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Abstract. A 3D finite element modeling of the orthogonal turning process was 
curried out in the current study. It aims to carefully investigate the mechanisms 
controlling the chip segmentation and the crack propagation direction in the case of 
the Ti6Al4V machining. Coupled temperature-displacement numerical simulations 
were performed in the software Abaqus®/Explicit, under different cutting 
conditions. The instantaneous distribution of numerical temperatures and damage, 
along the width of cut, was investigated. High plastic strains, temperatures and 
pronounced damage were predicted in the median plane of the workpiece, mainly 
in the shear bands at the tool tip vicinity. Whereas, a reduction of their values was 
noted while moving toward the chip sides and its upper surface. The 3D numerical 
simulations pointed out that the orthogonal machining resulted in an increase of the 
chip width, in addition to the material flow along the X and Y directions. The 
quantitative analysis of the side burr formation highlighted its sensitivity to the 
cutting conditions. The definition of high feed rates resulted in pronounced material 
flow in the workpiece edges, thus the modeling of wider chip. The present study 
concluded that the chip segmentation is a 3D mechanism. In addition, it pointed out 
the limitations of the 2D numerical simulations, as well as the inadequacy of the 
plain strain hypothesis, even in the case of the modeling the orthogonal machining. 

Keywords: machining; Abaqus; Ti6Al4V titanium alloy; numerical analysis; chip; 
side burr 



1 Introduction  

The machining process of materials with poor machinability, like the titanium 
alloys (Veiga et al. 2013), is still problematic for both industrials and researchers. 
Significant material deformation is encountered under high strain rates and induces 
the temperature rise in the cutting zones. Due to the low conductivity and the 
pronounced chemical affinity of machined material with the cutting tools, a 
concentrated and important heating was generated in the cutting zones. It influenced 
on the tool life and it accelerated its wear (Arrazola et al. 2009). Despite the use of 
equipment with high precision, the experimental investigation of several 
instantaneous and local physical phenomena, taking place in very thin cutting zones, 
is still very expensive and not precise enough (Daoud et al. 2015). Furthermore, the 
significant thermomechanical coupling heavily limited the efficiency of 
experimental tests. Therefore, the definition of numerical approaches, in addition to 
the experimental analysis, has been required to provide valuable information, thus 
to deal with the severe loading conditions following the machining of difficult to-
cut materials (Ali et al. 2014). These approaches has enabled the investigation of 
transient phenomena and pronounced nonlinearity involved during the chip 
formation. Furthermore, the valuable advances in the numerical simulations, giving 
rise to several modeling techniques (finite element (FE) method, discrete element 
method, smoothed particle hydrodynamics, material point method), have 
encouraged their use. Literature review highlighted the wide spread adoption of the 
finite element method, based on the special discretization of the model geometry. 
The availability of powerful FE commercial codes (Abaqus®, Deform®, 
AdvantEdge®, Forge®, etc.) explains its common use in the last decades. 

Several investigations of the literature (Nouari and Makich 2014; Yaich 2017; 
Zang et al. 2017) have highlighted the formation of serrated chip, when machining 
the Ti6Al4V alloy, even when low cutting conditions have been defined. In fact, an 
enhanced understanding of the several phenomena following the chip segmentation 
has been required to increase the material machinability. The experimental 
observations of Pottier et al (Pottier et al. 2014) have been focused on the chip 
formation process. This latter has been divided into three main sub-processes: 
compression, localization/propagation and sliding. Despite the adoption of 
advanced experimental devices (high frame rate camera and optical microscopy) 
and carrying out in-situ and post-mortem observations, the accurate determination 
of the direction of the deformation/crack propagation within the chip has been not 
allowed. The authors have required the definition of numerical analysis for valuable 
information. 

Indeed, the current paper focuses on investigating the phenomena controlling the 
chip serration. A set of 3D finite element simulations was set up in the software 
Abaqus®/Explicit to model the orthogonal machining of the Ti6Al4V alloy under 
several cutting conditions. The distribution of temperatures, plastic strains and 
damage was investigated. The numerical results corresponding to two different 



planes of the workpiece, the medium and the side edge planes, were used to 
determine the sub-processes of the chip segmentation. The sensitivity of the chip 
width to the cutting conditions was also studied.  

2 Numerical model 

A 3D numerical model was set up to simulate the Ti6Al4V orthogonal 
machining. The Lagrangian formulation integrated in the FE software 
Abaqus®/Explicit was defined. A fully coupled temperature-displacement analysis 
was performed. The model geometry was discretized with the 8-node 3D thermally 
coupled continuum elements (C3D8RT) with reducer integration. The geometry of 
the tungsten carbide cutting tool and its physical properties were grouped in Table 
1 and Table 2, respectively. To reduce the mesh distortion mainly encountered in 
the cutting zones because of the severe contact conditions induced in the chip-tool-
workpiece interfaces, the workpiece was divided in three tied parts (see Fig. 1): the 
uncut chip part (P1), the tool passage part (P2) and the workpiece support (P3). 

Table 1. Cutting conditions and tool geometry  

Cutting conditions 

Cutting speed Vc (m/min) 45_75 

Uncut chip thickness f (µm) 0.15_0.3 

Width of cut ap (mm) 3 

Tool geometry 

Rake angle γ (°) 6 

Clearance angle α (°) 7 

Edge inclination angle λs (°) 0 

Edge entering angle κr (°) 90 

Cutting edge radius rb (µm) 20 

To predict the nonlinear ductile behavior of the Ti6Al4V alloy, the Johnson-
Cook (JC) constitutive models (Johnson and Cook 1983, 1985) were defined to the 
workpiece. These criteria were commonly used the fact that they take into account 
the effects of the strain hardening, the viscosity, the temperature distribution and 
the damage initiation on the machined material (see Eq.(1-3)). The damage 
evolution laws (Eq.(4-5)) were used to predict the progressive degradation of 
elements mesh, which is induced in the strain localization zones, , while minimizing 
the dependency of the FE solution on the mesh. We note that a rigid cutting tool 
was considered for all numerical simulations. The Coulomb-Tresca friction 
criterion (see Eq.(6)) was used to model the mechanical contact conditions taking 
place between the cutting tool and the workpiece. Only the effects of the friction 



and the plastic deformation of the workpiece material on the heat generation, thus 
on the temperature rise, were considered in the current study.  

Table 2. Physical properties of the cutting tool and the workpiece (Ducobu et al. 2016) 

Physical parameters Tool Workpiece 

Density ρ (kg/m3) 15 000  4 430  

Specific heat Cp (J/kg/K) 203 580 

Thermal conductivity λ (W/m/K) 46 7.3 
Thermal expansion αp (µm.m/K) 4.7×10-6 8.6×10-6 

Elastic modulus, E (GPa) − 113.8 

Poisson’s ratio, ν − 0.342 

Inelastic heat friction, ηp − 0.9 

Room temperature, Troom (K) 293 293 

Melt temperature, Tmelt (K) − 1943 
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Fig. 1 Model geometry and boundary conditions  
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where, A, B, n, C and m are the JC plasticity coefficients. Their corresponding values 
are grouped in Table 3. Troom and Tmelt are the reference and the room temperatures 
respectively. 0ε is the reference strain rate. 
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where, pε∆ is the accumulated plastic strain. 0iε is the plastic strain at the damage 
initiation and it computed as follow: 
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where, D1~5 are the JC damage coefficients and they are given by Table 3. σh and 
σVM are the hydrostatic and the Von Mises stresses, respectively.  

Table 3. JC constitutive coefficients (Nemat-Nasser et al. 2001; Zhang et al. 2011) 

JC plasticity coefficients 

A (MPa) B (MPa) n C m 

1119 838,6 0,473 0,019 0,643 

JC damage coefficients 

D1 D2 D3 D4 D5 

-0.09 0.25 -0.5 0.014 3.87 
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where, ( )ev LinearD  and ( )ev exponentialD  are the damage variables for linear and 

exponential failure evolutions, respectively. fu is the plastic displacement at failure, 

fG  is the fracture energy and σ  is the flow stress at the damage initiation.  
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where, f
τ , µ , 

n
σ , 

Tresca
m  and k  are the shear stress, the Coulomb’s coefficient, the 

normal friction stress, the Tresca factor and the yield stress, respectively. 

3 Results and discussion 

Fig. 2 illustrates the chip morphology predicted for a cutting speed and a feed 
rate of 45 m/min and 0.3 mm/rev. A material flow along all directions was obtained 
when the cutting tool penetrated in the workpiece. For both modeled sections
( ) Z = 0 mm or Z = 0.25 mm           ± , high equivalent plastic strains were predicted in the 



shear bands, mainly close to the inner chip surface that was in contact with the tool 
rake face. In addition, a slight mismatch between the chip morphology predicted in 
the two sections was highlighted. Less serrated chip was modeled in the workpiece 
sides ( )0.25Z mm= ± , where the removed material was also deformed along the width 
of cut direction and it the side burrs formation.  
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Fig. 2 Chip morphology and equivalent plastic strain distribution in different sections: (a) 

3D chip, (b) chip sides, (c) median plane and (d) XZ plane  
(Vc = 45 m/min and f = 0.3 mm/rev) 

To explain these preliminary ascertainments, a detailed analysis of mechanisms 
controlling the chip segments formation was performed. The instantaneous 
evolution of temperatures was investigated. Fig. 3 shows a temperature rise in the 
chip, mainly in its inner surface in contact with the tool edge radius, where a heat 
concentration in the median plane ( ) Z = 0 mm      was underlined. The temperatures 
furthest from this zone were the lowest. With the progressive cutting tool 
penetration in the workpiece, the computed temperatures evolved along the shear 
band to reach the upper surface of the chip and its sides. The non-uniform 
temperature distribution along the shear plane and the Z-direction was mainly due 
to the contact friction conditions.  

For important cutting time, the computed temperature was accentuated and it 
reached 1000 K (see Fig. 4 (c-d)). Moreover, a significant heat propagation toward 
the upper chip surface was noted. A thermally extended affected zone (TAZ) was 
predicted, which thickness increased with the definition of the highest feed rates.  

In addition, the material flow along the workpiece sides was heavily influenced 
by the feed rate. Fig. 5 illustrates a significant increase of the average width of the  



side burr for f = 0.3 mm/rev, under both investigated cutting speeds. It was about 
40% the modeled feed rate.  
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Fig. 3 Instantaneous temperature distribution in the chip for different observation planes 

(Vc = 45 m/min and f = 0.3 mm/rev) 
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Fig. 4 Effect of the cutting conditions on the temperature distribution: (a) Vc = 45 m/min 

and f = 0.15 mm/rev, (b) Vc = 75 m/min and f = 0.15 mm/rev, (c) Vc = 45 m/min and  
f = 0.3 mm/rev and (d) Vc = 75 m/min and f = 0.3 mm/rev 
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Fig. 5 Effect of the cutting conditions on the side burr  

The instantaneous and local distribution of the damage variable (SDEG) in the 
chip was studied to better understand the chip segmentation process. Numerical chip 
illustrated by Fig. 6 underlined that, for both investigated planes, the segments 
formation was controlled by three main sub-processes: 
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Fig. 6 Instantaneous damage distribution in the chip as a function of the observation plane 

(Vc = 45 m/min and f = 0.3 mm/rev) 

- Compression: The machined material was initially compressed without being 
damaged. An increase of the damage variable was noted in the tool tip vicinity, 
while almost undamaged material was modeled away from this contact 
interface.  

- Localization and propagation: More accentuated and propagated sticking 
contact was involved in the tool-chip interface, following the progressive 
penetration of the cutting tool in the workpiece. This explains the important and 
local heating of the bottom chip surface, which was in contact with the rake tool 
face, illustrated by Fig. 3. These pronounced thermomechanical conditions 



resulted in the damage rise. The most important and concentrated SDEG were 
reached in the median plane, notably in the primary shear band just around the 
tool tip. Therefore, more pronounced sliding of the chip along the shear plane 
was obtained, giving rise to slight distinction in the segment geometry from one 
modeled plane to another. 

- Ejection: The chip slid upwards on the tool rake face, until the total formation 
of the first chip segment. Thereby, a second segment began to form. 

The comparison of numerical results illustrated in Fig. 6 (a) and (e) highlighted 
that, for the same cutting time (tc = 0.3 ms), the chip formation was initiated in the 
median plane, which was not the case at the chip sides. Similar delay was noted for 
the other cutting times. This result confirmed the hypothesis of damage propagation 
from the median plane to the chip sides, which was made by Pottier et al (Pottier et 
al. 2014). 

4 Conclusion 

The 3D modeling of the Ti6Al4V orthogonal machining allowed to better 
understand the multi-physical mechanisms controlling the chip formation. A 
noticeable mismatch between the distribution and the levels of numerical plastic 
strains, temperatures and damage variables, which were computed in the workpiece 
median plane and its sides, was pointed out. A pronounced thermal softening was 
modeled in the median plane; and it resulted in more concentrated and important 
damage in narrow shear bands, just around the tool edge. These numerical results 
demonstrated the crack propagation from the median plane to the workpiece sides, 
hence the efficiency of the 3D FE modeling. They underlined the inability of the 
2D FE modeling to predict the chip formation mechanisms, even in the case of 
orthogonal machining. 

In this study, an increase of the chip width, due to the material flow along the 
width of cut direction was highlighted. . The modeling of several cutting conditions 
underlined the sensitivity of side burrs to the feed rate. They became more 
pronounced, giving rise to additional thermomechanical loads applied to the cutting 
tool. Although the low intensity of this kind of material flow compared to that 
obtained in thickness, the consideration of its effect on the machining was required. 
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