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Optimization of numerical parameters in machining 
of Ti alloy

X. Soldania and H�ector L�opez-Galvezb 

aDepartment of Mechanical Engineering - ICAI, Universidad Pontificia Comillas, Madrid, Spain; 
bGrupo JPG, Madrid, Spain 

ABSTRACT 
Numerical models applied to the machining of titanium alloys 
are essential tools in the aerospace industry, as they help 
reduce the need for extensive and costly experimental trials 
while enabling precise analysis of complex machining phe
nomena. This work focuses on the optimization of numerical 
parameters in a finite element model of high-speed orthog
onal cutting applied to Ti6Al4V, using the Abaqus software. 
Particular attention is given to the influence and calibration of 
numerical parameters (such as mesh size and mass scaling fac
tor), along with tribological (friction at the tool/chip interface) 
and material-related parameters (fracture energy of the work
piece material), over a wide range of cutting speeds. The 
objective is to enhance the reliability and accuracy of the 
model in predicting key machining outputs such as cutting 
forces, chip morphology and temperature distribution, includ
ing the peak temperatures generated during the process. By 
optimizing the numerical and material parameters, we 
achieved a relative error on cutting forces below 11% across 
all cases when comparing our model predictions to the full 
set of experimental data from the literature presented here.
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Introduction

Ti6Al4V is a highly sought-after material in the automotive, aeronautical 
and medical industries due to its combination of excellent mechanical 
properties, biocompatibility, corrosion resistance and low thermal conduct
ivity (Sun et al., 2009; Li et al., 2019). However, its low machinability 
makes machining Ti alloys a challenge, as it requires high cutting forces 
and results in severe tool wear (Yang et al., 2022).

Cutting tool wear is an important consideration in the machining of 
Ti6Al4V, as it can significantly affect the quality, efficiency and cost of the 
process. Wear is the gradual loss of material from the cutting tool’s surface 
due to repeated contact with the workpiece. In machining, wear 
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mechanisms are primarily caused by the combination of high temperatures 
and mechanical stresses generated at the cutting edge (Komanduri and von 
Turkovich, 1981; Ram�ırez et al., 2017).

To address these challenges, the optimization of cutting parameters and 
the selection of appropriate tool geometry and material are crucial elements 
in the machining process.

Over the past decades, a significant body of research has been conducted 
on machining Ti6Al4V, both through experimental and numerical works. 
These studies have contributed to a deeper understanding of the prediction 
of tool wear (Ram�ırez et al., 2017; Yang et al., 2022), the mechanisms of 
chip formation (Hoffmeister et al., 1999; Gente et al., 2001), the determin
ation of cutting forces (Molinari et al., 2002; Li et al., 2019), the calculation 
of residual stresses in the workpiece (Niesłony et al., 2014; Shi et al., 2022), 
or the temperature distribution (Chen et al., 2011; Garcia-Gonzalez et al., 
2016).

One of the earliest experimental tests on machining of Ti6Al4V was car
ried out by Komanduri and von Turkovich (1981) in 1981 at cutting speeds 
below 5 m/s to investigate the impact of cutting conditions on shear band 
formation. In 1999 and 2001, Hoffmeister et al. (1999) and Gente et al. 
(2001) investigated the chip formation in orthogonal cutting in a large 
range of cutting speeds (from 5 m/s to 100 m/s) and concluded that chip 
segmentation is not caused by catastrophic adiabatic shear but by crack 
propagation. In 2002, Molinari et al. (2002) presented experimental work 
on orthogonal cutting applied to titanium alloy, observing that cutting vel
ocity strongly affects strain localization and the adiabatic shear banding 
may induce phase transformation. They also found that the frequency of 
segmentation and the width of the shear band are directly proportional to 
the cutting speed and feed rate. This finding was also supported by the 
image analysis of machining tests performed by Cotterell and Byrne (2008) 
in 2008, as well as the study conducted by Sun et al. (2009) in 2009, which 
concluded that the frequency of shear banding is directly proportional to 
the cutting speed and inversely proportional to the feed rate. In 2014, 
Ducobu et al. (2014) showed experimentally and numerically that the saw- 
toothed chip is due to the combination of adiabatic shear banding in the 
primary shear zone and the propagation of a crack into it. In 2019, Li et al. 
(2019) studied experimentally the effect of nanofluids as lubrication on the 
cutting forces and chip morphology; they showed how the percentage of 
nanofluids can reduce the energy necessary. In 2022, Yang et al. (2022) per
formed an orthogonal cutting experience with an LPEB-irradiated tool, 
analyzing tool flank wear through chip morphology, contact length meas
urement and output friction coefficient. In 2022, Outeiro et al. (2022) car
ried out experimental cutting tests using coated and uncoated WC tools to 
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measure cutting forces and study chip morphology; they coupled their 
experimental work with machine learning methods to predict the residual 
stresses for other cutting conditions.

B€aker (2005), B€aker et al. (2002) and B€aker et al. (2003) conducted 
numerical studies on orthogonal cutting and showed that the mechanical 
and thermal behavior of the material plays a significant role in the forma
tion and propagation of shear bands. Specifically, numerical studies 
revealed that materials with higher hardening tend to undergo segmenta
tion only at very high cutting speeds, whereas stronger thermal softening 
promotes the formation of shear bands at lower cutting velocities. 
Furthermore, the authors investigated the impact of thermal conductivity 
on the segmentation phenomenon and found that higher thermal con
ductivity is associated with lower segmentation intensity. Umbrello (2008) 
investigated the impact of rheological parameters on cutting forces and 
chip morphology. In 2008, Calamaz et al. (2008) developed and applied 
an original material constitutive law for Ti alloy within finite element 
software and looked at the effect of mechanical properties such as strain 
hardening, strain rate sensitivity and thermal softening on chip segmenta
tion. In 2010, Karpat (2010) developed a modified material model for Ti- 
6Al-4V that accounts for the interactions between strain, strain rate and 
temperature. The model captures the material’s flow softening behavior at 
high strains, and a parametric analysis is performed to evaluate the influ
ence of model parameters on the finite element simulation result. In 
2010, Sima and €Ozel (2010) showed that flow-softening increases the 
intensity of chip serration and segmentation. In 2011, through their 
numerical work, Chen et al. (2011) predicted the distribution of strain, 
stress and temperature in the chip during the machining of Ti6Al4V, 
revealing that thermal softening becomes the dominant factor in the pres
ence of strain hardening along the shear band, while between two shear 
bands, strain hardening prevails over thermal softening. Migu�elez et al. 
(2013) and Molinari et al. (2013) studied the initiation and propagation 
of shear bands in titanium machining. The authors focused on the effects 
of material parameters, friction coefficient and cutting conditions. In 
2015, Jagadesh and Samuel (2015) proposed a finite element model, using 
various shear friction factors, that is developed and calibrated using 
experimental data to rigorously validate and support the interpretations 
derived from the mechanistic model. They showed that the strain rate 
increases with higher cutting speeds, while it decreases with increasing 
feed rate due to the wider spacing of adiabatic shear bands. The influence 
of both constitutive law and the separation criterion on cutting forces 
and chip morphology was also investigated by Ducobu et al. (2016) in 
2016. The study showed that the cutting forces are mainly affected by the 
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constitutive law, while the chip morphology is primarily controlled by the 
chip separation criterion. In 2017, Soldani et al. (2017) studied the influ
ence of fracture energy on numerical outputs in machining; they showed 
that fracture energy has a significant impact on predictions of cutting 
forces and chip morphology. In 2019, Soldani and L�opez-G�alvez (2019) 
proposed an original model of orthogonal cutting using cohesive elements 
to separate the chip from the machined workpiece to avoid the use of a 
sacrificial layer. In 2022, Lois-Dorothy et al. (2022), the authors carried 
out numerical work in Abaqus to study the influence of fracture strain 
and inelastic heat friction on shear band initiation and propagation. In 
2024, Zhang et al. (2024) employed a hybrid SPH-FEM model to investi
gate the role of friction, with particular emphasis on its effect at the tool- 
chip interface exit zone on chip formation. The work provides a detailed 
analysis of the evolution of key physical parameters, namely normal con
tact pressure, sliding velocity and temperature-dependent friction, based 
on friction models available in literature. In 2024, Mustafa et al. (2024) 
studied, through a numerical model developed with Abaqus/Explicit, the 
effects of preheating temperature on the cutting force, cutting zone tem
peratures and chip morphology. In 2025, Hu et al. (2025) investigated the 
machining-induced plastic strain on the workpiece surface using a com
bined experimental and numerical methodology. In their work, a com
plete simulation sequence—including cutting, unloading and cooling 
phases—was developed by coupling Abaqus Explicit and Implicit solvers, 
enabling a more accurate prediction of the residual plastic deformation 
generated by the machining process. In 2025, Sahu and Jha (2025) pre
sented a finite element model based on a moving Gaussian heat source to 
simulate laser micromilling of Ti6Al4V, incorporating phase change phe
nomena and validated by experimental measurements of microgroove 
geometry.

The article is focused on the optimization of a numerical model of 
orthogonal cutting applied to Ti6Al4V. The novelty and main contributions 
of this study can be summarized as follows:

� A comprehensive determination and calibration of all key input param
eters for high-speed orthogonal cutting of Ti6Al4V, including:
° Numerical parameters: mesh size and mass scaling factor.
° Tribological parameters: tool–chip friction coefficient.
° Material parameters: fracture energy of Ti6Al4V over a wide range 

of cutting speeds.
� Development of a validated finite element model using Abaqus that 

accurately predicts cutting forces, chip morphology and temperature 
distribution in high-speed machining conditions.
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� Achievement of a relative error below 11% when comparing numerical 
predictions to experimental data from the literature, demonstrating the 
robustness and reliability of the proposed modeling approach.

� Contribution to the reduction of expensive experimental trials by pro
viding a numerically efficient and physically consistent framework for 
simulating titanium alloy machining.

Numerical model

The Lagrangian approach effectively captures various chip morphologies, 
including continuous, segmented and fragmented forms. The main draw
back of the approach is due to the strong deformations that the elements 
of the model undergo. These high strain values generated in the chip can 
lead to some calculation errors and element distortions. To reproduce the 
material behavior as faithfully as possible and to minimize possible prob
lems of distortions, a damage model was implemented in the orthogonal 
cutting simulation.

Geometry and boundary conditions

The model presented in this article is a two-dimensional simulation of 
orthogonal cutting under the plane strain assumption; it was developed 
with the finite element code ABAQUS/Explicit using a Lagrangian formula
tion. The elements used in the machined and tool parts are quadrilateral, 
4-node, bilinear, plane strain and thermally coupled with a reduced integra
tion (CPE4RT denomination). The geometry, dimensions and boundary 
conditions are summarized in Figure 1.

Figure 1. Geometry and boundary conditions of the orthogonal cutting model.
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In the simulation, the cutting velocity is applied to the tool (Vc ranges 
from 1 to 20 m/s), and the workpiece displacements and rotation are con
strained at its boundaries. All calculations were performed for constant val
ues of feed (t1 ¼ 100 lm), tool rake angle (a¼ 0

�

), clearance angle (b¼ 7
�

) 
and cutting-edge radius (r¼ 20 lm). As the numerical calculations are two- 
dimensional, the depth of cut p is assumed to be p¼ 1 mm.

To facilitate the understanding of the constants and variables analyzed in 
this study, the following diagram is proposed (Figure 2):

Mechanical properties

The tool is supposed to be totally rigid, and the machined material is 
assumed to be isotropic and elastoviscoplastic and follows the J2 flow the
ory (von-Mis�es yield criterion). To characterize the material’s behavior, the 
Johnson-Cook law, (1), was selected (Johnson and Cook, 1983).

r ¼ Aþ Ben
p

� �
1þ Cln

_ep

_e0

� �

1 −
T − T0

Tm − T0

� �m
 !

(1) 

where r, ep and _ep are, respectively, the tensile flow stress, the plastic strain 
and the equivalent plastic strain rate. T defines the absolute temperature; 
T0 and Tm represent, respectively, the reference and the melting tempera
ture of the material (Tm ¼ 1673 K). The constitutive law parameters were 
calibrated by Lee and Lin (Lee and Lin, 1998) for a referential strain rate 

Figure 2. Diagram of parameters implemented in the study.
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_e0 ¼ 10−5 s−1. Their values are summarized in Table 1. The other mechan
ical parameters for Ti6Al4V (Young’s modulus E, density q and Poisson’s 
coefficient �) are shown in Table 2.

Thermal properties and tool/chip interface considerations

Friction at the tool/chip interface and plastic work are the two main contri
butions to heating in chip-removal processes. In the simulation, both con
tributions have been considered. The contact at the tool rake face is 
described by the Coulomb friction law. Zhang et al. (2024) implemented a 
high-resolution hybrid SPH–FEM solver to model Ti6Al4V orthogonal cut
ting and confirmed that using a constant Coulomb friction model yields 
strong agreement with experimental cutting forces and chip shapes, as long 
as the friction coefficient remains within the realistic interval of 0 � l� 1. 
Palanisamy et al. (2022) conducted 2D finite element simulations of 
orthogonal cutting of Ti6Al4V using an ALE (Arbitrary Lagrangian– 
Eulerian) formulation and demonstrated that, even with its simplicity, a 
constant Coulomb friction law effectively captures the tool–chip interface 
behavior, provided the friction coefficient is chosen between 0 and 1. In 
this article, the effect of the friction coefficient l on numerical results (cut
ting forces, chip morphology and contact length) is studied; values from 0 
to 1 have been implemented in the numerical simulations.

The plastic work contribution is given by the local form of the heat 
equation, which can be written as (2).

qCp _T − kDT ¼ bry _ep (2) 

where _T and DT are, respectively, the heating rate and the Laplacian of 
temperature. q, Cp and k define the mass density, the specific heat and the 
thermal conductivity; their values are given in Tables 2 and 3. ry and _ep 
define the equivalent yield stress and the plastic strain rate.

The Taylor-Quinney coefficient b is a dimensionless material parameter 
that represents the fraction of plastic work converted into heat during plastic 

Table 1. Johnson-Cook parameters for Ti6Al4V (Lee and Lin n.d.).
Johnson-Cook parameters

A (MPa) B (Mpa) n c m

782 498 0.28 0.028 1

Table 2. Mechanical properties for Ti6Al4V.
Mechanical properties

Density q (kg/m3) 4420
Poisson ratio � 0.3
Modulos of Elasticity E (GPa) 114
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deformation. Although it has been shown that the Taylor-Quinney coefficient 
is strain and strain rate dependent (Mason et al., 1994; Long�ere and Dragon, 
2008, 2009), we assumed a constant value for b in this work. Experimental 
investigations by Rittel et al. (2017), which employed dynamic tension, com
pression and shear loading on commercially pure titanium (strain rates up to 
103 s−1), along with Smith et al. (2019), who performed high-speed tensile 
tests (up to 7000s−1) on Ti-6Al-4V using digital image correlation and infra
red thermography, have demonstrated that the Taylor–Quinney coefficient 
for titanium alloys typically lies between 0.9 and 0.95. Based on these consid
erations, a b value of 0.92 was used in our simulations.

Damage model

In machining simulations, various damage models can be used to define the 
type of damage in the material. The most common damage models imple
mented in chip removal calculations are: 1/Johnson-Cook damage model; 
this model is widely used to predict the damage caused by material deform
ation and fracture due to high strain rates and high temperatures. It considers 
material properties, such as strain rate sensitivity, strain hardening, thermal 
softening and thermal expansion (Calamaz et al., 2008; Soldani et al., 2017). 
2/Damage accumulation model; it tracks the amount of damage that accumu
lates in the material due to various mechanisms such as plastic deformation, 
fatigue and fracture. The damage accumulation can be quantified using dif
ferent parameters such as the accumulated plastic strain, accumulated fatigue 
cycles and accumulated crack length. 3/Cohesive zone model; it is used to 
simulate fracture in the material. It considers the separation and sliding of 
material along the crack surfaces and the associated energy dissipation 
(Soldani and L�opez-G�alvez, 2019). The cohesive zone model is particularly 
useful for simulating crack propagation in brittle materials.

In this article, the Johnson-Cook damage model has been implemented 
in the simulation. In the formulation, the damage process can be divided 
into two steps: damage initiation and propagation (Figure 3) (Mason et al., 
1994).

Damage initiation
The initiation of damage begins when the equivalent plastic stress reaches 
r¼ ryo. Indeed, from this threshold value, the damage W is then calculated 

Table 3. Thermal properties for Ti6Al4V (Mason et al. 1994).
Thermal properties

Thermal conductivity k (W/m/K) 7.2
Specific heat capacity Cp (J/Kg/K) 560
Thermal expansion (/K) 9.2e-6
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for each element of the workpiece through Equation (3):

W ¼
XDep

e
p
0

(3) 

where Dep and e
p
0 are, respectively, the increment of equivalent plastic 

strain and the threshold equivalent plastic strain.
The threshold equivalent plastic strain is thus calculated by Equation (4):

e
p
0 ¼ D1 þ D2exp D3r

�ð Þ
� �

1þ D4ln
_e

_e0

� �

1 − D5
T − T0

Tf − T0

� �� �

(4) 

where ep
0 is calculated from the parameters Di (i¼ 1 – 5), calibrated from 

experimental observations, and based on the determination of the triaxiality 
ratio r� (first term of the equation); their values are summarized in 
Table 4 (Johnson and Cook, 1985). The second and the third terms of the 
equation define the strain rate and temperature sensitivity. The rate of tri- 
axiality is given by relation (5):

r� ¼
rm

r
(5) 

with rm, the average normal stresses and r the von Mises equivalent plastic 
stress.

Damage propagation
The Johnson-Cook damage propagation is governed by an energetic criter
ion using the element fracture energy Gf of the material, described by 
Equation (6):

Figure 3. Effects of damage on flow stress and definition of the fracture energy G.

Table 4. Johnson-Cook damage parameters for Ti6Al4V (Johnson et al. 1989).
Johnson-Cook damage parameters

D1 D2 D3 D4 D5
−0.09 0.25 −0.5 0.014 3.87
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Gf ¼ Le � G ¼ Le

ðe
p
f

e
p
0

rydep (6) 

where Le defines the characteristic length of the element.
To correctly use this type of formulation, it is therefore essential to 

have a constant mesh size throughout the part undergoing damage. In 
our calculations, we used a structured mesh in the workpiece part, giving 
a constant element characteristic length for each simulation. In addition, 
the calibration of the fracture energy is a key point of the model pre
sented in this article. In the paragraph on Fracture energy analysis, the 
calibration and experimental validation of the element fracture energy Gf 

are presented.

Numerical results and validation

In this section, a systematic study of the key parameters influencing the 
numerical model of orthogonal cutting applied to Ti6Al4V is presented. 
Each parameter—mesh size (Mesh size analysis), mass scaling factor (Mass 
scaling analysis), friction coefficient at the tool/chip interface (Friction coef
ficient analysis) and fracture energy of the material (Fracture energy ana
lysis)—will be carefully analyzed to determine its optimal value. The 
objective is to calibrate these parameters to improve the accuracy and 
robustness of the numerical simulations. This thorough investigation ena
bles us to validate the model against experimental data and ensure its pre
dictive reliability across a wide range of cutting conditions.

Mesh size analysis

Mesh size optimization is a critical balance between achieving numerical 
accuracy and controlling computational cost. It requires precise calibration 
to ensure the fidelity of simulation results while optimizing simulation effi
ciency. Convergence criteria are used to determine when the simulation 
has reached a solution that is acceptable in terms of accuracy and stability.

In this part, calculations with a mesh size of 5, 8, 10 and 15 lm have 
been performed; a comparison in terms of specific cutting and thrust forces 
( Fc

t1:p and Ft
t1:p) is presented in Figure 4.

First, it can be easily observed that between the coarsest mesh 15 lm 
(computational time Ct ¼ 29 min) and the 10 lm mesh size (Ct ¼ 69 min), 
the specific cutting forces do not converge. From 10 lm mesh calculations, 
the specific cutting force appears to stabilize around 2552 N/mm2. 
However, the specific thrust force still decreases; indeed, for the calcula
tions carried out at 10 and 8 lm (Ct ¼ 151 min), Ft

t1:p reduces from 2009 to 
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1919 N/mm2. Numerical simulations performed with the finest mesh size 
5 lm (Ct ¼ 301 min) show that the specific cutting and feed forces both 
stabilize.

Therefore, from these considerations, all numerical calculations in this 
article were carried out for the 8 lm mesh size.

Mass scaling analysis

In Explicit numerical simulations, the computational time Ct is determined 
by the step time dt, indexed on the elastic wave speed in the material; the 
Courant-Friedrichs-Lewy condition is presented in relation (7):

dt � f :Le

ffiffiffi
q

E

r

(7) 

where f defines the factor scale (0.9), Le the characteristic length of the 
element, E the Young’s modulus and q the material density.

As shown in Equation (7), increasing the density q, the time step is 
reduced; the concept of the mass scaling factor is based on this numerical 
consideration. In Abaqus it is possible to artificially modify the mass of the 
material for the smallest elements to reduce the overall calculation time of 
the simulation; in thermodynamic calculations, such as machining proc
esses, the method can become extremely useful. However, altering the time 
step must be done carefully in order not to distort the numerical results.

Figure 5 presents the effects of mass scaling on numerical predictions of 
specific cutting forces and morphology for a tool cutting velocity VC ¼

3 m/s. An excessive increase in the step time (from dt ¼ 1e−11 s to dt ¼

1e−9 s) significantly affects the cutting forces as well as the geometry of the 
chip; indeed, for this larger step time (dt ¼ 1e−9 s), a reduction in cutting 
forces of around 15% is observed, together with a much more pronounced 

Figure 4. Effect of mesh size on numerical cutting and thrust forces. 
(VC ¼ 3 m/s – Gf ¼ 45 000 J/m2).
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chip curvature. When using a step time dt ¼ 1e−10 s the numerical outputs 
are not modified; the computational time Ct is then reduced by approxi
mately 10%. Therefore, all calculations were carried out for a step time 
dt ¼ 1e−10.

Friction coefficient analysis

The contact at the tool/chip interface was modeled using the Coulomb fric
tion law. The Coulomb law can reproduce complex contact phenomena at 
the tool-chip interface, including sticking near the tool tip due to thermal 
softening and sliding friction along the rest of the tool-chip interface. In 
machining of Ti6Al4V, the average friction coefficient l at the tool chip 
interface ranges from 0.3 to 0.8, depending on the cutting conditions 
(Johnson and Holmquist, 1989; Romero, 2016; Afrasiabi et al., 2021).

In this part, a parametric study on friction coefficient l is presented; we 
carried out simulations at different cutting velocities (from 1 to 20 m/s) for 
a large range of values of l ¼ 0, 0.25, 0.5, 0.8 and 1. The specific cutting 
forces and chip morphologies obtained are shown, respectively, in Figures 
6 and 7.

For the entire range of cutting velocities, friction has a significant effect 
on the numerical specific forces shown in Figure 6. This effect is especially 
pronounced at lower cutting speeds. For instance, at VC ¼ 1 m/s, the spe
cific cutting force goes from 1900 N/mm2 to 2800 N/mm2 by changing l 

from 0 to 1. At low cutting speed (VC � 5 m/s), the temperature at the 
tool/chip interface is inferior, and the effect of the friction coefficient is, in 
proportion, more significant. In this case (1�VC � 5 m/s), a small variation 
of the friction coefficient value induces a large deviation of cutting forces; 
the different slopes of specific cutting forces, for each friction coefficient, 
clearly show its effect. Conversely, for higher cutting speeds (VC � 5 m/s), 
the effect of friction is lower: for VC ¼ 20 m/s), the specific cutting force 

Figure 5. Effect of mass scaling on specific cutting forces and chip morphology. 
(VC ¼ 3 m/s – Gf ¼ 45 000 J/m2).
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goes from 1820 N/mm2 to 2340 N/mm2 by changing l from 0 to 1. This 
observation can be explained by the high temperatures generated at the 
interface (for these velocities), inducing a saturation of the thermal soften
ing, which tends to reduce slightly the importance of the friction 
coefficient.

A comparison with experimental measurements of the specific forces 
obtained in the orthogonal cutting process by Johnson and Holmquist 
(1989); Hoffmeister et al. (1999); Gente et al. (2001); Molinari et al. (2002); 
Li et al. (2019); Outeiro et al. (2022) is made in Figure 5. Hoffmeister et al. 
(1999), Gente et al. (2001), Molinari et al. (2002) and Romero (Outeiro 
et al., 2022) carried out experimental investigations considering a tool rake 
angle a¼ 0�; it can be noticed that in Hoffmeister et al. (1999); Gente et al. 
(2001); Molinari et al. (2002), the authors performed experimental cutting 
for a very large range of velocities. Li et al. (2019) studied the effect of 
lubrication by nanofluids on cutting forces for a¼ 6� and velocities ranging 

Figure 6. Effect of friction coefficient on specific cutting forces for different cutting velocities 
and experimental comparison. 
(Gf ¼ 45 000 J/m2).

Figure 7. Effect of friction coefficient on chip morphology and contact length. 
(VC ¼ 3 m/s – Gf ¼ 45 000 J/m2).
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from 1.3 to 4 m/s. Outeiro et al. (2022) investigated the effect of rake face 
value (a ¼ −6� and 5�) on forces.

As numerical calculations, experimental measurements present two main 
trends: a first large decrease at low cutting speed and a slighter one for 
large velocities. It can be observed, in terms of absolute values, that numer
ical calculations performed with l ¼ 0.8 show an excellent agreement with 
experimental measurement of specific cutting forces.

Chip morphologies obtained for different values of friction coefficient 
are presented in Figure 7. As expected, a higher value of l induces a 
straighter chip morphology. Since the normal force to the rake face is 
higher, the curvature of the chip is reduced; this variation of the normal 
force also affects the tool/chip contact length LC. Indeed, from the numer
ical simulations performed for the given cutting velocity VC ¼ 3 m/s, we 
measured LC for the different configurations of friction coefficient. As 
observed, the contact length increases strongly and almost linearly with l. 
The LC value goes from 111 lm to 266 lm when the friction coefficient 
increases from 0 to 1.

Fracture energy analysis

The formation of the chip results from an intense shearing within a thin zone 
called the primary shear zone (PSZ). In the PSZ, the strain, strain rate and 
temperature can reach very high values. For usual typical machining cutting 
conditions, we can observe strain ranging between 3 and 6, strain rate 
between 103 and 105 s−1, and temperature between 600 and 800 K in the pri
mary shear zone. Under such extreme conditions, the fracture energy of the 
material can be estimated by evaluating the area under the true stress–strain 
curve, which corresponds to the energy absorbed by the material up to fail
ure. Based on these conditions, it is possible to estimate the fracture energy 
in the chip during machining. Indeed, G can be calculated from the flow 
behavior of the material under conditions of strain, strain rate and tempera
ture through the Johnson-Cook phenomenological law (Equation (1)); for 
these conditions, the fracture energy G ranges from 3000 MPa to 8500 MPa. 
Then, using Equation (6) and considering a characteristic length of 8 lm, the 
element fracture energy Gf goes from 24 000 J/m2 to 69 000 J/m2.

In this article, we performed numerical calculations for values of element 
fracture energy Gf¼ 15,000, 30,000, 45,000, 60,000 and 75,000 J/m2. Figures 
7 and 8 show the effect of the implemented energy Gf on cutting forces 
and chip morphology, respectively.

To correctly calibrate the Gf value, a comparison with experimental 
works of Johnson and Holmquist (1989); Hoffmeister et al. (1999); Gente 
et al. (2001); Molinari et al. (2002); Li et al. (2019); Outeiro et al. (2022) is 
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presented. Note that all the experimental data summarized here were 
obtained in pure orthogonal cutting processes applied to Ti6Al4V. 
However, experimental forces presented in Figure 8 show differences in 
terms of absolute value; these variations are likely due to several hypothe
ses: the grade of the titanium alloy may be different; the rake angle is non
zero for Li et al. (2019) and Outeiro et al. (2022); the lubrication (using 
various percentages of nanofluids) differs. Nevertheless, as observed here 
and previously commented on the section “Friction coefficient analysis”, 
the experimental measurements and numerical calculations show the same 
trend: a large decrease of the specific force for VC � 5 m/s and an almost 
constant variation when VC � 5 m/s.

By analyzing the specific cutting forces, it can be easily seen that the 
numerical simulations carried out for Gf¼ 30 000 and 45 000 J/m2 fit much 
better than for the other values of fracture energy. Indeed, the absolute val
ues predicted by the numerical model as the curve trend are accurately 
reproduced here; the average difference between experimental values and 
numerical predictions is less than 11% for a fracture energy value of 30,000 
and less than 14% when considering a fracture energy of 45 000 J/m2.

Figure 9 presents the effects of fracture energy values on chip morph
ology considering a cutting velocity VC ¼ 3 m/s and a friction coefficient l 

¼ 0.8; the chip serration and chip curvature are analyzed here. It can be 
observed that at the lowest element fracture energy value, Gf ¼15,000 J/m2, 
the total segmentation of the chip. Each shear band leads to a complete 
fracture of the chip. For implemented element fracture energies of 
Gf ¼30,000 and 45,000 J/m2 the chip flow behavior becomes more stable: 
indeed, the chip does not show complete segmentation but clearly presents 
some intense shear bands. For the highest values of the element fracture 

Figure 8. Effect of element fracture energy Gf on cutting forces and experimental comparison. 
(VC ¼ 3 m/s – m ¼ 0.8).
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energy, Gf ¼60,000 and 75,000 J/m2, the shearing is less severe and no 
complete propagation of the band is observed. Moreover, in these cases, 
the chip curvature radius is clearly lower.

Temperature analysis

It is well known that tool wear is drastically affected by a combined effect 
of temperature, pressure, abrasive particles and mechanical and thermal 
cracks or chip hammering (Hoffmeister et al., 1999; Ram�ırez et al., 2017). 
In materials such as Ti6Al4V, where the thermal conductivity is very low, 
the generated temperature has a strong effect on tool wear. Numerical cal
culations allow access to local data difficult to measure, such as tempera
ture gradient during the cutting process.

In this section is presented the numerical results of temperature distribu
tion and its maximum value Tmax for various cutting velocities (considering 
a constant machined length).

Looking at the temperature distribution in Figure 10, it can be observed 
that a lower velocity shows a larger propagation of temperature on the tool 
rake face for the same cutting length. Indeed, the heat generated by friction 
has more time to deeply propagate into the tool. For VC ¼ 1 m/s, the aver
age temperature on the tool rake face is around 650 K. For VC ¼ 3 and 
5 m/s, the average temperature increases to 700 K and 730 K, respectively. 
Considering the highest cutting velocity VC ¼ 15 m/s, the value goes to 

Figure 9. Variation of chip segmentation and curvature with element fracture energy Gf. 
(VC ¼ 3 m/s – m ¼ 0.8).

Figure 10. Temperature distribution at the tool rake face at 1.8 mm of machining length. 
(m ¼ 0.8 – Gf ¼ 45 000 J/m2).
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850 K; however, it is important to notice in this case that the temperature 
is almost entirely superficial.

When focusing on the maximum temperature, we can observe that the 
position of the hot spot is situated on the tool flank. As previously, a 
higher value of cutting velocity induces a much more elevated value of 
Tmax. Indeed, from VC ¼ 1 m/s to 15 m/s, the maximum temperature Tmax 

increases from 762 K to 1092 K; this last corresponds to 65% of the melting 
temperature Tm of the material, even well higher than the temperature of 
recrystallization of the Ti6Al4V material.

Conclusions

In this article is presented a new finite element model of orthogonal cut
ting applied to the Ti6Al4V alloy, with a particular focus on the system
atic determination of all key model parameters. This includes the 
calibration of numerical parameters (mesh size and mass scaling factor), 
tribological parameters (friction coefficient at the tool/chip interface) and 
material parameters (fracture energy of Ti6Al4V), across a wide range of 
cutting speeds. This comprehensive approach aims to enhance the reliabil
ity and predictive accuracy of the model for high-speed machining 
simulations.

� Numerical parameters: mesh size and mass scaling factor.
� Tribological parameters: friction coefficient at the tool/chip interface.
� Material parameters: element fracture energy of Ti6Al4V.
� All these were evaluated across a wide range of cutting speeds, with the 

goal of improving the model’s reliability and predictive capabilities for 
high-speed machining simulations.

1/Mesh size is a critical parameter in numerical simulations:

� For the considered geometry (feed rate t1 ¼ 100 lm), a mesh size of 8 
lm showed good convergence of cutting force predictions.

� This setup also demonstrated the model’s ability to accurately reproduce 
shear band localization and chip segmentation, which are key features 
in Ti6Al4V machining.

2/Machining is a highly dynamic and thermally coupled process, often 
resulting in very long computation times:

� To reduce these times, we conducted a study on the effect of the mass 
scaling factor.
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� It was shown that increasing the time step (via controlled mass scaling) 
can significantly reduce computational time without affecting the quality 
of the numerical results.

3/The friction coefficient at the tool/chip interface is a major input 
affecting simulation accuracy:

� It strongly influences cutting forces, contact length, and chip shape.
� Through extensive comparison with experimental data from the litera

ture, a value of l ¼ 0.8 provided very good agreement in terms of spe
cific cutting forces.

4/The element fracture energy of the material is essential for simulating 
material failure in the cutting zone:

� A parametric study allowed us to estimate the fracture energy of 
Ti6Al4V under orthogonal cutting conditions.

� For the mesh size and cutting speed range used, values were found to 
range between 30,000 and 45,000 J/m2, consistent with experimental 
observations.

5/The temperature at the tool/chip interface is a key factor in wear 
prediction:

� The model enabled us to analyze the influence of cutting speed on tem
perature distribution, maximum temperature and hot spot location.

� The average temperature at the interface ranged from 650 K to 850 K, 
and interestingly, the hot spot was not located on the rake face but 
rather on the flank face, which has implications for tool wear mecha
nisms and tool design.
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