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1. Introduction

Machining is one of the most common manufacturing 
processes that involve material removal. Material is removed, 
usually as small chips, due to an interaction between a hard tool 
and the component. During chip formation, material undergoes 
severe plastic deformation in the chip formation zone, and 
below the machined surface.

There have been several attempts to model chip formation 
process from the early analytical work to recent finite element 
models of the problem. In order to predict material behaviour 
several modelling approaches have been used including the 
early analytical model of Merchant [1] to the application of 
Finite Element (FE) methods to simulate continuous and 
segmented chip formations [2]. The FE modelling 
methodologies applied in the field of machining have mostly 

been dominated by the classical Lagrangian [3, 4], Eulerian [5, 
6] and Arbitrary Lagrangian-Eulerian [7, 8] method that are 
already embedded in available commercial FE packages. The 
main disadvantage of using these methods relates to the 
excessive distortion of elements and assumptions required for 
the chip separation (Lagrangian method), the pre-formed chip 
geometry (Eulerian and Eulerian ALE methods). Additionally,
the Eulerian method can only be used for the steady state chip 
formation and the results could only be valid for the 
deformation zones at the chip section. Although the ALE 
method takes the advantage of the both techniques, it still 
requires some assumptions about the initial chip geometry and 
cannot accurately model the chip morphology [9]. The Coupled 
Eulerian-Lagrangian (CEL) modelling methodology was 
developed to overcome the disadvantages of ALE. Although 
the CEL formulation was initially developed for fluid-structure 
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interactions [10, 11], it has also been used to model large 
deformations processes where the material deformation can be 
estimated as continuous flow [12, 13].

Chip formation mechanics is usually predicted by modelling 
of material deformation during orthogonal cutting. This is more 
critical when neither the chip formation is continuous, nor the 
deformation mechanics can be resembled to a continuous flow. 
Several damage criteria have been implemented with the 
Lagrangian formulation to model segmented chips formation 
including the work by Marusich and Oritz [3] who used Rice 
and Tracy [14], as a ductile criterion, and a brittle fracture 
model to predict chip segmentation. Hashemi [15]
implemented effective plastic strain criterion to predict shear 
failure in the chip segments. Other ductile fracture models such
as Cockroft-Latham [16], Cockroft-McClintock [17] and 
Johnson-Cook [18] have also been implemented into FE 
models of chip formation problems. In addition to the 
aforementioned damage models, Bao and Wierzbicki [19]
introduced an empirical fracture locus that determines the onset 
of material failure according to stress triaxiality and magnitude 
of plastic strain. A comparison between this empirical model 
and other analytical damage models [19, 20] has shown that the 
Bao-Wierzbicki (B-W) empirical model can predict material 
fracture at different loading conditions while the others work 
only for a specific deformation mechanism. 

Although the CEL method has already been adopted for 
modelling of chip formation in orthogonal cutting [21-24], 
there has been limited attempt to incorporate a physically based 
damage model with the simulation of orthogonal cutting 
process. Therefore, this paper aims to incorporate a ductile 
damage model in simulation of chip formation for an 
orthogonal cutting process in order to better predict the physics 
of material deformation at the cutting zones and at the 
machined surface. 

2. Experimental work

Orthogonal tube cutting trials were planned and performed 
using a Cincinnati Hawk HTC 250 CNC turning center to 
conduct the experiments. The cutting speeds, vc, of 30, 60 and 
120 m/min were selected to replicate the industrial range of 
cutting parameters. The tube was initially machined to ensure 
the wall thickness of 4 mm is achieved along the cut length. 
Cutting forces were measured using a Kistler force 
dynamometer. A standard TCGT16T308F-Al KX cutting insert 
together with a modified tool holder STGCL2020K16 
manufactured by SECO tools was selected to fit into the 
dynamometer to ensure the orthogonal requirements. A fresh 
cutting edge was implemented for each cut in order to remove 
uncertainties associated with the tool wear. All the data 
associated to the cutting conditions and the tool geometry are 
provided in Table 1.

3. Finite element model

The numerical model uses the finite element method to 
simulate the 2D orthogonal cutting operation with a plane strain 
assumption. The Coupled Eulerian-Lagrangian (CEL) 
formulation is adopted. This modelling method, introduced in

Ducobu et al. [24] in a cutting context, offers the main 
advantage to combine the Eulerian and the Lagrangian 
formulations. This allows to model the cutting process in an 
unsteady state without deforming the elements of the mesh, 
which is usually a strong problem due to the large strains 
encountered.

The initial geometry of the model is presented in Fig. 1. The 
workpiece is a rectangular block and the tool moves into it 
horizontally. The space above the workpiece, in which the chip 
will form and is initially filled with void, needs to be meshed. 
This increases the number of elements composing the mesh. In 
order to reduce it, the height of the model is smaller when the 
uncut chip thickness, h, is smaller. According to Ducobu et al.
[21] ,the elements shape should be a square and their size close 
to 5 µm in order to avoid influencing the chip formation and 
cutting forces. Square elements of 5 µm long are therefore used 
to mesh the workpiece and the space above it (the Eulerian 
domain). The model is composed of 40,744 nodes for h = 0.1 
mm and of 48,780 nodes for h = 0.2 mm.

Fig. 1. Initial geometry of the model for an uncut chip thickness, h, of 0.1 
mm; the zone corresponding to the workpiece is in black.

The tool is modelled as an elastic body made of tungsten 
carbide while the AA2024-T3 workpiece is a thermo-elasto-
visco-plastic body with damage properties. The material 
constitutive model is the well-known Johnson-Cook (JC)
model [25] with A, B, C, m and n the material parameters, 𝜀𝜀0̇
the reference strain rate, and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 the melting and 
the room temperatures, respectively:

𝜎𝜎 = [𝐴𝐴 + 𝐵𝐵𝜀𝜀𝑛𝑛] [1 + 𝐶𝐶 𝑙𝑙𝑙𝑙 𝜀̇𝜀
𝜀̇𝜀0
] [1 − ( 𝑇𝑇−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
)
𝑚𝑚
] (1)

Table 1 presents the parameters values adopted in this study.

Damage properties are included in the description of 
AA2024-T3 behaviour. In this model, it is important to stress 
that material failure is not used as a chip separation criterion, 
as in [9, 18, 26] for example, because it is not needed thanks to 
the Eulerian formulation (chip separation occurs therefore 
thanks to material flow around the tool tip). Material damage 
and failure are taken into account to accurately model the 
material behaviour in two stages: the onset of damage (or 
damage initiation criterion) and the propagation of damage 
leading to failure (or damage propagation and failure criterion).

The strain value at the onset of damage, εf, is calibrated by 
Bao-Wierzbicki [27] model [28]:

𝜀𝜀𝑓𝑓 = 0.176 × (𝜂𝜂 + 0.3)−0.204 − 1
3 < 𝜂𝜂 < 0
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𝜀𝜀𝑓𝑓 = 0.21 × (0.6 − 𝜂𝜂)−0.6

−0.55 × 𝜂𝜂2 − 0.062
0 < 𝜂𝜂 < 0.48 (2)

𝜀𝜀𝑓𝑓 = 0.22 × 𝜂𝜂−0.7 + 0.2 0.48 < 𝜂𝜂 < 1.5

with η: the stress triaxiality.

Table 1. Materials physical and mechanical properties, cutting conditions and 
tool geometry [18, 20, 28, 29].

JC constitutive model A (MPa) 350

B (MPa) 675

C 0.0085

m 1

n 0.57

𝜀𝜀0̇ (s-1) 0.0013

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (K) 293

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (K) 798

Stress intensity factor, mode I KIC (MPa m1/2) 37

Young’s modulus, E (GPa) AA2024-T3 73

Carbide 800

Poisson’s ratio, ν AA2024-T3 0.33

Carbide 0.2

Density, ρ (kg/m³) AA2024-T3 2,700

Carbide 15,000

Conductivity, k (W/mK) AA2024-T3 120

Carbide 46

Specific heat, cp (J/kgK) AA2024-T3 875

Carbide 203

Friction coefficient 0.2

Limiting shear stress (MPa) 20

Friction energy to heat (%) 100

Heat partition to workpiece (%) 50

Inelastic heat fraction 0.9

Cutting speed, vc (m/min) 30; 60; 120

Uncut chip thickness, h (mm) 0.1; 0.2

Rake angle, γ (°) 23

Clearance angle, α (°) 7

Cutting edge radius, r (µm) 10

Once damage is initiated in the material, it will propagate
which induces a softening of the material. The propagation of 
damage is implemented in the same way as in a Lagrangian 
model using this 2 steps approach, introduced by Mabrouki et 
al. [18]. It consists in a linear softening of the material to reach 
failure at the equivalent plastic displacement value, uf,pl, 
estimated from the fracture energy, Gf, and the yield stress, σy:

𝑢𝑢𝑓𝑓,𝑝𝑝𝑝𝑝 = 2𝐺𝐺𝑓𝑓
𝜎𝜎𝑦𝑦

(3)

The fracture energy is computed thanks to the stress intensity 
factor in mode I, KIC:

𝐺𝐺𝑓𝑓 = (1−𝜈𝜈2

𝐸𝐸 ) × 𝐾𝐾𝐼𝐼𝐼𝐼
2 (4)

The failure criterion does not depend on the cutting 
parameters. It is assumed that it has a single value, like the 
fracture energy. The damage initiation criterion depends on the
cutting conditions as they will influence the stress triaxiality.

This material behaviour description has not been adopted 
previously in the simulation of the cutting process, no matter 
the formulation (Lagrangian, Eulerian or one of their 
combinations).

Few data are available in the literature on friction for the 
couple of materials considered. In accordance with the work of
Subbiah and Melkote [29], friction between the tool and the 
workpiece is modelled with an extended Coulomb friction 
model. Under a limiting shear stress value of 20 MPa, sliding 
occurs and the shear stress is related to the normal contact 
pressure by a friction coefficient of 0.2. Above the limiting 
shear stress value, the shear stress is equal to this limiting shear 
stress value and sticking occurs. As usual in finite element 
modelling of orthogonal cutting, all the friction energy is 
assumed to be converted into heat and this heat is equally 
allocated to the tool and the workpiece. In addition, the 
efficiency of the conversion of plastic dissipation energy to 
heat is 90%.

All the parameters used in this study come from experiments 
or from the literature. They will not be modified (“tuned”) to 
improve the results. This is performed with the objective to 
develop a predictive model from available inputs without any 
artificial tuning that would lead to increasing the model 
performance but only for the limited (set of) cutting 
condition(s) considered.

4. Results

Figure 2, below, shows the measured cutting and feed forces
at the selected depth of cuts and cutting speeds where the forces 
are reduced by an increase in the cutting speed and a reduction 
of the initial depth of cut. All the obtained chips were 
continuous.

Fig. 2: Experimental cutting (Fc) and feed (Ff) forces for the 3 cutting speeds 
and the 2 depths of cut (DoC); the width of cut is 4 mm.
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Fig. 3. Numerical chips, temperature contours (in K), at a length of cut of 0.45 mm for h = 0.1 mm and (a) vc = 120 m/min, (b) vc = 60 m/min, (c) vc = 30 m/min, 
at a length of cut of 0.9 mm for h = 0.2 mm and (d) vc = 120 m/min, (e) vc = 60 m/min, (f) vc = 30 m/min.

The numerical chips from the 6 models are provided in 
Fig. 3. All the chips are continuous as it was expected from 
the experiments.

The high temperature area is in the secondary shear zone 
as expected, demonstrating that the chip formation 
phenomena are qualitatively well captured by the model.

In addition, temperature at the tool – chip interface 
increases with the cutting speed. This is as well an effect that 
was expected. It contributes to show that the physics of the 
chip formation is numerically sound. Figure 4 shows the 
damage variable for a set of cutting conditions; the results are 
similar for the other cutting conditions. High damage values 
are only found on the machined surface and on the newly 
created surface of the chip. This is in accordance with the 
production of a continuous chip and the stress and strain state 
of the material in the chip is constant through its length (once 
regime is reached after the tool entrance in the workpiece).

Fig. 4. Damage variable contours (a value of 1 means a failed material) for 
vc = 120 m/min and h = 0.1 mm at a length of cut of 0.45 mm.

Table 2 compares the numerical chips thicknesses and 
primary shear angles with the experimental values. The 
numerical chips are thicker than the experimental ones, with 
a difference of 22% in average for h = 0.1 mm and of 40% in 
average for h = 0.2 mm. Experimentally as well as 
numerically, the cutting speed does not influence much the 
chip thickness. A slight increase in the shear angle value with 
the uncut chip thickness is experimentally observed. This 

increase is not observed numerically but the shear angle 
value slightly increases with the cutting speed for both values 
of the uncut chip thickness.

Table 2. Summary of the results for the chip morphology (h’: chip thickness, 
φ: primary shear angle and Δx: difference with the experimental values).

Case h’ (mm) Δh’ (%) φ (°) Δφ (%)

h = 0.1 mm

30 m/min, 
Exp.

0.13 – 45 –

30 m/min, 
CEL

0.16 27 36 20

60 m/min, 
Exp.

0.13 – 45 –

60 m/min, 
CEL

0.16 24 37 18

120 m/min, 
Exp.

0.13 – 45 –

120 m/min, 
CEL

0.15 17 39 14

h = 0.2 mm

30 m/min, 
Exp.

0.23 – 50 –

30 m/min, 
CEL

0.34 46 36 30

60 m/min, 
Exp.

0.23 – 50 –

60 m/min, 
CEL

0.33 42 37 28

120 m/min, 
Exp.

0.23 – 50 –

120 m/min, 
CEL

0.31 33 39 22

The cutting forces and the feed forces temporal evolutions 
are constant in regime, both in the experimental reference 
and in the modelling for all the cutting conditions. The RMS 
(Root Mean Square) values are given in Table 3. For the 6 
cutting conditions, both cutting and feed forces are 
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underestimated by the model. As usually noticed in finite 
element modelling of the cutting process, the cutting force is 
better estimated than the feed force [30, 31].

In accordance with the experimental results, the forces 
increase with the uncut chip thickness and the reduction of 
the cutting speed. The numerical model correctly captures
the experimental trends when the uncut chip thickness and 
the cutting speed are changed: doubling the cutting speed
leads to a small change in the cutting force, while doubling
the uncut chip thickness nearly doubles the cutting force. The 
predictive goal of the model, its main objective when 
developed is therefore reached. For the cutting force, the 
difference is in the range of 21% with an increasing tendency 
with the cutting speed and when the uncut chip thickness 
decreases. The tendencies are the same for the feed force but, 
this time, the difference is not in the same range when the 
uncut chip thickness varies: it is of 62% in average for h = 
0.1 mm and of 38% in average for h = 0.2 mm. The closest 
numerical forces results are therefore obtained at the lowest 
cutting speed value and the largest uncut chip thickness 
value, vc = 30 m/min and h = 0.2 mm.

Table 3. Summary of the results for the forces (Fc: cutting force, Ff: feed 
force and Δx: difference with the experimental values).

Case Fc
(N/mm)

ΔFc (%) Ff
(N/mm)

ΔFf (%)

h = 0.1 mm

30 m/min, 
Exp.

94 – 49 –

30 m/min, 
CEL

74 21 20 60

60 m/min, 
Exp.

90 – 47 –

60 m/min, 
CEL

70 21 18 63

120 m/min, 
Exp.

86 – 41 –

120 m/min, 
CEL

66 23 15 63

h = 0.2 mm

30 m/min, 
Exp.

171 – 72 –

30 m/min, 
CEL

141 17 46 36

60 m/min, 
Exp.

168 – 69 –

60 m/min, 
CEL

134 20 43 38

120 m/min, 
Exp.

163 – 66 –

120 m/min, 
CEL

126 22 39 42

The cutting process is therefore qualitatively correctly 
modelled and the variations with the cutting conditions are 
well captured; the influence of the uncut chip thickness is 
significant, while the influence of the cutting speed on the 
cutting forces is small.

5. Conclusions and future works

A 2D plane strain orthogonal cutting CEL model with 
Johnson-Cook material behaviour and Bao-Wierzbicki 
model to describe the behaviour of the machined material, 
AA2024-T3, has been introduced. The adopted parameters 
directly came from the experiments or from the literature.
The model predicted qualitatively well the experimental 
results. The quantitative comparison showed differences 
with the experimental reference of 20% in average for the 
cutting force and in average of 40-60% for the feed force. It 
is of 31% in average for the chip thickness. Better results 
should be achieved with a tuning of the material parameters. 
Such a tuning is however not the point of this study as we 
aim at directly applying known parameters to the numerical 
CEL model in order to develop a predictive model instead of 
a model dedicated to the reproduction of a determined set of 
cutting conditions. Improvement of the friction modelling
and influence of the hourglass control method are other ways 
to reduce the difference between experimental and numerical 
results that should be explored in the future.

The combination of the damage model and the failure 
criterion adopted has not been used so far for the modelling 
of orthogonal cutting, furthermore with the CEL
formulation. This study showed that it is able to give reliable 
results when a predictive model is searched for.

Future works include the comparison of the current results 
with a more “conventional” formulation, such as the 
Lagrangian formulation, and the extension of the study to a 
broader range of cutting conditions including the formation 
of chips that are not continuous (segmented for example).
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