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Abstract 
In order to optimize the geometric parameters of cutting edge for finishing machining of 
30Cr2Ni4MoV (30Cr) alloy steel, a 2D finite element (FE) model of orthogonal cutting has 
been built with FE software AdvantEdge. The optimized methodology of cutting edge 
geometric parameters has been proposed based on simulated results. Then, the geometric 
parameters of cutting edge have been optimized based on a comprehensive criterion 
combining chip deformation coefficient and tool stress. The chip deformation coefficient 
indirectly determines the surface roughness and tool stress determines tool wear, which affect 
the dimensional precision of parts. The range of rake angle is selected from 12° to 20° and the 
range of cutting edge radius is selected from 12μm to 20μm in the optimization process. The 
optimal rake angle for finishing machining 30Cr alloy steel is 16° and the optimal cutting 
edge radius is 14μm with given relief angle of 7°.  

Keywords: Numerical simulation, Finishing machining, Chip deformation coefficient, Tool 
stress, Geometric parameters of cutting edge 

Introduction 

The deformation of workpiece material mainly depends on the cutting edge geometries, 
including rake angle, relief angle and edge radius which have great effect on flow stress, chip 
morphology and machined surface quality. Metal machining process is generally divided into 
rough and finishing machining. Rough machining pays more attention to the tool life while 
finishing machining pays more attention to the machining surface quality and tool wear. 

Theoretical calculation or cutting experiments is difficult to determine the optimal cutting tool 
geometry quickly and effectively due to the complexity and instability of the cutting process. 
The machining process is thermo-mechanical coupled process. The finite element method 
(FEM) has been proven to be a useful tool to analyze the metal cutting process [1, 2] and 
optimize the process parameters [3, 4]. Many researchers focus on the optimization of cutting 
edge geometric parameters based on the FEM. In the previous research of our team, X. Cheng 
et al. [5] built the FE model to optimize the geometric parameters of cutting edge for rough 
machining of Fe-Cr-Ni stainless steel. The optimized methodology of cutting edge geometric 
parameters has been proposed, and the optimized methodology is based on the stress, and the 
cutting parameters are designed based on the equal material removal rate. Keyvan and E.Ng 
[6] used a combined empirical-numerical (FE) approach for predicting the tool life. This 
approach is based on the similarities found among the worn cutting edge geometries which 
have been obtained from the orthogonal tool life tests at different cutting speeds.  

However, few studies have used the numerical simulation technology to optimize the 
parameters of cutting processes or cutting tools for machined surface quality. The main reason 



is that, the mesh size and remesh process or inputting unstable factors such as material failure 
of FEM model affect the formation process of machined surface in the cutting simulation. But 
the indirect indexes, chip deformation coefficient, obtained from numerical simulation 
analysis could be used in the optimization of machined surface quality. Related research 
pointed out that the chip morphology indirectly reflects the machined surface quality. The 
smaller chip deformation coefficient is, the better machined surface quality is. Su. G et al. [7] 
have found the correlations between chip morphology and machined surface micro-
topography at different chip serration stages encountered in high speed cutting, and get a 
conclusion that the principal factor influencing surface roughness is the thickness of the 
sawed segment (tooth) of saw-tooth chip. Schultheiss et al. [8] have present a new model for 
predicting the surface roughness during turning operations, while the influence of the 
minimum chip thickness on the obtained surface roughness have been analyzed. 

In this paper, a 2D FE model of orthogonal cutting process of 30Cr alloy steel has been built 
with commercial software Third Wave AdvantEdge. The temperature and stress and chip 
thickness under different cutting edge geometric parameters have been obtained. The 
influence of rake angle and cutting edge radius on the stress and chip deformation coefficient 
has been analyzed. A comprehensive criterion has been used in this paper, which is 
combining the chip deformation coefficient and stress. The chip deformation coefficient could 
reflect the machined surface quality while the tool stress could reflect the tool wear. Through 
this criterion, the rake angle and cutting edge radius of finishing machining 30Cr alloy steel 
have been optimized. 

Nomenclature 
f feed rate γ0 rake angle 
m the strain rate hardening 

coefficient 
ε0 reference strain 

n the strain hardening coefficient εs  actual stress 
T  current deformation temperature ρs the density of specimen 
v cutting speed σ0 yield stress at reference strain 
σ tool stress σs  flow stress 
Λ the comprehensive coefficient ζa the deformation coefficient 
ac undeformed thickness ξf the factor of feed rate determine minimum element size 
ach chip thickness ξr the factor of cutting edge radius determine minimum 

element size  
ap depth of cut △T the adiabatic temperature rise 
c0-c3 the coefficient of heat softening σ� average of tool stress 
C1  
C2 

the coefficient of normalization S’
f feed rate to determine minimum element size 

Cp the specific heat capacity of 
workpiece 

S’
min preset minimum element size 

re cutting edge radius S’
r cutting edge radius to determine minimum element size  

Smax maximum element size ε̇0   reference strain rate 
Smin actual minimum element size ε̇s  actual stress rate 
Tini the initial deformation temperature ζ̅a average of deformation coefficient 
𝛼𝛼 0 relief angle   

Model of orthogonal cutting 30Cr alloy steel  

30Cr alloy steel used in the turbine rotor of the steam turbine and other key industrial areas. 
After hardening and tempering methods or high-frequency surface hardening, the 
comprehensive mechanical properties have been improved. The hardness is about 270HV. 



The chemical compositions of 30Cr alloy steel are listed in Tab. 1. The microstructure of the 
material is shown in Fig. 1. 

 

Figure 1. Microstructure of 30Cr alloy steel (500×) 

Table 1. Chemical compositions of 30Cr alloy steel (wt.%) 

Composition C Si Mn P S Ni Cr Mo V Fe 
Content (wt.%) ≤0.35 ≤0.03 ≤0.05 ≤0.004 ≤0.002 1.6 3.5 0.3 0.08 Bal. 
 
Cutting parameters of finishing machining 

In the practical machining process, the cutting speed, feed rate and depth of cut could be 
varied in a reasonable range. It is essential to optimize the rake angle and cutting edge radius 
considering different cutting parameters with limited range. Lower cutting depth and feed and 
higher cutting speed have been generally used in finishing machining process. In order to 
obtain the optimal value of rake angle and cutting edge radius with a good adaptability, the 
process parameters are set in a reasonable range. The machining parameters are listed in the 
Tab. 2. 

Table 2. Finishing machining cutting parameters 
ap (mm) f (mm/rev) v (m/min) Number (No.) 

1 

0.1 
100 1 
140 2 
180 3 

0.15 
100 4 
140 5 
180 6 

0.2 
100 7 
140 8 
180 9 

Cutting speed is set at 3 levels and feed rate is also set at 3 levels. The depth of cut is set as 
1mm in all simulations. In this paper, the single-factor design of experiment has been used, so 
there are 9 combinations of finishing machining cutting parameters. 

The simplified model and meshing control 
Simulations have been performed with AdvantEdge which integrates advanced FE models 
appropriate for machining operations. Assuming the workpiece material is isotropic, the 
material is removed in same state at all times. Besides, each point of cutting edge is 
equivalent in the direction of cutting depth. 



   
(a) turning process (3D)               (b) 3D model   (c) 2D plane strain problem 

Figure 2. A complex 3D problem transforms into a simple 2D plane strain problem 
Therefore, a complex three-dimensional (3D) problem, as shown in Fig.2 (a) and (b), 
transforms into a simple two-dimensional (2D) plane strain problem as shown in Fig.2 (c). In 
this model, cutting tool is regarded as rigid and applied by fully constrained in a non-contact 
surface. In the 2D plane strain model, the workpiece moves in X direction with the cutting 
speed while the tool is fixed, and the feed direction translate into Y direction, as shown in 
Fig.2 (c). 

The deformation of the material will cause the mesh distortion during the process of FE 
simulation. The adaptive FE mesh is the important features of the AdvantEdge software, 
therefore, it not only solve the above problems, but also improve the accuracy for the edge 
region after refinement processing and ensures the calculation efficiency for the region away 
from the cutting edge after coarsening processing. 

Mesh grading (0.1~1.0) determine the nature of the transition from fine elements near the 
cutting edge to coarse elements away from the cutting edge. Increasing this parameter will 
result in a more coarsen mesh. In this study, the mesh grading is set to 0.4. 

The workpiece meshing parameters, the mesh coarsening factor and the mesh refinement 
factor are set to 6 and 2 respectively; Smax is set to 0.1mm, and Smin

'  is set to 0.02mm; Sf
'  

defines the smallest element length through the chip thickness, thus, the factor ξf setting in the 
study is use as default 0.1; Sr

'  defines the element length in the vicinity of the cutting edge. In 
order to keep minimum element size of all models be built by the same standard, the factor ξr 
setting in the study is 0.4. In this way, the minimum element size of all models is determined 
by the cutting edge radius. The FE model with mesh is shown in Fig. 3. 

 
Figure 3. Finite element model with mesh 

The method of how to ensure the minimum element size of all models with the same standard 
is as follows: for example, there are 3 kinds of feed rate (f1, f2, f3) and 6 kinds of cutting edge 
radius (re1, re2, re3, re4, re5, re6) in this study. In order to keep the minimum element size of all 
models be determined by the cutting edge radius, it should be pay more attention to adjusting 
the value of ξr to make the Smin equal to Sr

' . 
Sr

' =ξr∙max (re1, re2, re3, re4, re5, re6)            (1) 
Sf

'=ξf∙min �f1, f2, f3�                   (2) 
Smin=min �Sr

' , Sf
' , Smin

' �                  (3) 



Material constitutive model and friction mode 
The numerical simulation of metal cutting involves many models, such as friction model [9], 
material constitutive model [10], heat transfer model and thermal physical property model 
[11]. Material constitutive model has been modified continuously to form the thermal-
mechanical coupling phenomenon and the iterative process of the algorithm. When the 
thermal-mechanical coupling reaches the equilibrium and the cutting simulation process 
reaches the steady state, the system output the final results which include the cutting stress, 
chip deformation and other physical quantities. It could be seen that the key models for the 
numerical simulation of metal cutting is the material constitutive model.  

Material constitutive model is a set of equations that reflect the stress-strain relationship of the 
deformable body material [12]. At present, the spilt Hopkinson pressure bar (SHPB) 
technique is usually used to determine the flow stress and strain data in a certain range of 
strain rate and temperature [13]. According to these data and the corresponding empirical 
formula, the constitutive equation is established. There are many types of constitutive 
equations of materials [14], power-law (P-L) constitutive model has been introduced the strain 
hardening, strain rate hardening and thermal softening parameters, which is a comprehensive 
reflection of large strain, high strain rate and high temperature load [15]. At the same time, it 
is simple in its own form and applied to a variety of computer encoding, so it is a practical 
model for analysis and calculation of. The P-L constitutive model is expressed as [16]: 

σs=σ0 �1+ εs
ε0
�

1/n
× �1+ ε̇s

ε̇0
�

1/m
×�c0+c1T+c2T2+c3T3�    (4) 

T=Tini+∆T        (5) 
∆T= 1

ρsCp
∫ σsdεs       (6) 

The SHPB technique has been used to study the dynamic deformation behavior of 30Cr alloy 
steel. The true stress-true strain curves of workpiece material have been obtained. The P-L 
model constitutive model is given as the following [17]: 

σs=547.92 �1+
εs

0.01
�

1/8.9047
× �1+

ε̇s

100
�

1/6.9979

×(1.0308-1.8124e-3T+2.1826e-6T2-1.2745e-9T3 
  (7) 

σs (MPa), ε̇s (s-1), T (℃). 

Comprehensive criterion combining chip deformation coefficient and tool stress 

AdvantEdge utilizes Tecplot software to display and assist in analyzing simulation results. 
The average stress in the tool can be computed and obtained easily. The stress history is 
average over the highest 10% of the elements in the cutting tool, as show in the Fig. 4. Then, 
the average of stress history which has achieved steady state is calculated as a quantitative 
data. 

However, the quality of machined surface is difficult to be observed directly from the 2D FE 
model, and the surface quality has great relationship with chip deformation coefficient in the 
finishing machining process. Generally small chip deformation coefficient means small 
material deformation in the cutting process, which result in better surface quality. Thus, the 
chip deformation coefficient is proposed as an indirect index to evaluate the machined surface 
quality. The deformation coefficient of workpiece can be calculated as follows: 

ζa= ach
ac

      (9) 



The ac is the undeformed thickness, which is equal to the feed rate in the 2D FE model. Chip 
thickness is obtained by measuring the radius of a circle which the center at the inner side of 
the chip, and the circle are tangent to the outer side of the chip. In order to ensure the accuracy 
of the measured chip thickness, the chip thickness is measured 6 times and the average value 
is obtained, as show in the Fig. 5. 

 
Figure 4. Average over the highest 10% of the elements in the cutting tool 

 
Figure 5. Schematic illustration of measuring chip thickness 

The comprehensive criterion combining deformation coefficient and stress is expressed as: 

Λ=C1
ζa
ζ̅a

+C2
σ
σ�
      (10) 

The determination of C1, C2, ζ̅a and σ� is as follow: 

Assuming the simulation results of different cutting edge radius with one rake angle are show 
in the Tab. 3. The method of comprehensive criterion to optimize the cutting edge radius as 
follows: 

The values of Λ1 ~ Λ5 are compared, and the minimum value of the corresponding cutting 
edge radius is the optimal under this rake angle. The method of comprehensive criterion to 
optimize the rake angle is the same as mentioned above. 

Table 3. Simulation results of different cutting edge radius with one rake angle 
cutting edge radius(μm) 12 14 16 18 20 

stress(MPa) σ1 σ2 σ3 σ4 σ5 
deformation coefficient ζa1 ζa2 ζa3 ζa4 ζa5 

σ�= σ1+σ2+σ3+σ4+σ5
5

      (11) 

ζ̅a= ζa1+ζa2+ζa3+ζa4+ζa5
5

     (12) 

Δσ=max �σn
σ�
� -min �σn

σ�
�          (13) 

Δζa=max �ζan
ζ̅a
� -min �ζan

ζ̅a
�       (14) 



C1= Δσ
Δσ+Δζa

      (15) 

C2= Δζa
Δσ+Δζa

      (16) 

Λn=c1
ζan
ζ̅a

+c2
σn
σ�

       n=1,2,3,4,5    (17) 

Optimization procedures 

According to the characteristics of geometric parameters of cutting tool, the optimization 
procedures are proposed. Relief angle (𝛼𝛼0) impacts the contact length between the machined 
surface and flank face of tool. A reasonable relief angle for finishing machining is 5°~8° [18]. 
According to the carbide indexable inserts design standards [19], relief angle of 7° is select. In 
the process of finishing, the cutting tool wear and machined surface quality are more 
important. Larger rake angle (γ0) can get a better machined surface quality, while excessively 
rake angle not only weakens the cutting edge strength, but also reduce the cutting edge of the 
volume and lead to the increase of cutting tool wear, which lower the dimensional precision. 
At the same time, the deformation coefficient decreases with the increase of the rake angle. 
Therefore, it is an optimal rake angle to balance the tool stress and the deformation 
coefficient. Larger cutting edge radius (re) gets a smaller tool stress but increases the chip 
deformation coefficient, while smaller cutting edge radius gets smaller chip deformation 
coefficient but increases the tool stress. Thus, it is an optimal cutting edge radius to balance 
the tool stress and the deformation coefficient for the specific process parameters and specific 
materials. 

According to reference [17], 12°~20° is the reasonable range for rake angle and 12μm~20μm 
is the reasonable range for cutting edge radius in the finishing machining process. The 
optimization steps are shown in ANNEX A, and the numbers of cutting parameter are shown 
in Tab. 2.  

Step 1: The optimization process is divided into two parts, one is the optimization of the rake 
angle, and the other is the optimization of the cutting edge radius. The two are respectively 
independent and not related to each other. 

Step 2: 9 sets of cutting parameters are mentioned above. In each set of cutting parameters, all 
of the rake angle and cutting edge radius should be carried crossover. The rake angle is 
changed from 12° to 20° with interval of 2° and a total of 5 values (12°, 14°, 16°, 18°, 20°) 
are selected; the cutting edge radius is changed from 12μm to 20μm with interval of 2μm and 
a total of 5 values (12μm, 14μm, 16μm, 18μm, 20μm) are selected. Therefore, there are 225 
sets of simulations to be performed. 

Step 3: 2 optimal rake angles are obtained according to the comprehensive criterion of 225 
sets of simulations, while 2 optimal cutting edge radiuses are also obtained. Finally, the 4 sets 
of combination with 2 optimal rake angles and 2 optimal cutting edge radiuses are obtained. 

Step 4: The optimal combination of cutting edge geometric parameters is obtained through the 
comprehensive criterion which based on the above 4 sets of combination. 

The simulated results 

Summary of optimal cutting edge geometric parameters 
A total of 45 optimal cutting edge radiuses are obtained in 5 different rake angles while based 
on 9 sets of cutting parameters in the Tab. 4. The value of each column is obtained by the 
fixed rake angle and changed cutting edge radius with 9 sets of cutting parameter based on the 



comprehensive criterion. Then the total number obtained by summing the number of each 
cutting edge radius, and the total number of the first two will be elected to alternative area. 

Table 4. Summary of optimal cutting edge radius 
Number as optimal 

value 
Rake angle Total(45) 12° 14° 16° 18° 20° 

Cutting 
edge radius 

12μm 4 5 4 4 3 20 
14μm 3 2 2 3 3 13 
16μm 1 0 2 1 1 5 
18μm 1 0 0 0 0 1 
20μm 0 2 1 1 2 6 

A total of 45 optimal rake angles are obtained in 5 different cutting edge radiuses while based 
on 9 sets of cutting parameters in the Tab. 5. The value of each line is obtained by the fixed 
cutting edge radius and changed rake angle with 9 sets of cutting parameter based on the 
comprehensive criterion. Then the total number obtained by summing the number of each 
rake angle, and the total number of the first two will be elected to alternative area. 

Table 5. Summary of optimal rake angle 
Number as optimal 

value 
Rake angle 

12° 14° 16° 18° 20° 

Cutting 
edge 

radius 

12μm 0 4 5 0 0 
14μm 0 4 5 0 0 
16μm 0 1 4 3 1 
18μm 1 3 4 1 0 
20μm 0 0 7 0 2 

Total (45) 1 12 25 4 3 

It can be seen obviously in Tab. 4. and Tab. 5. In a series of cutting edge radius, the number 
of 12μm and 14μm are higher, and the number of the 14° and 16° in a series of rake angles are 
higher, too. Therefore, 4 sets of optimization combination are obtained by the cross 
combination of 2 rake angle and 2 cutting edge radius. These 4 combinations are as follows: 
14°-12μm, 14°-14μm, 16°-12μm, 16°-14μm (fixed relief angle is 7°) 

The optimal combination of cutting edge geometric parameters was determined 
Table 6. New addition of machining cutting parameters 

ap (mm) f (mm/rev) v (m/min) Number (No.) 

1 

0.08 
120 10 
160 11 
200 12 

0.13 
120 13 
160 14 
200 15 

0.18 
120 16 
160 17 
200 18 

In order to ensure the correctness of the optimization results, 3 sets of feed rate (0.08mm/rev, 
0.13mm/rev, 0.18mm/rev) and 3 sets of cutting speed (120m/min, 160m/min, 200m/min) are 
added to carry out the additional simulation experiment for these 4 combinations. Thus, a total 
of 36 new simulation experiments are given. The new machining cutting parameters are list in 
the Tab. 6. 



Then, a total of 4 combinations of rake angle and cutting edge radius are obtained under 18 
sets of cutting parameters respectively and the total number of the first will be elected to be 
the optimal combination of cutting edge geometric parameters. The 4 combinations of rake 
angle and cutting edge radius are listed in the Tab. 7. It can be seen obviously that the third 
combination, 16°-14μm, is the optimal. 

Analysis on contours of temperature and stress 
Several combinations of cutting edge geometric parameters were taken as examples to 
analyze the contours of temperature and stress. 

As shown in Fig.6, it can be seen obvious change in the stress distribution of the tool with the 
increase of rake angle and little change with the increase of cutting edge radius. Increasing 
rake angle results in the highest values of stress expand to the flank face of insert. But the 
stress of the primary deformation is increasing with the increase of cutting edge radius. 

    
(a) γ0=16° re=12μm         (d) γ0=12° re=14μm 

    
(b) γ0=16° re=16μm         (e) γ0=16° re=14μm 

    
(c) γ0=16° re=20μm        (f) γ0=20° re=14μm 

Figure 6. The contours of stress in different combination (v=140m/min  f=0.15mm/rev 
ap=1mm  𝛼𝛼0= 7°) 

 
 
 



Table 7. Optimal combination of rake angle and cutting edge radius 
4 

combinations 
The number of cutting parameters Total 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

14°-12μm    *          *    * 2 
14°-14μm                   0 
16°-12μm     * * *      *   * * * 7 
16°-14μm * * *     * * * * *   *    9 

The meaning of “*” in the Tab.8 is that the combination of this cutting edge radius and rake angle is 
optimal for this set of cutting parameters. 

    
(a) γ0=16° re=12μm         (d) γ0=12° re=14μm 

    
(b) γ0=16° re=16μm         (e) γ0=16° re=14μm 

    
(c) γ0=16° re=20μm          (f) γ0=20° re=14μm 

Figure 7. The contours of temperature in different combination (v=140m/min  
f=0.15mm/rev  ap=1mm  𝛼𝛼0= 7°) 

As shown in Fig. 7 there is no obvious change in the temperature distribution of the tool and 
primary deformation zone with the change of the rake angle and cutting edge radius. 

Conclusions 

In this paper, a 2D FE model of orthogonal cutting 30Cr alloy steel has been built to analyze 
the deformation coefficient and stress under different cutting edge geometric parameters. The 



rake angle and cutting edge radius for finishing machining Fe-Cr-Ni alloy steel have been 
optimized. The conclusions are as follows: 

In the finishing machining 30Cr alloy steel, the cutting edge geometric parameters have 
greater influence on stress than temperature. 

The optimized methodology of cutting edge geometric parameters has been proposed which is 
a comprehensive criterion combining chip deformation coefficient and tool stress. 

In the finishing machining 30Cr alloy steel, the optimal rake angle 16°, and the optimal 
cutting edge radius is 14μm when the relief angle is fixed 7°. The correctness of the optimized 
results can be guaranteed by a uniform comprehensive criterion and multiple sets of validation 
experiments. 
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