
1 INTRODUCTION 

Machining techniques and materials used in 
aeronautic, automotive or mechanical engineering 
industries are in constant evolution. The 
understanding of the physical phenomena and the 
identification of material behaviour in machining are 
the main issue for the modelling and optimisation of 
industrial processes. Some analytical models were 
previously proposed by Merchant [1] which was 
developed by Oxley [2] and Molinari & Dudzinski 
[3], these last works were adapted to milling [4]. 
More recently, calibrated FEM models appear and 
seem to progress in the way of the real machining 
process simulation, Pantalé [5]. Nevertheless, these 
models give only a partial interpretation of the 
process’s phenomena. To improve predictive 
capacity of these models, one needs to characterize 
the material behaviour which is involved in the 
machining process. Therefore it is emphasized in the 
present paper to proceed by an inverse method [6] 
[7] [8] based on FEM or analytical models for the 
identification of material parameters from machining 

experiments. 

2 NUMERICAL SIMULATION OF MACHINING 

2.1 Numerical simulation of turning 

In order to perform numerical simulation of 
machining, a finite element model was implemented 
in LS-Dyna© FEM code. As machining is an high 
speed metal forming process characterized by large 
dynamic stresses and localized high strains, an 
explicit code solution scheme was adopted. LS-
Dyna© FEM code has been chosen to build a Design 
of Experiment (DOE) empirical model of machining 
process in order to be able to identify and to 
understand process parameters. The final aim 
consists to obtain a reliable simulation of milling 
that is one of the more complex cutting processes. 
At the beginning, orthogonal cutting process has 
been studied to compare results with bibliography 
data. In a first stage, a 2D orthogonal cutting model 
has been developed with LS-Dyna© FEM code. 
Secondly, with these first results in 2D, a 3D oblique 
cutting model has been developed to improve the 
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simulation and to correspond to results obtained by 
Pantalé [5]. The figure 1 relates the distribution of 
von Mises effective stress contours from simulation 
results. All this data in orthogonal cutting conditions 
has shown that LS-Dyna© is well adapted to create 
complex FEM numerical model as milling process. 

 

Fig. 1. Von Mises stress contours arising through FEM 
simulation of orthogonal cutting. 

2.2 Numerical simulation of milling 

Accordingly with the experiments presented in the 
following part, a 6 mm diameter end mill and a 304L 
stainless steel rectangular specimen have been 
designed with SolidWorks©, and furthermore 
industrial cutting conditions have been used in the 
numerical FEM model. 

 

 

Fig. 2. Von Mises stress contours obtained through simulation 
results of a milling process numerical model with LS-Dyna 

software. The cutting conditions are N = 20000 rpm; 
ft = 0,3mm/tooth; Vc = 250m/min. 

Figure 2 relates the first simulation results. The test 
specimen is meshed with 260,000 elements. The 
corresponding material behaviour has been firstly 
modelled using the classical Johnson and Cook 
constitutive model (1) [9] whose the parameters are 
provided by the CETIM foundation.
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The end mill is meshed with about 100,000 elements 
and considered as a rigid body. This model uses an 
element failure criterion based on a limiting plastic 
strain critical value. The calculation time is about 10 
days on a bi-processor Xeon 3.21GHz. 

3 EXPERIMENTAL INVESTIGATIONS 

3.1 Cutting forces measures during milling 

In the first step, a complete instrumentation 
including sensors and on line measuring system has 
been set up to obtain repetitive and reliable data. The 
sensor system is based on a Kistler® dynamometer 
using the piezoelectric accelerometers technology, in 
order to give, through direct measurement, the 
cutting forces during the machining process. The 
experiments were carried out on a KERN® micro 
milling machine as shown in Figure 3. The 
dynamometer was fixed on the table of the 3 axes 
CNC machine, and then it was linked to the charge 
amplifier which was connected to a PC through an 
input/output acquisition card. The equipments 
chosen for these milling experiments are as 
following. 

 
Fig. 3. Experimental data acquisition system used in milling 

The types of the selected milling tools are two or 
four teeth end mills. These tools are uncoated 
tungsten carbide mills with 30° nominal helix angle 
and 12° normal rake angle, and the tested diameters 
are in the range 2-6 mm. All the test specimens have 
been machined in the same 304L austenitic stainless 
steel bar and in the same dimensions: 80 mm x 40 

  

1436



mm x 10 mm. All milling experiments have been 
carried out with a micro lubrication sprayed on the 
tooling area. The cutting velocities are defined 
between 50 and 400 m/min to reach a maximum 
spindle speeds corresponding to 40 000 rpm.  

 

Fig. 4. Cutting forces xF , yF , zF  vs. end mill rotations. 

Figure 4 relates a zoom of the cutting forces 
stabilized signal in milling where the cutting 
conditions and machining parameters correspond to: 
• 2 teeth end mill Ø 4 mm in slotting tests (full 

radial immersion); 
• Spindle speed: Ω = 15920 rpm; Feed: ft = 0.01 

mm/tooth; Cutting speed: Vc = 200 m/min; Axial 
depth of cut: da = 0.5 mm. 

Figure 4 shows that is possible to get a good and 
accurate variation of the milling forces on the 3 
machine axes. A signal spectral analysis was 
conducted on forces components in order to check 
the stability of measured data and to recover the 
equivalent forces for a rigid case after appropriate 
low filtering. These accurate and reliable measures 
allow the understanding of a part of the end mill 
behaviour during the milling process and then the 
setting up of the identification process. 

4 304L STAINLESS STEEL BEHAVIOUR LAW 

In the same time, tensile tests have been performed 
in the laboratory on the 304L stainless steel provided 
by the CETIM Research Center. These first 
experiments allowed us to identify the material 
parameters of the Johnson-Cook constitutive law (1). 
This model is based on tensile tests with low speed 
strain rate. The material parameters are identified by 
a genetic algorithm applied at the experiments 
results. Then, to improve this identified model, new 
tests in partnership with other laboratories of the 
PGV national project will be realise with high speed 

strain rate and a wide range of temperature. 
O. Lurdos in Saint Etienne has realised high speed 
strain rate torsion tests, and X. Soldani in Metz has 
realised double shearing tests and Hopkinson bar 
tests. A generalised Voce type constitutive law has 
been identified by O. Lurdos and we will propose a 
new model adapted to the high speed strain to reach 
milling cutting conditions. This model will be based 
on the project rheological tests and identified with 
numerical simulations of these tests. 
The final aim of this work consists to propose a new 
behaviour law adapted to the machining process 
which will be test in the numerical simulation of 
milling. The numerical results will be confront to the 
experimental measures in milling or turning, and a 
comparison will be try between the rheological law 
and the analytical or numerical identified laws. 

5 INVERSE IDENTTFICATION METHOD 

The final aim of this work consists to lead an inverse 
identification procedure for the determination of 
304L stainless steel parameters of the behaviour law. 
The identification procedure methodology needs an 
objective function to minimize, a set of parameters 
to analyze, a finite element method or analytical 
solver and a procedure for updating the material 
parameters. In front of the too big calculation time 
of the milling simulation, the numerical 
methodology will be test on the oblique cutting 
simulation and on cutting forces measures in 
turning, to prove the feasibility of the method on 
milling process. 

( ) ( )[ ]
⋅⋅ =

−=
nmesurésefforts

Np

i

num
nn FFR

1

2exp )(
2

1
pp  (2) 

For the milling experiments identification, the 
parameters system p (A, B, n, C, Tseuil, m) has been 
chosen in the Johnson-Cook constitutive law (1). 
Then an objective function dependent of the 
measured experimental criteria (cutting forces) has 
been defined in (2). The previous function measures 
difference between the cutting forces curves 
obtained with the numerical or analytical simulation 
software and with the experimental device. Figure 5 
schematically relates the identification loop, the 
procedure is based on a set of parameters obtain 
through simulation and then compared with 
experimental results. After this estimate, whether the 
objective function is equal to zero and the optimized 
solution appeared, or the function is different to zero 
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and the set of parameters has to be modified and the 
loop begin one more time. Several methods exist for 
the modification method. In this work the Moving 

Least Square Approximation (MLSA) method has 
been used. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Diagram representing the inverse identification procedures. 

6 CONCLUSIONS 

Milling experiments allowed us to analyse 
accurately the measured cutting forces curves and to 
obtain reliable and useful measured data for the 
identification procedure. Then, a first 3D simulation 
of milling process has been set up in industrial 
conditions. The numerical model is based on a 
dynamic transient explicit scheme and on 
Lagrangian formulation. The numerical cutting 
forces obtained give good results in matter of forces 
values and curves shapes. But we will set up soon 
simulation with industrial tools to compare 
numerical and experimental results. At the end, this 
paper described the identification procedure which 
will be set up on analytical milling or numerical 
turning models. Moreover, further developments are 
in progress and concern the numerical model 
improvements, the identification of a new material 
behaviour model and the set up of characterisation 
turning tests with the same material. 
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Parameters modification (pi) 
• Quasi-Newton methods 
• Quadratic methods 
• sensitivity analyze 
• reply surfaces (MLSA) 
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