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Abstract

Ti6Al4V is a titanium alloy widely used in the aeronautical industry and machining is often adopted to manufacture it. These parts must satisfy

requirements specified by the customer. A crucial characteristic of aircraft machined parts is their reliability and, therefore, their fatigue life has

to be mastered. In this context, the corresponding requirement concerns the surface integrity. This should be achieved by selecting adequate

cutting parameters, which is actually not an immediate operation. The geometry of the tool will afterwards change during its life, what is more as

Ti6Al4V is known to be a hard-to-machine material. In this context, a finite element model is developed to highlight the influence of tool wear on

fundamental variables like forces, temperatures, stresses,... and surface integrity (through plastic strains). The results should help to decide when

it is time to replace the tool before altering the part and therefore not meet the specifications anymore.
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1. Introduction

The quality of the surface obtained by machining is influ-

enced by many parameters: the cutting conditions, the mi-

crostructure of the material and its potential evolution due to

the machining, the tool angles and wear. The quality of the ma-

chined surface can be specified on a technical drawing through

the imposition of a maximal arithmetic roughness value. This

can be required to lead to a good compatibility in an assem-

bly if the surfaces are in contact, to allow a following surface

treatment (coating for example), but this is also related to the

fatigue strength of the material. Fatigue life, resistance against

fracture, and therefore the reliability of the part, wear and cor-

rosion depends on the surface integrity as well [1].

In the aeronautical industry, the reliability of a part is an im-

portant requirement. Fatigue life has a direct influence on it and

should therefore be mastered. An increasing number of compo-

nents is made of Ti6Al4V, a titanium alloy known to have good

mechanical properties for a low density, but also to be a hard-

to-machine material. Controlling the surface integrity due to

machining is still a challenge nowadays. While the cutting con-

ditions and the proper tool selection is a step that, although be-

ing still time consuming and expensive, can be achieve through

an experimental campaign, the influence of the tool wear on the

microstructure and on the surface integrity is still an ongoing

problem. The evolution of the tool geometry with the increase

of wear makes it even more difficult. When should the tool be

replaced before damaging the surface but without not fully us-

ing it is not an easy question to answer.

The numerical prediction of the residual stresses is still dif-

ficult, mainly due to the properties of the machined material to

introduce in the model and their effects on plastic deformation,

chip formation, separation, and fracture, according to Jawahir

et al. [2]. Torrano et al. [3] shows via a benchmark study the

significant differences in the residual stresses profiles, depend-

ing on the code and the material adopted. The geometry of the

tool is a parameter that also should not be neglected. The effects

of the tool wear on the residual stresses during Ti6Al4V orthog-

onal cutting were investigated by Chen et al. [4] with a finite

element model. Sasahara et al. [5] studied the influence of the

cutting parameters and tool geometry on the residual stresses

and Özel and Ulutan [6] performed a Ti6Al4V residual stresses

prediction in a 3D finite element model. The worn tool geome-

try has to be known as an input in these models. The prediction

of the tool wear in terms of flank wear, as well as crater wear is

another difficult topic because of the multiple mechanisms and

parameters it involves. Schulze et al. [7] predicted the flank

wear in orthogonal cutting of Ti6Al4V with a finite element

model. Some, as Xie et al. [8], Filice et al. [9] or Attanasio et

al. [10,11], developed numerical models in which the geometry

of the tool is updated to take account of the wear. The proce-

dures and computation of these models seem rather heavy.
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In [12] and for Inconel 718, Arrazola et al. study experimen-

tally the influence of flank wear on cutting forces, the roughness

and the surface integrity of the machined surface. They show

that tool wear could be monitored directly from signals of the

CNC controller of the lathe. This experimental study demon-

strates the link between tool wear, cutting forces and machined

surface and has no numerical equivalent so far, to the author’s

knowledge.

Following these experimental observations, this paper is a

first numerical step to study the influence of the tool wear

in Ti6Al4V machining, focusing on flank wear with a non-

adaptive tool geometry and a “classical” constitutive law. It

intends to highlight the influence of tool wear on fundamen-

tal variables like forces, temperatures, stresses,... and surface

integrity with a finite element model in Ti6Al4V orthogonal

cutting. In this paper, only plastic strain is taken into account

when considering the surface integrity. Although not being car-

ried out on the same material, the experiments of Arrazola et al.

[12] should give the general experimental trends.

2. Presentation of the finite element model

2.1. Common features

In order to study the influence of the tool wear on the

Ti6Al4V chip formation, a thermomechanical numerical model

has been developed with the commercial finite element soft-

ware ABAQUS/Explicit v6.11. It consists of a 2D plane strain

orthogonal cutting model and takes into account the area close

to the cutting edge of the tool. In this model, the tool is fixed

in space and the workpiece material “flows” around the cutting

edge radius (Fig. 1).

Fig. 1. Schematical representation and boundary conditions of the model.

The mechanical formulation adopted for the workpiece is

the Arbitrary Lagrangian Eulerian (ALE) formulation, which

combines the features of pure Lagrangian and Eulerian analy-

sis, with Eulerian boundaries Özel and Zeren [13]. In the ALE

formulation, the mesh is not attached to the material and can

move to avoid distortions and to update the free chip geometry.

The chip formation is simulated via adaptive meshing and plas-

tic flow of the workpiece material. This implies that there is

no chip separation criterion in the proposed model. The work-

piece can be seen as a pipe into which the material flows. The

entrance (left face of the workpiece) and the exits (the right

face of the workpiece and the upper face of the chip) are mod-

elled as Eulerian boundaries, allowing material to flow through

them. All other surfaces are modelled as “classical” Lagrangian

boundaries. The shape of the bottom surface of the workpiece is

Table 1. Material properties, cutting conditions and tool geometries [14–16].

Johnson-Cook law A (MPa) 862

B (MPa) 331

C 0.012

m 0.8

n 0.34

Inelastic heat fraction Ti6Al4V 0.9

Density (kg/m3) Ti6Al4V 4430

Carbide 15,000

Young’s modulus (GPa) Ti6Al4V 113.8

Carbide 800

Expansion (K−1) Ti6Al4V 8.6

Carbide 4.7

Conductivity (W/mK) Ti6Al4V 7.3

Carbide 46

Specific heat (J/KgK) Ti6Al4V 580

Carbide 203

Friction coefficient 0.3

Friction energy to heat 1

Thermal conductance (W/m2K) 1,000,000

Heat partition coefficient 0.5

Cutting speed (m/min) 80

Depth of cut (mm) 0.1

Width of cut (mm) 1

Rake angle (°) 7

Clearance angle (°) 6

Cutting edge radius (μm) 20

Flank wear length (mm) 0-01 0.1

0-03 0.3

-3-01 0.1

-3-03 0.3

Worn clearance angle (°) 0-01 0

0-03 0

-3-01 -3

-3-03 -3

fixed while the shape of the upper surface is free to deform. The

tool and workpiece meshes range, respectively, approximately

from 250 to 360 and from 2600 to 3700 four-node elements,

depending on the tool geometry. The meshes are refined in the

close area around the tool edge radius.

The workpiece material (Ti6Al4V) is assumed to be homo-

geneous and its behaviour is described by the Johnson-Cook

plasticity model, while the tool is in tungsten carbide described

by a linear elastic law. Friction at the tool-chip interface is im-

plemented using a Coulombic friction law and a constant fric-

tion coefficient. It is assumed that all of the dissipated heat due

to friction is converted into heat and that this heat flows equally

into the chip and the tool. The initial temperature of the model

is 25°C. Only conduction is considered in the present model

and it is assumed that the transformation of deformation to heat

efficiency is 90%. The parameters of the model are given in

Table 1.

2.2. Tool geometries

The tool is modelled with a finite edge radius of 20 μm, a

rake angle of 7° and a clearance angle of 6°, which are typi-

cal angles values in Ti6Al4V turning. The cutting conditions

adopted are a cutting speed, Vc, of 80 m/min (typical industrial

cutting speed) and a depth of cut (uncut chip thickness), h, of

0.1 mm. The length of the workpiece before the chip is equal to
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3 h (0.3 mm) and the length of the workpiece after the contact

with the tool is also set to 3 h (0.3 mm).

Five tool geometries are considered in this paper. The first

one is the new tool (Fig. 2) with the values given previously.

Different worn tool are then studied. The first type of worn tool

has a clearance angle of 0° and a flank wear of 0.1 mm or 0.3

mm long (Fig. 2). The second type of worn tool has a clear-

ance angle of -3° and a flank wear of 0.1 mm or 0.3 mm long

(Fig. 2). The geometry of the real worn tool (and its evolution)

being unknown, this allows to consider different potential situ-

ations, taking into account that a flank wear of 0.3 mm long is

the limit value to continue to use a tool [17]. The geometries

presented in Fig. 2 were selected based on observations made

after experimental tests carried on in the past in cutting condi-

tions different of that of this article. They are consequently not

chosen randomly but clearly reflect expected geometries. Ten-

dencies of the influence of the tool wear on the cut are therefore

sought through this modelling.

Fig. 2. Three types of tool geometries.

The tool geometry with a -3° clearance angle is considered

because it could be the evolution of a 0° clearance angle geom-

etry when the wear is increasing. It consists of a loss of material

on the flank face and the edge radius (still considered as an ideal

arc in this study) starting from a geometry with a 0° clearance

angle, as shown in Fig. 3. The complete suppression of the

edge radius is another potential worn tool geometry. This was

initially considered as well but lead to numerical problems: a

significant penetration of the tool in the workpiece is observed

and the elements in this area are not able to flow around the

tool to fit its geometry, ending in excessive (and unacceptable)

elements distortion terminating the computation.

Fig. 3. Detail of the -3-0x tool geometries.

3. Results

Temperature contours are plotted in Fig. 4. With the initial

tool geometry, the highest temperature is obtained in the chip,

in the secondary shear zone (where the chip is in contact with

the rake face of the tool). For the same wear type (0° clearance

angle or -3° clearance angle), the temperature increases with the

length of the flank wear. It is also noted that the -3° clearance

angle leads to a higher temperature than the 0° clearance angle.

The location of the maximum temperature moves with the ge-

ometry of the tool: it remains in the machined material but goes

from the rake face area (secondary shear zone) to the flank face

area (tertiary shear zone) when the tool wear increases. Chen et

al. [4] also observed, with a numerical model, the introduction

of a hot spot on the flank face of the workpiece. Like in this

study, the high temperature in the tertiary shear zone appeared

for high flank wear values.

Fig. 4. Temperature contours (in K) after 3.5 ms (3 ms for -3-03), different

temperature scales.

Temperatures on two particular points are plotted in Fig. 6.

Both of these points are chosen on the outer surface of the work-

piece (Fig. 5): the first one is at approximately 0.75 mm of the

cutting edge radius in the rake face area of the chip (thus in the

secondary shear zone) and the second one is at approximately

0.75 mm of the cutting edge radius in the rake face area of the

machined surface (in the tertiary shear zone). Fig. 5 also shows

that the mesh is virtually not deformed in the three shear zones,

allowing to be confident in the numerical results and the choice

of the adopted numerical formulation.

Fig. 5. Location of the two points where temperature is studied.

As expected, the temperature is higher in the secondary

shear zone than in the tertiary one for the initial tool geome-

try. The temperature of the point near the rake face increases

slightly with the tool wear. Near the rake face, on the contrary,

the temperature increase is much larger and the temperature in

that area becomes larger than in the secondary shear zone. This

is consistent with the temperature contours of Fig. 4. The gen-

eral trend of the temperature of the first point (secondary shear

zone) remains the same when the tool geometry changes. For

the second point (tertiary shear zone), differences are observed.

With a clearance angle of 0°, a larger increase occurs (a kind
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Table 2. Mean temperatures (between 3.5 ms and 5 ms, 1.5 ms and 3 ms for

-3-03) in the secondary and tertiary shear zones.

New 0-01 0-03 -3-01 -3-03

Rake face (K) 1108 1168 1168 1197 1122

Flank face (K) 595 965 1276 1277 1182
Flank face
Rake face 0.54 0.83 1.09 1.07 1.05

of step in the temperature) after a time larger for a longer flank

wear. With a clearance angle of -3°, the temperature evolution

is similar to that in the first point for the short flank wear (-3-

01), while small fluctuations at high frequency are noted for the

longer flank wear (-3-03). During the chip formation of that

last case (-3-03), oscillations on the free surface of the chip,

in the primary shear zone, were noted, indicating that the chip

is certainly not continuous any more but has a kind of small

teeth. These oscillations lead to the premature termination of

the computing (shortly after 3 ms of simulation time) due to ex-

cessive element distortion on the free surface of the chip, in the

primary shear zone. The mean values of the temperatures are

given in Table 2. They confirm the tendencies observed in Fig.

6. The temperatures for the -3-03 tool geometry are lower due

to the smaller simulation time at which they are computed. The

numerical values clearly show the large increase of the temper-

ature in the tertiary shear zone due to the tool wear.

Fig. 6. Temperature evolutions on two points of the rake face (RakeF) and the

flank face (FlankF) of the workpiece.

Due to the contact of the flank face of the tool on the work-

piece when it is worn, friction is larger and the cutting forces

are expected to increase, and particularly the force in the ver-

tical direction, i.e. the feed force. Fig. 7 clearly shows that

the cutting forces are affected by the tool wear. The forces with

the new tool geometry become quickly constant and the cutting

force is larger than the feed force. With the increase of the tool

wear, the cutting force increases but the feed force increases

more, as shown by the ratio of the RMS of the cutting force

on the RMS of the feed force in Table 3. Indeed, for the 0-03,

-3-01 and -3-03 tool geometries, the feed force is larger than

the cutting force and that ratio increases with the tool wear (it

is higher for -3-03 than -3-01 for example). The observations

about the different evolutions are similar to that of the temper-

atures in Fig. 6. The decrease in time of the forces (hardly

noticeable in Fig. 7 for the new and -3-01 cases) is linked to

the temperature evolutions: lower forces are due to the thermal

Table 3. RMS of the cutting forces (between 3.5 ms and 5 ms, 1.5 ms and 3 ms

for -3-03).

New 0-01 0-03 -3-01 -3-03

Cutting force (N/mm) 149 165 227 179 243

Feed force (N/mm) 60 119 385 190 464
Cutting force

Feed force 0.41 0.72 1.70 1.06 1.91

softening of the workpiece material.

Fig. 7. Cutting forces (CF) and feed forces (FF) evolutions for the five tool

geometries.

The evolution of the feed force for the -3-03 geometry con-

firms that the chip is certainly not continuous; it is less obvious

on the cutting force evolution. Distinct evolutions are noted,

depending on the value of the clearance angle. When it is 0°,

the force increases with time then a step in the increase occurs

and the forces decreases afterwards. With a -3° clearance angle,

there is a large increase in the force in a short period of time and

then it slightly decreases. The experimental study of Arrazola et

al. [12] on Inconel 718 also concluded that the forces increase

with the tool flank wear. This increase was sharper for a longer

flank wear. Like in this study, the cutting force increase was

lower than for the feed force. The obtained numerical results

are therefore qualitatively in accordance with that experimental

reference.

The cutting forces have been experimentally measured for a

tool with 0-02 geometry (clearance angle of 0° and flank wear

of 0.2 mm). This was a first test to validate the experimen-

tal setup that will be used to carry on an experimental cam-

paign focusing on the influence and evolution of tool wear on

the Ti6Al4V cutting process. The setup was close to that in-

troduced in ref. [18]. It uses a milling machine as a planning

machine to operate in strictly orthogonal cutting conditions, as

in the numerical modelling. The uncut chip thickness was 0.1

mm, as in the finite element model of this paper, and the cutting

speed was 30 m/min (it is the maximum feed rate of the ma-

chine). The RMS value of the cutting force is 236 N/mm, the

RMS of the feed force is 288 N/mm and their ratio is 1.22. Al-

though the cutting conditions are different, this values showed

the influence of the flank wear on the cutting forces. Indeed,

as for the numerical model, the feed force with a tool signifi-

cantly worn was larger than the cutting force. The values cannot

directly be compared to these of the modelling as the cutting

speeds were different but most of them were found between
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Table 4. Normalized equivalent plastic strains and frictional dissipation (be-

tween 3.5 ms and 5 ms, 1.5 ms and 3 ms for -3-03).

0-01 0-03 -3-01 -3-03

Plastic strains 1.15 3.18 7.33 4.96

Frictional dissipation 1.92 3.75 1.36 1.83

these of the 0-01 and 0-03 geometries, which was expected.

The trends given by the modelling are therefore in accordance

with the experimental observations on that point.

The plastic strains at the second point (in the tertiary shear

zone) are plotted for the five tool geometries in Fig. 8. Strains

in the chip are not plotted as our interest is focused on the ma-

chined surface. The values in that figure are adimensional ones:

they are all divided by the value obtained with the initial tool ge-

ometry to get a normalized quantity. This shows that the plastic

strains increase with the tool wear and that the negative clear-

ance angle leads to higher strains (Table 4). The worse tool

geometry on that aspect is the -3-01, although it was expected

that it would be the -3-03 situation due to the previous observa-

tions. Higher equivalent plastic strains at the workpiece surface

suggest that the residual stresses in the workpiece will be higher

and therefore decrease the quality of the machined part. When

the flank wear of the tool increases, Arrazola et al. [12] ob-

served that surface integrity defects appeared more frequently

(and particularly for a flank wear length larger than 0.15 mm).

The higher plastic strains obtained with the numerical model

are therefore consistent with their experimental findings.

Fig. 8. Normalized equivalent plastic strains evolutions in the tertiary shear

zone.

As for the normalized plastic strains, the normalized fric-

tional dissipation, plotted in Fig. 9, consists of the current value

divided by the one with the initial tool geometry. For all the

tool geometries with wear, the frictional dissipation is larger

than the new tool geometry (Table 4). As expected, it is larger

when the clearance angle is 0°: the material flows with more

difficulty against the flank face of the tool than when there is

an angle. Friction is also higher when the length of the flank

wear is larger as well. As for the cutting forces, two different

evolutions are observed depending on the value of the clearance

angle.

Fig. 9. Normalized frictional dissipation evolutions for the different tool ge-

ometries.

4. Conclusions and perspectives

The tool geometries with the longer flank wear (x-03) lead to

values (temperatures, forces, plastic strains and frictional dissi-

pation) much higher than in the reference case with a new tool.

It is thus expected that a degradation of the surface integrity

would occur for that flank wear length. When this was shorter

(x-01), a negative influence of the tool wear on the results was

noted as well. The tool geometry with a -3° clearance angle had

by the way more influence on the results and would therefore be

more harmful for the surface integrity. The combination of that

angle value with the longest flank wear (-3-03) constituted the

tool geometry impacting the most the machined surface. The

chip formation with that tool was also modified: the chip mor-

phology was going away from the initial continuous chip. All

these results were qualitatively in accordance with the expecta-

tions and observations form the literature.

This numerical study allowed to highlight the influence of

the wear (and geometry) of the tool on the chip formation and

the machined surface. It showed that an experimental measure

of the cutting forces should allow to detect a too much worn

tool. Such a tool ends in an increase of the temperature and

the plastic strains in the machined surface, which could induce

modifications of the microstructure and increase the residual

stresses, harmful for the reliability of the machined workpiece.

An experimental campaign in the same cutting conditions as

the developed model will next be performed in order to quan-

titatively validate the numerical predictions. Improvements of

the model to take into account the evolution of the flank wear of

the tool with the increase of the cutting length (i.e. an adaptive

tool geometry) should be implemented in a second time.
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