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ABSTRACT

Keywords: The use of titanium alloys has become more widespread in recent years. Regardless, although research work is
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enhancing, productivity levels remain low. Several alternatives have been considered and one of the techniques
is envisaged is heating assistance. The objective is then to increase the temperature locally in order to benefit
from thermal softening. However, the research is based on power-controlled laser assistance where the tem-
perature levels are not considered. For this purpose, this article suggests a study based on a new experimental
device which allows to control the temperature of the machined part. After presenting the device and the ma-
terial used (Ti5553), the study first shows the effect of temperature on cutting forces. Three temperature ranges
and three trends are shown. A first where temperature has no effect, a second when there is a substantial gain
and a third where temperature has a real impact. In order to understand the existing links, two methods were
used. A finite element model integrating a new law of behaviour was developed and shows the very high
temperature levels reached in the cutting areas. Then, to better understand the phenomena governing cutting,
we looked at chip formation and the link between chip formation, temperature and its effect on the micro-
structure. After all, an economic analysis completes this article and highlights the small gains of this assistance.

1. Introduction

Ti5553 titanium alloy is increasingly used and its machining stays
always a problematic. In fact, its low thermal conductivity combined
with its microstructure and its high mechanical properties make it a low
machinability alloy [1]. Recently, several studies have been conducted
to investigate the Ti5553 machinability and thus, to enhance the pro-
ductivity, the tool life and the surface integrity. Since the limitations of
Ti5553 conventional machining (without assist), several assistance
techniques have been applied to achieve these goals. These techniques
can be sorted into two groups. The first group intended to cool the
workpiece to decrease the temperature at the tool/workpiece interface
[2,3]. employed the high-pressure water jet assistance during Ti-6Al-4
V titanium alloy machining. They found an increase of about 300 % in
tool life compared to dry machining. Using the same technologie [4],
registered an increase of 185 % on the tool life when machining the
Ti555-3 alloy. The cryogenic assistance is also widely used in ma-
chining and, especially for titanium alloy. Most cryogenic machining
studies have shown improved machinability when freezing the work-
piece or cooling the tool using a cryogenic coolant [2]. The second
group focused on heating of the workpiece to decrease its mechanical
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properties. Hot machining has received the attention of researchers in
the metal cutting domain and a few research was carried out during the
recent years [5]. employed the Laser-assisted technique (LAM) during
machining of Ti-6Al-4 V titanium alloy. The authors noted a high re-
duction of cutting force which can exceed the 50 %. An economic
analysis is carried out by [6] during the Inconel 718 machining. They
demonstrated that the LAM technique can provide a strong reduction in
cutting forces, a strong improvement in surface roughness (2 at 3 times)
and a 200-300 % increase of tool life of ceramic tools over conventional
machining. However, to make thermally assisted machining more at-
tractive some attempts use a localised heat sources such as plasma and
laser. Although laser assistance could increase the machinability of
hard-to-cut materials, but it presents some disadvantages like the effi-
ciency, the high-power consumption, the human security and the high
cost. Indeed, many researchers used conventional heat sources such as
furnaces, torches or induction technique for the workpiece heating [7]
and more recently [8]. By means of gas flame heat machining technique
[9] analyse the effect of the machining parameters on the surface in-
tegrity, the cutting forces and the tool life. They show an improvement
on the surface finish and a decrease on the cutting forces.

It was observed a decrease of 33.95 % flank wear compared to



conventional machining. [10] employed a dedicated induction system
for hot turning. The system is based on an improved induction coil
which is adapted to heat a localised portion of the machined part. Using
the same technique [11] investigated the tool life improvement in
milling of Titanium Alloy Ti-6Al-4 V through workpiece preheating.
The authors concluded that with preheating at 650 °C it is possible to
increase the tool life by 2.7 times compared to the experiment tests
made at room temperature.

The aim of this study is to improve the machinability of the Ti5553
titanium alloy with the assistance of high frequency induction heating.
Experimental and numerical investigations is carried out at various
preheating temperatures. The paper presents firstly, the developed ex-
perimental set-up that used for workpiece preheating. Then, the ex-
perimental tests are described and the influence of the hot machining
on the cutting forces as well as the chip morphology is discussed. By
means of 3D FE orthogonal cutting model, the chip formation process is
simulated and compared to experimental observations. Moreover, a
discussion is made regarding the hot machining influence on the chip
morphology and the material microstructure. After all, the economic
benefits and limits of this assistance is discussed.

2. Experimental set-up

For the workpiece heating, a high frequency induction system has
been used and adapted to the turning operation. The heating device is
defined by a semicircular inductor which envelops the piece.

The part is divided in two with a first mounted in the machine
mandrill and a second to be machined. This is fixed in a specific rotating
component which is designed to integrate thermocouples. The tem-
perature of the workpiece is controlled by a thermal camera and 4
thermocouples positioned as described in Fig. 1. It should be noticed,
the signal recoveries from thermocouples are carried through a rotating
collector which is fixed on the chuck of the lathe.

Fig. 2 exhibits the temperature evolution during a test in regarding
the thermocouples T2 and T3 positioned differently. T2 is close to the
radial depth and to the part extremity contrary to T3 which is deeper
radially and axially. The temperature shown in the next section is an
average between the thermocouple’s and the IR camera’s measures.

The preheating cycle is based in two phases. The first consists of the
workpiece heating during its rotation until achieving the preselected
temperature. During this phase, the part turns to get a homogeneous
temperature. At the end of the first phase where the temperature de-
sired is partially obtained, the part rotation is stopped for moving the
tool and prepare the measure device. The inductor is also shut down to
avoid the heating of only one section of the part. Although the ex-
perimental set-up is operational, the rotation and the heating start until
to get the desired temperature. Once the temperature is reached, a 15

mm turning operation is performed.

2.1. Material of study

All tests were performed on titanium alloys Ti5553. The chemical
composition is Aluminum 5 %, Molybdenum 5 %, Vanadium 5 % and
Chromium 3 %. This alloys is a beta-metastable structure and it is a part
of the near-beta-alloys family of titanium. The titanium used in this
work is firstly heat-treated and after forged. The heat treatment is di-
vided into three parts :

1 heating to 800 °C during 4 h,
2 free cooling,
3 aging at 600 °C for 8 h

The resulting microstructure is shown Fig. 3. The difference be-
tween the two phases of titanium can be observed in using a spectral
analysis technic. The lowest concentration of aluminium is found in the
a phase. During the heat treatment, a combination of the a and f phases
results in some nodules a,, which coalesce during the tempering. This
last treatment also generates fine a; precipitates in the  matrix. As
shown in this figure, the size of the beta phase is large (¢ = 500um).
EBSD (Electron Backscatters Diffraction) analysis correlates with ob-
servations made by [12].

2.2. Cutting conditions

The cutting speed (Vc = 35 m/min), the feed is (0,1 m/rev), the
radial depth (ap = 3 mm) are steady. This cutting speed was chosen
according to the Tool Material Pair methodology but made at room
temperature [13]. The insert used is CNMG 160612 - QM1105 (rake
angle = 13°, backing edge of 0.12 mm at 13° combined with a honing
of 0.02 mm).

3. Experimental results
3.1. Cutting forces

Fig. 4 exhibits the evolution of the cutting forces according to the
temperature of the workpiece. Four values occur : Fc, Ft, Fa and R
which are respectively the component co-linear to the cutting speed, to
the feed and to the cutting edge. After all, R is the cutting force re-
sultant. The decrease in the percentage according to the initial value is
shown on the graph with the blue dot line. The evolution of cutting
forces describes three tendencies according to temperature ranges. The
first one is between the room temperature and 100 °C. No noticeable
effect on the heating of the measured forces were detected. All

| Thermocouples (T1 and T3) |

Fixing screws

| Thermocouples (T2 and T4) |

Fig. 1. Experimental set-up description.
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Fig. 4. Cutting forces evolution with temperature.

components are consistent. The second tendency is between 100 °C and
500 °C. A slight decrease of the forces is observed. The last section is
defined for the temperatures higher than 500 °C where a considerable
drop of forces was observed. Concerning each component, their evo-
lution are identical. A larger decrease occurs for the Ft components
when the temperature is 200 °C. An increase of 750 °C allows reducing
cutting forces by 35 %. This evolution can be, partially, explained by
the thermal softening got when the temperature increase. The steps
described correspond to the evolution of mechanical properties as
temperatures increasing. This evolution follows that of the material
breaking limit and partially explains this trend [14].

3.2. Tool wear
Since the elevation of temperature during the hot machining pro-

cess, it is important to explore the state of the insert. As shown Fig. 5,
the tool wear mechanisms are different as a function of the heat. For the

25°C
200°C
1780 pm 93,57 Um 123,8 ym
RS e
750°C

Fig. 5. Tool wear according to temperature.

test made at room temperature, a chipping occur near to the radial
depth limit. This deterioration results from sever abrasion on rake face
due to high pressures and titanium inclusions. These conclusions agree
with the work of [14]. When the temperature increases, the tool wear
mechanisms change. The new titanium alloys behaviour and the tri-
bological aspects of the tool chip interface explain this evolution. In-
deed, the increase of temperature modifies the titanium behaviour.
When the temperature raises the Ti5553 is more ductile and therefore
stickier. As we will see later, it is possible to correlate degradation
modes and chip formation.

3.3. Chip formation

The workpiece temperature also modifies the chip morphology for
several reasons. The first is the modification of material behaviour
which induces a new chip formation. The second is the modification of
the titanium microstructure. The initial temperature combined with the
thermal energy generated by the cutting process and consequently the
titanium cooling generate a new microstructure. Table lexposes the
chip microstructure for different cutting temperature. Firstly, it appears
that regardless of the cutting temperature, the chips are always saw-
tooth types. The shear angle is unchanged and the primary band fre-
quency is never constant. Indeed, the chip analysis shows a stochastic
distribution of the distance between each primary band. There is also
the evolution of the primary shear bands thickness. The increase in
temperature generates some largest shear bands. It should be noticed
that for highest temperature the shear band thickness is not constant. As
we will see later, very wide shear bands and extremely thin bands may
appear. Consequently, the quantity of sheared titanium is strongly
different.



Table 1
Chip morphology evolution.
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4. Chip formation simulation

To investigate the titanium alloy chip formation mechanism, a 3D
thermomechanical finite element model was developed. However, the
simulation of such complex process requires the mastery of many
parameters: (i) materials behavior and chip formation criterion (ii)
parts geometries, (iii) boundary conditions ...

4.1. Initial geometry, meshes and boundary conditions

3D continuum elements under reduced integration (C3D8RT) were
used for thermomechanical fields calculations. In particular, a mesh
refinement was applied in the region of interest in order to improve the
accuracy at the tool tip. Based on a mesh sensitivity analysis, the region
of interest mesh size is set to 25 pm while the coarsest is between
(200 —500 pm). The workpiece is a parallelepiped part with a 1.8 mm
in length, 0.35 mm in width and 0.75 mm in height. It is modelled by a
single partition of favours the realistic material separation.

As Summarized in Fig. 6, the tool is fixed and the workpiece moves
only along the X axis with a constant velocity (here 35 m.min-1).

4.2. Tool and workpiece behaviors

A classical thermo-elastic law was used to model the carbide tool
behavior. Regarding the workpiece, a Johnson-Cook behavior model is
adopted [15] (Eq. 1).

o= [A+B(e,)"| 1 + CLog(i’) [1 - (ﬁ)m]

€po Tn — T (1)

Where ¢, €, £y are respectively the plastic strain, the strain rate and
reference plastic strain rate and T, T,,T;, are the temperature, the room
temperature, the melting temperature of the workpiece material. A, B,
C, m, n are material parameters. The Johnson-Cook parameter for the
Ti-555-3 titanium alloy are specified in Table 2, whereas the physical
properties of both material are mentioned in Table 3.

Fixed Tool

Tace
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§-555-
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Fig. 6. 3D Orthogonal cutting FE model: Boundary condition and geometry.

Table 2

The Johnson-Cook behavior model parameters [16].
A (MPa) B (MPa) C n m &po
1175 728 0.19 0.26 0.72 0.09

4.3. Damage criterion

Since the material failure mechanism in titanium alloy machining
based on the ductile fracture, a specific damage model is developed
through the coupling between the Johnson Cook flow behavior and the
max shear stress criterion. The Max Shear (or Tresca) damage criterion
can be expressed in terms of principal stresses by (Eq. 2):

oy — 03 = 275 )

However, the MS criteria can described and implemented though
the equivalent strain at failure &. More details about the model



Table 3
Material and contact condition [14,16].

Materials Property Workpiece Tool
Density p (kg/m%) 4650 15700
Elastic modulus E (GPa) 112 705
Poisson’s ratio & 0.32 0.23
Specific heat Cp (J/kg*C) [17] 178
Thermal conductivity 1 (W/m°C) [17] 24
Expansion coefficient expansion (Um/m/°C) 9 5
Room temperature T, ("C) 200-400-750
Inelastic heat fraction Bz, 0.9 -
Melting temperature Tm(°C) 1625

Contact Friction coefficient p 0.2
Friction Energy transformed to heat 99 %

transformation are described in [18]. Therefore, the MS damage cri-
terion provides an expression of the equivalent strain at failure as a
function of 6, 7;, and the Johnson cook thermal and strain rate de-
pendency terms:

G = By _A
B

R3] G N B

The MS damage model requires only one parameter to be identified.
This latter named maximum shear stress at failure 7;. It is set to 1903
MPa [16]. The numerical chip morphology with temperature and the
damage fields were respectively described in Figs. 7 and 8. Serrated
chips generated from quasi-periodic cracks were observed for all si-
mulations. In addition, a high level damage is identified between chips
segments. It describes the thermo-mechanical loadings level and cracks
propagations history provoked in machining.

Regarding the crack path, it starts at the tool tip and propagates
within the material until achieves the material upper part. Such effect is
observed by [19,20], during TA6V machining. In fact, this latter phe-
nomenon is highly influenced by the heating temperature. More tem-
perature is important and more crack propagation within the material
decreases. Such effect resulting from the attenuation of strain rate effect
by the heating of the part which induces the suppression of the com-
petition between the thermal softening and the strain hardening. Con-
sequently, the strain localisation becomes less important which leads to
a reduced crack propagation.

Numerical cutting forces under different heating temperatures are
depicted and compared to the experimental ones in Fig. 9. It should be
mentioned that the cutting forces are highly influenced by the heating
temperature. It decreases when the temperature increases. The nu-
merical observations were validated by the experimental ones. How-
ever, the experimental forces present a small error for the simulation at
200 and 400 °C. Conversely, an error of 9,7 % is observed for the si-
mulation at 750 °C. This error can be related to the friction behaviour
model which not taken into account the temperature effect. After all, it
can be said that the model predicts well the cutting forces and the chip

Endommagement
(Avg: 75%)

morphology.
5. Discussion

Based on the simulation results, the chip observations and the mi-
crostructure, it is possible to explain the chip formation. For the room
temperature, the mechanisms have been studied by [14]. This study
exposes that the chip formation follows the mechanisms described by
[21]. The chips collected are similar and consequently not studied in
this article. However, when the temperature is modified, the alloy
changes and new mechanisms occur.

When the temperature is 200 °C, the primary shear bands are very
clear. They can be observed on focusing on a, phases deformations. All
of them are elongated in one orientation, the primary shear band,
where a strong deformation of the grains is observed. The comparison
between the initial form (circular) and the deformed one informs about
the strain’s value. Moreover, it should be noticed that the shear bands
are very localised. The a, nodules close to the shear bands stay totally
circular and consequently not mechanically modified. The same ob-
servation can be made inside the bands where between a nodules de-
formed, the slate stay at their initial state. The  matrix is also affected
because its size is bigger than the undeformed chip thickness (Fig. 13).
In regarding the primary shear band, it occurs two behaviours. On the 8
matrix, concerning the a; slate, the deformations are smallest compared
to the a;, nodules. This difference can be explained by different points.
Firstly, a, is the softest phase above all compared to the fq,s phase
[22]. After, the nature of the microstructure allows getting some dis-
locations. The dislocation from a phases to the 3 phases are facilitated
by the Burger’s relation. Contrary to them in the other way which is
more difficult. The FEM results show that the temperatures are highest
to  transus temperature. However, the EDX analysis doesn’t reveal a
real change of the titanium nature contrary to [14]. As with chips got at
room temperature, it is possible to imagine that the shear strips are the
result of an accumulation of high thermal stress and hardening. How-
ever, it can be assumed that their spread is facilitated by the presence of
the a, phases. Concerning the secondary shear zone, the results are
quite different. Indeed, there are two areas. The first area near to the
chip limit where occurs a microstructure totally homogeneous. As they
move up towards the centre of the chip, alpha grains reappear. This
microstructure is mainly due to the high temperature at the tool chip
interface.

The formation of chips at 200 °C seems to correspond to the phe-
nomena described by [23] and exposed in Fig. 13. When the tool pe-
netrates into the material, a catastrophic shear failure occurs (Fig. 13b
point (1)). At first, this phenomenon is parallel to the cutting speed
orientation (Fig. 13 line 2) and then rises to the free surface of the chip
(Fig. 13 line (3)), the connection between these two events is made by a
radius of curvature. There is an intense deformation zone and a fracture
zone at the tip of the chips indicating a crack. In the case of Ti5553, the
intense deformation zone causes a very strong elongation of the nodular
phases. A deformation pattern appears, facilitated by these elements.
This difficult propagation is explained earlier in the paragraph. It

400°C

750°C

Fig. 7. 3D orthogonal cutting FE model — Damage.



Fig. 8. 3D orthogonal cutting FE model - Temperature.

1200 12

1000 10

)
=
S

M Fc Num

o
Error (%)

B Fc Exp

Cutting forces (N)
(<2}
o
o

s
o
<}

m Error %

N
=}
=]
N

200°C 400°C 750°C
Workpiece temperature (°C)

Fig. 9. Comparison between experimental and numerical cutting forces.

should be noticed that the temperature increases rapidly as explained
by [24], however, the low thermal conductivity limits the effect on the
microstructure and consequently in its evolution (Fig. 13b). The two
close shear bands observed in some areas can be explained in two ways.
The first is, as points out by [23], a deformation from the cutting edge
through the free surface and a second in the opposite direction. The
second explanation is a simultaneous propagation of two shear bands
facilitated by an optimal a phase alignment from a dislocation point of
view. Once this shear band is established, the material between the
shear bands does not appear to be damaged. However, the ratio be-
tween the size of the ex-beta grains and the thickness of the chip sug-
gests that it distorts the material. As temperature levels remain lower,

- 7ookx _ ENTe 1500k
Somm SGrIA=NTSESD Crombve

10 um Grand. = 500 X EHT = 15.00 kV

H WD = 9.0 mm

Signal A= NTS BSD Chambre = 1.97e-003 Pa

the microstructure cannot be affected. This phenomenon has been
studied by [25] where some EBSD analysis have been performed. When
a saw-tooth chip is generated, intense pressure and temperature occur
at the tool chip interface which induce high strain and large micro-
structure evolution (Fig. 13c). A new shear bands can be generated
(Fig. 10).

The temperature increasing generates a new material where all the
phases described in the previous sections are not visible. Fig. 11shows
the microstructure in primary and secondary zone of a chip when T =
400 °C. As when T = 20 °C, the a grains are deformed along the same
orientation. Between the primary and the secondary shear bands, the
structure seems not changed. However, there is a crucial evolution.
Indeed, the ay slates disappear only in the primary shear bands. Al-
though the phenomena occurring in the shear zones suggest that dy-
namic recrystallisation phenomena may occur. These first analysis
shows a fraction of phase-free material whose nature depends greatly
on the temperature generated. This evolution is due to the temperature
[26]. The thickness of the primary shear bands is continuous compared
to the previous test in despite of the softest material machined. It is
explained by the homogenisation of the material where the behaviour
difference between the phases is reduced. On the FEM model, the
temperatures in these zones are higher than Tgyqenes and suggest the
microstructure evolution. For the secondary zone, its thickness in-
creases, reflecting higher temperatures and pressures. a grains are also
more elongated compared to the primary zone. The direction of

24m " Grnd.= 700KX
Wo= 90mm _ SignalA=NTSBSD_Chambre = 8510004 P

3 Oct 2018

Fig. 10. Ti5553 microstructure when T = 200 °C.
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Fig. 11. Ti5553 miscrostrcture when T = 400 °C.

deformation is unique and parallel to the sliding speed of the chip on
the cutting face.

For this temperature, the chip formation is conditioned by different
factors which explained both the microstructure and the slight reduc-
tion in cutting forces. The phenomena involved during the initiation of
the crack remain identical, as the initial microstructure does not seem
to be modified (Fig. 13e). The difference is made when during the shear
bands formation. Studies show that there is competition between
hardening phenomena and thermal phenomena and that the shear band
only appears when thermal effects become predominant. The latter are
very localised and generate a very strong thermal softening. At this
temperature, an additional phenomenon is present. The increase in
temperature causes a microstructural modification where the a slates
are completely dissolved. This phenomenon, as wide as the shear bands,
favours the creation of these bands. The more homogeneous material
promotes dislocations. This change in the nature of the alloy seems to
be happening quickly (Fig. 13f). The cutting force reduction can also be
explained by this chip formation. Indeed, this new microstructure fa-
cilitates the creation of shear bands (high thermal softening and in-
itiation of dislocations facilitated) and therefore limits shear forces. As
for the secondary zone, it is also totally devoid of a phase.

The chip formation and microstructure evolution are more sig-
nificant when T = 750 °C. In general point of view, the morphology of
the chips collected is not constant. For these conditions, there are two
possibilities. The first is shown Fig. 1 where a sawtooth chip is

100pum  Grand.= 200X
—— wo=10.0mm

26 Juin 2019
1.27e-003 Pa

generated. The main difference with the lower temperatures is some big
primary shear bands. This chip formation follows the mechanisms ex-
hibit previously. However, the thermal softening of the workpiece
material requires a large volume of material to get the shear bands. The
second possibility is exposed on Fig. 12. The slates observed in the 8
matrix have largely disappeared both in shear zones and in undeformed
zones (Fig. 12). This evolution can also explain partially the cutting
forces decrease. Indeed, the initial variable of the a phase, the alpha-
grain boundary, the alphaWidmanstétten grain boundary and the
morphology of the  phase can explain the low machinability of this
titanium alloy [1]. Moreover [27] reveal the large decrease of the
mechanical properties of the titanium when the temperature increase.
Concerning the chip formation, the distance between shear strips ap-
pears to be less uniform as the chip and increase drastically.

At 750 °C, the phenomena are different because the microstructure
is totally modified (Fig. 13g) before the chip formation. The absence of
shear bands suggests that the phenomena involved are totally different.
It would seem, given the thickness of the secondary zone, that the
material is consequently cut. Indeed, there appears to be a very thick
secondary. When the chip is separated from the part, a deformation
propagates to the free surface of the chip. The latter is of low intensity
because the a nodules are lightly deformed.

6. Limits of temperature increase

To define the advantage provide by the temperature increase, a
power approach is used. Indeed, the definition of a sustainable assis-
tance can be : the power used to help, in our case to increase the
temperature, is lower than the power earning. Without considering the
thermal dispersion (radius and convective effect), the power supplied to
raise the temperature is defined (equation 6).

b= (',,.\I¥

where C, is the heat capacity, M the sample weight, oT the tem-
perature and dt the time to get the temperature. Fig. 14reveals the gain
of power when the temperatures increase. Each blue line corresponds to
the difference between the cutting power at the considered temperature
and the cutting power when T = 20 °C. The orange lines are the power
supplies to increase the temperature of the part. As seen on the Fig. 14,
the power provides is always the lowest. Consequently and although the
cutting force reduction is low, this help seems sustainable. However,

Fig. 12. Ti5553 microstructure when T = 750 °C.
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the quantity of metal to heat is small or limited and the time is very
long. If the part height is three times higher (yellow line), this assis-
tance becomes not sustainable and the same conclusion is made when
the time to increase the temperature is five times reduced.

The same approach has been applied on a turning operation. The
thermal power corresponds to the power needs to increase the tem-
perature of a tube which correspond to the volume of the material re-
moved by the tool in a defined time. Contrary to the previous study, the
heat source moves with the tool to heat a localized surface. The aim is
to avoid to heat the entire part but only the a limited volume which can
be removed in limiting the losses. For this study, the length is limited to
L = 0,01 m. This power is defined equation 7:

¢ = CypL(R® — (R~ ap)2)7r57T

where R is the part radius (150 mm), ap is the radial depth, L the
length of the heated tube (0,01 m) 750 °C.

As defined previously (Fig. 15), if the radial depth increases the
power provided is larger (highest volume of material) and when the
heating time increases the power reduces. To each radial depth, the dot
lines correspond to the cutting power earning when T = 750 °C. When
the time increases, the power needed becomes very large. Based on
these figures, it occurs an interesting point. Indeed, the limit of a sus-
tainable process is always defined when t = 180 s. This limits move



automatically when L is modified. For example, it moves to 20 s when L
= 1 mm. In comparing the tool feed and the time to heat this limited
length of material (without considering the convection and the radia-
tion phenomenon), it seems very difficult to use this assistance only by
focusing on the economic aspects during rough operations. Indeed, it is
necessary to use more efficient heating means (to reduce the time to
heat), therefore to the detriment of the economic gain and to combine
these results with potentially significant gains in tool wear, for example.

7. Conclusion

Due to the difficulty of machining the Ti5553, many assistance
systems have been tested. The hot machining technique seems to be a
relevant solution. The principle is to heat the cutting zone and ad-
vantage from thermal softening. The objective of this work is to verify
the relevance of this assistance on the machinability of Ti5553 and
understand the phenomena involved. For this reason, an experimental
device has been developed that allows temperature control over the
whole depth of cut. The analysis shows that an increase in temperature
does indeed lead to a reduction in cutting forces. This reduction seems
to correlate with two aspects. The first is the reduction of mechanical
properties with increasing temperature. The second is a different cut-
ting process. From a wear point of view, although wear tests have not
been carried out, totally different facies appear. Abrasive phenomena
give way to an adherent chip. The increase in temperature leads to a
different chip formation. At low temperatures (below 200 °C), shear
bands appear as described in many works. Above 400 °C, a new phe-
nomenon appears. The previously unchanged microstructure is now
affected by the cutting process. This modification only occurs in the
shear zones. For high temperatures, the cutting process is completely
modified. The chip literally seems to have been cut. Lastly, a feasibility
analysis shows that a purely economic consideration of this assistance
shows a certain limit. The heating powers to be used for roughing op-
erations become very important.
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