiece and chip formation. 

II. Literature Review 
II.1. Temperature Measurement Techniques 

The heat generated in cutting is one of the most 
important topics investigated in machining. There are 
several experiment techniques that have been 
developed by many researchers before for the 
measurement of temperature in various machining 
processes and manufacturing applications. Some of the 
techniques can be categorized as: (1) Calorimetric 
[13][14]  (2) thermocouples [15],  (2) infra-red 
photography [16][17]; (3) optical infrared radiation 
pyrometers [18], and others. All of experiment 
techniques required high cost and time.  

The second highest heat generated was occurred on 
the tool-chip formation interface as shown in Fig.1.  
The ingenious method of determining the partition of 
heat generated in cutting between the tool, the 
workpiece, and the chip can be decided by previous 
researcher [19]. Fig. 2 shows a typical distribution of 
heat in the workpiece, the tool, and the chips with 
cutting speed [17]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

II.2. Finite Element Analysis (FEA) Technique 

Finite Element Analysis (FEA) technique was first 
introduced in 1960s and has been widely used in 
designing tools and forming processes. Based on the 
success of FEM simulations for bulk forming processes, 
many researchers developed their own FEM codes to 
analyze metal cutting processes during the early 1980s 
up to now [20]-[25].   

A rigid sharp tool and elasto-plastic workpiece, and 
defined a node separation criterion based on the 
geometry of the element approaching the edge of cutting 
tool were assumed [21]. An early version of a 
commercial implicit FEM code Deform-2D™ was used 
[21]. This code uses four-node quadrilateral elements 
and is based on a static Lagrangian formulation. 
Scientific Forming Technologies Corporation [26] 
introduced Deform-3D™ code that has been commonly 
used by researchers and industry for machining 
simulation.  

Applications of FEM models for machining can be 
divided into six groups: a) tool edge design, b) tool 
wear, c) tool coating, d) chip flow, e) burr formation and 
f) residual stress and surface integrity.  The direct 
experimental approach to study machining processes is 
expensive and time consuming. For solving this 
problem, the finite element methods are most frequently 
used.  

Modeling tool wear using FEM has advantages over 
conventional statistical approach because it requires less 
experimental effort and it provides useful information 

Fig. 2. Typical distribution of heat in the workpiece, the tool, and 
the chips with cutting speed [17] 
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such as deformations, stress, strain and temperature in 
chip and the workpiece, as well as the cutting force, tool 
stress and temperature on the tool working under 
specific cutting parameter [27].  

II.3. Heat Transfer 

The sources of heat generation are the plastic work in 
the cutting zone and friction at the tool–chip interface.  
At the same time, workpiece loses heat to the 
environment due to convection and to tool due to 
conduction.  The rate of specific volumetric flux due to 
plastic work is given by Eq. (2). 
 


 PWq ..

              (2)                          

 
Where WP  is the rate of plastic work, қ is the fraction of 
plastic work converted into heat, ζ is the mechanical 
equivalent of heat and ρ is the density of workpiece 
material. 
 
The rate of heat generated due to friction is given by Eq. 
(3).  
 

.. rfr vFQ             (3) 

 
where Ffr is the friction force, vr is the relative sliding  
velocity between tool and chip, and ζ is the mechanical 
equivalent of heat. The generated heat due to friction is 
given to each of the two contacting bodies, which are 
chip and tool in this case, by equal proportions.  
 
The workpiece loses heat to the environment due to 
convection according to Eq. (4). 
 

).( owh TThq            (4) 
 
where h is the convection heat transfer coefficient of  the 
workpiece,  Tw is the workpiece surface temperature, and 
T0 is the ambient temperature. 

 

III. Modeling and Simulation of Generated 
Temperature 

III.1. Machining Parameter 

Twelve runs of simulation were conducted for various 
design of rake angles of 15, 20, and 30 deg, and 
clearance angles of 5, 7, 8, and 9 deg, while nose radius 
was kept constant at 0.4 mm. The machining parameter, 
such as cutting speed, feed rate and depth of cut, were 

kept constant at 200 m/min, 0.35 mm/rev and 0.3 mm 
respectively as shown in Table I.  

TABLE I 
INPUT PARAMETERS IN THE SIMULATION PROCESS 

 

III.2. Material Properties and Simulation Modeling 

Fig.3 shows the geometry and schematic of orthogonal 
cutting condition model for the rake angle of 15 deg and 
clearance angle of 7 deg.  

 

 

 

 

 

 

 

 
 
 
 
 

TABLE II 
COMPOSITION OF CAST IRON FCD500 GRADE 

Element Percentage (%) 
C  2.77 
Si 1.26 
S 0.11 
P 0.036 
Mn 1.24 
Ni 0.26 
Cr 0.27 
Mg 0.09 
Cu 0.18 
Mg 0.127 
Al 0.063 
Co 0.073 
Source: Sirim, 2008 

 
 

TABLE III 
FLOW STRESS MODELS USED IN SIMULATION 

Material 
Model 

Equation for flow 
stress σ models 

Material 
constants 

Variables 

Oxley 
model 

σ = σ1εn σ1, n = f(Tmod) ε, έ, T 

    

Parameters  
Cutting speed Kept constant at  200 m/min 
Feed rate Kept constant at 0.35 mm/rev 
Depth of cut Kept constant at 0.3 mm 
Nose radius (rέ)     Kept constant at 0.4 mm 
Rake angle  (α) 15, 20 and 30 
Clearance angle (β) 5, 7,  8 and 9 
  

Fig. 3. Geometry and schematic of the orthogonal cutting condition 
model for rake angle of 15 deg and clearance angle of 7 deg 
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TABLE IV 
MECHANICAL AND THERMAL PROPERTIES AND BOUNDARY 

CONDITION FOR THE SIMULATION MODEL 
Tool geometry of DNMA432 (WC as base material,   
uncoated tool) 
Rake angle, α (deg) 15, 20 and 30 
Clearance angle, β (deg) 5, 7 8 and 9 
Cutting corner radius, (rέ)  (mm) 0.4  
Tool properties  
Modulus Young (GPa) 650 
Modulus of elasticity (GPa) 641 
Poison ratio 0.25 
Boundary condition 
Initial temperature (oC) 
Shear friction factor  
Heat transfer coefficient at the  workpiece-tool 
interface (N/s. mmoC) 

20 
0,6 
45 
 

Workpiece geometry (ductile cast iron FCD500 grade) 
Depth of cut 
Width of cut (mm) 
Length of workpiece 

0,3 
3,4 
10 

Workpiece properties (Ductile cast iron FCD500; Poisson’s ratio,  
0.275) 
Modulus elasticity (GPa) 169 
Thermal conductivity (W/m. °C) 35.2 
Thermal expansion Coefficient (·10-6 °C-1) 12.5 
Heat capacity  (N/mm2 ° C) 3.7 
Emissivity  0.95 
Others  
The fraction of plastic work conversion  into 
heat,  қ 

0.9 

 Mechanical equivalent of heat,  ζ  1.0 
Density (g/cm3) 7.875 
Convection heat transfer coef. ,  N/(mm OC) 0.4 

 
 
The work piece was ductile cast iron FCD500 grade and 
the cutting tool used was code number DNMA432  
(tungsten, uncoated carbide tool, SCEA= 0; nose radius 
= 0.4mm, and nose radius angle 55o). This material was 
chosen as the workpiece material in this study because it 
was widely used in automotive component.  Table II 
shows the composition of ductile cast iron FCD500 
grade. The flow stress model used was the equation 
given by Oxley [9] as shown in Table III.  

In these simulations, the tools were defined to be an 
elastic body and isothermal, so the mechanical and 
thermal properties and also boundary condition for 
simulation model are given in Table IV.  

III.3. Design of Cutting Tool Geometries 

Cutting tools were designed for various positive rake 
angles of 15, 20 and 30 deg and the clearance angles of 
5, 7, 8 and 9 deg, while nose radius was kept constant at 
0.4 mm. Geometries of tool carbide with code number 
DNMA432 can be seen in Fig.4.  

Table V shows the variation of tool geometries where 
there are four clearance values for each rake angle. The 
twelve combinations of tool geometries were designed 
using Solid Work software as shown in Fig 5b, 5c, and 
5d. The schematic diagram of cutting tool geometries is 
shown in Fig. 5a. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TABLE V 
VARIATION OF CUTTING TOOL GEOMETRIES 

Rake 
Angle ()  

Clearance 
Angle (β) 

Nose 
radius, (rέ)   

Nose 
angle 

deg deg mm deg 
+15 5, 7, 8 & 9 0.4 55 
+20 5, 7, 8 & 9 0.4 55 
+30 5, 7, 8 & 9 0.4 55 

 
 
 
 

Workpiece geometry (ductile cast iron FCD500 grade) 
Depth of cut 
Width of cut (mm) 
Length of workpiece 

0,3 
3,4 
10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III.4. Finite Element Models 
 
The finite element model is composed of a deformable 
workpiece and a rigid tool. The tool penetrates through 
the workpiece at a constant speed and constant feed rate.  

Fig. 5.  (a) Schematic diagram of tool geometries; (b), (c), and (d) 
various designs of rake angles of 15, 20, and 30 deg, and clearance 

angle and nose radius were kept constant at 7 deg and 0.4 mm 

Fig. 4.  Geometries of tool carbide with code number  DNMA432 
[26] 
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A 3D finite element model was developed using 
Deform-3D 6.1 finite element modeling software as 
shown in Fig. 6. The modeling approach is based on 
updated Lagrangian formulation for large plastic 
deformation analysis to simulate chip formation. The 
formation of chip from initial mesh (Fig. 6a) until it 
forms continuous chip at step 100, 200 and 500 (Fig. 6b, 
6c and 6d respectively) were developed by 6170 number 
of elements and 1513 nodes for cutting tool, and  4746 
number of elements and 1190 nodes for workpiece. The 
simulations were done in 500 step for transient 
condition and 500 steps for steady state condition (1000 
steps in totally). 

The workpiece and the tool are characterized by non 
uniform mesh distribution in the simulation. Very small 
element (20% of feed or 0.06 mm) is required in the 
contact area between tool and workpiece because of very 
large temperature gradient and stress that will be 
developed in this region during the simulation.  

Fig.7 shows an example of transient simulation result 
for rake angle of 15 deg and clearance angle of 7 deg, 
the cutting speed of 100 m/min, feed rate of 0.35 
mm/rev and DOC of 0.3 mm, at 500 steps of simulation 
running. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

IV. Simulation Results and Discussion 
 
Table VI shows the simulation results for all combination of various rake angles and clearance angles at cutting speed 
of 200 m/min, feed rate of 0.35 mm/rev and depth of cut (DOC) of 3 mm.   
 

Table VI 
THE RESULT OF SIMULATION FOR CUTTING FORCE, STRESS, STRAIN, AND TEMPERATURE 

No Rake 
angle,  

Clearance 
angle,  

Cutting 
speed, V  Feed rate, f  DOC, a  Temp, T  Cutting 

force, Fc  
Stress, σ  Strain, ε  

 [deg] [deg] [m/min] [mm/rev] [mm] [oC] [N] [MPa] [mm/mm] 
1 15 5 200 0.35 3 321 346 4320 6.11 
2 15 7 200 0.35 3 318 347 4230 6.56 
3 15 8 200 0.35 3 334 400 4195 6.24 
4 15 9 200 0.35 3 304 402 4340 7.13 
5 20 5 200 0.35 3 299 239 3565 5.03 
6 20 7 200 0.35 3 304 295 3690 4.96 
7 20 8 200 0.35 3 272 271 3690 5.56 
8 20 9 200 0.35 3 263 297 3720 5.65 
9 30 5 200 0.35 3 198 165 3360 4.31 
10 30 7 200 0.35 3 206 178 3540 4.45 
11 30 8 200 0.35 3 218 196 3537 5.07 
12 30 9 200 0.35 3 225 262 3400 4.68 

          

Fig.  6.  (a) Initial mesh and tool indentation, (b) Chip formation at 
step 100, (c) Chip formation at step 200, (d) Developed continues 

chip at step 500 

Fig. 7.  Example of the transient simulation result for cutting 
speed of 200 m/min and rake angle of 15 deg and clearance 

angle of 7 deg (after running in 500 steps) 
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IV.1. The Effect of Rake Angle (α) 

By increasing the rake angle, the temperature generated, 
cutting force, stress, and strain are decreasing as shown 
in Fig. 8, 9, 10 and 11 respectively. For example, 
increasing the rake angle from 15 deg to 30 deg 
(clearance angle of 7 deg), will reduce the temperature 
generated on workpiece from 321 oC to 198 oC, the 
cutting force from 346 N to 165 N, stress from 4320 
MPa to 3360 MPa, strain from 6.11 to 3.41 mm/mm.  

This is due to the reason that by reducing the 
temperature, consequently reducing the cutting force, 
stress, and strain. The cutting force, stress, strain 
decreased because of the small tool/chip contact area. 
When increasing the rake angle, the contact area at the 
interface between the tool and workpiece will decreases. 
This is agreeable with theory and experiment done by 
[28].    

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

Fig.8.  Rake angle vs Temperature 
 

Fig. 9. Rake angle vs Cutting force 

Fig. 10. Rake angle vs Stress 
 

Fig. 11.    Rake angle vs Strain 
 

Fig. 12 Clearance angle vs Temperature 
 

Fig. 13. Clearance angle vs Cutting Speed 
 

Fig. 14.   Clearance angle vs Stress Fig. 15.    Clearance angle vs Strain 
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IV.2. The Effect of Clearance Angle (γ) 

Increasing the clearance angle does not much influence the 
temperature generated, cutting force, stress, and strain as 
shown in Fig. 12, 13, 14, and 15 respectively. All of these 
results were also agreeable with the theory [29], because 
the change of clearance angle will not affect the cutting 
force and stress, therefore the temperature generated on 
workpiece will not be affected.  

The increase of clearance angle will slightly affects the 
wear rate. Clearance angle will affects wear and tool life of 
the cutting tool because it will rubs against the freshly cut 
metal surface. In industry, the clearance angle is varied, 
but often in the order of 6 – 10 deg [30].  
 

IV.3. Chip Formation: Generated Temperature on Primary 
and Secondary Deformation Zone. 

Heat generation in metal cutting process is primarily due 
to shear deformation of the work material during chip 
formation. The temperatures of the tool body, however, are 
mainly increased due to the heated chip passing over the 
chip–tool interface. 
 Fig. 16 shows the simulation results for temperature 
generated, displacement, stress, and strain for rake angle 

of 20 deg and clearance angle of 5 deg (cutting 
speed of 200 m/min, feed rate of 0.35 mm/rev and 
DOC of 3 mm). 
The highest temperature of about 299 oC was 
occurred at a sliding region on the primary shear 
zone as shown in Fig 16a.  

The biggest displacement was achieved about 
2.84 mm in total displacement at the end of chip 
formation (Fig. 16b). The biggest deformation was 
occurred on the primary deformation zone, followed 
by the secondary deformation zone. This also causes 
higher stress occurred in this area, about 3565 MPa 
in primary shear zone (Fig.16c). These results are 
agreeable with [31], where the major deformation 
during cutting process were concentrated in two 
region close to the cutting tool edge, and the bigger 
deformation were occurred in the primary 
deformation zone, followed by secondary 
deformation zone, sliding region and sticking 
region.  
 Fig. 16d shows the highest effective strain 
occurred on primary shear zone about 5.03 mm/mm, 
and then followed by secondary shear zone about 
less than 2.51 mm/mm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16. Simulation results for cutting speed of 200 m/min, rake angle of 20 deg and clearance angle of 5 deg),  a) 
Displacement, b) Effective stress, c) Effective Strain  and c) Generated temperature 
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Fig. 17 shows the sticking area and sliding area at chip 
formation. In the sticking region, the work piece material 
adheres to the tool and shear occurs within the chip, the 
high frictional force caused high temperature generated.  
Therefore, the highest temperature in the chip occurred in 
the sliding region (contour of yellow and red color that 
achieve temperature of 299 oC), followed by sliding areas 
that only generated temperature under 140 oC (contour of 
green color). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV. Conclusion 
The distribution of cutting force, effective stress and 

generated temperature obtained from simulations are 
agreeable with the results given in the literature.  

From the simulation results, it can be concluded that by 
increasing the rake angle (α) in the turning of ductile cast 
iron using carbide tool,  will improves the machining 
performance, since it will reduces the temperature 
generated, cutting force, stress, and strain. But, by 
increasing the clearance angle (γ), it does not has much 
influence on the temperature generated, cutting force, 
stress and strain.  

For chip formation, in the sticking region, the work 
piece material adheres to the tool and shear occurs within 
the chip, the frictional force is high and consequently 
temperature is generated.  Therefore, the highest 
temperature in the chip usually occurs in the sliding 
region. 

The temperature is an important parameter that 
controlling the quality of the surface finish, tool wear, and 
chip segmentation. Controlling the temperature generated 
is also important in maintaining and controlling the 
microstructure and hardness at underneath workpiece’s 
surface. 

Furthermore, thermal aspects become more important 
topic with high cutting speeds presently used in industrial 
processes. Therefore simulation techniques is 

recommended to study and evaluate the thermal 
aspects in metal cutting process.    
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