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Machining assistance techniques: impact on tool wear and surface
integrity on aeronautic alloys

Guénaél Germain'® - Yessine Ayed’ - Bruno Lavisse' - Tanguy Cadoux'-2

Abstract

This article discusses the effect of machining assistance on the machinability and surface integrity of titanium and nickel-
based alloys for turning operations. The presented results are based on a literature review of the principal experimental work
published by the French research laboratories within the framework of the Manufacturing 21 group. The work presented
focuses on the assistances the most studied by the research group: cryogenic assistance and high-pressure assistance. This
paper specifically addresses the experimental approaches used to determine the effect of the assistant on the cutting force,
tool wear, chip formation, microstructural changes, and residual stresses generated on the workpiece machined surface. This
literature review is completed by new results comparing machining tests on the Ti6Al4V titanium alloy using high pressure
and cryogenic assistances. The results show that the assistances increase the tool life, as well as improve the surface integrity
of the parts. However, these gains are not identical from one material to another. In particular, titanium alloys and nickel alloys
show how a very different gains for a fixed assistance. The conclusions presented highlight current trends and research needs.
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1 Introduction Indeed, the ability of these alloys to withstand very high
temperatures results in high cutting forces [1]. In addition,

Titanium and nickel-based alloys are very interesting mate-  the low thermal conductivity of these so-called refractory

rials for high-value-added components in many industrial
fields. Their outstanding mechanical and chemical properties
are suitable for components with very stringent functional
requirements (such as maintaining good mechanical proper-
ties at high temperatures).
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materials leads to a high concentration of heat in the tooltip
and in the cutting zone, which increases the tool wear and
consequently decreases tool life [2].

These alloys are therefore described as difficult-to-cut
materials. Hence, to improve the productivity or the quality
of the machined components (dimensional accuracy, surface
integrity), the machining process for these materials should
be improved. Indeed, many challenges must be addressed,
such as improving tool life by reducing thermomechanical
loads on the tool, improving chip separation and fragmenta-
tion, reducing cutting forces, and improving surface integrity
(e.g., surface roughness and residual stress). To this end,
different strategies can be adopted. It is then possible to (i)
improve the performance of the cutting tools or the machine-
tool components, (ii) optimize the tool paths [3], and (iii)
optimize the workpiece microstructure (i.e., grain size, pre-
cipitates size, and morphology) [4]. Finally, assisted machin-
ing presents an excellent way to improve the machinability
of difficult-to-cut materials.

The main machining assistances are (i) high-pressure
assistance [5-7], (ii) cryogenic assistance [8—10], (iii)
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laser-assisted machining [11-13], and (iv) vibration assis-
tance [14]. The basic principle of machining assistance is
to evacuate or to provide energy from/to the cutting zone.
Figure 1 shows the areas of the different cutting assistance
according to their mechanical and thermal contributions.

This additional mechanical and/or thermal action leads
to a change in the chip formation mechanisms. In the fol-
lowing chapter, this point is detailed for each assistance.
In order to highlight the effect of mechanical and thermal
actions on chip formation, a synoptic is proposed. The
synoptic shows the effect of the assistance on the three
chip formation areas (shear zones), and their repercus-
sions on the cutting force, tool wear, and residual stresses.
Indeed, the machining assistances can modify not only the
temperatures in the three shear zones, but also the con-
tact length and the tool/chip friction coefficient. Figure 2
shows the synoptic that will be used for each assistance.
The interactions are visible by arrows that link the dif-
ferent effects. The interactions that increase the values
(temperature, effort) are colored in red. The blue color
indicates that the values decrease, and the white color that
they are unchanged.

It will be shown in this article that depending on the
machined material and the cutting conditions, the assistance
effectiveness could vary. The assistances are not necessarily
in competition with each other, but rather complementary
depending on the material being machined and/or the type
of gain one wishes to achieve. They are different from each
other by their industrial maturity and by their effect on tool
wear and surface integrity [15-17].

Fig.1 Mechanical and thermal
contribution for each assistance

2 Description of assistances

It is well known that temperature is a key factor control-
ling tool wear evolution through the activation and/or the
acceleration of some tool wear mechanisms (i.e., diffusion,
adhesion, and oxidation). Its reduction leads to a tool life
increase. Hence, different lubrication techniques are used
to decrease temperature levels in the cutting zone. High-
pressure and cryogenic lubrication are among the most effi-
cient solutions.

2.1 High-pressure assistance (HPA)

HPA consists of projecting a high-pressure lubricant
jet between the chip and tool rake face and/or the tool
flank face and the machined surface. The lubricant is a
classic fluid such as an emulsion coolant or sometimes
even whole oil. The HPA ensures chip fragmentation
and efficient heat dissipation. High tool life increase is
generally reported when using this technique [18, 19].
Moreover, its relatively simple implementation within an
industrial framework presents an important advantage.
Figure 3 shows the CNC lathe equipped with a Hammel-
mann HDP 42 high-pressure pump (380 bar, 36 L.min™")
used to carry out the experimental tests in the LAMPA
laboratory.

It will be shown in Chapter 3 that for high-pressure
assistance, the lubricant jet reduces the temperature of
the cutting zone and applies a significant stress on the
chip which leads to a smaller tool/chip contact area. In
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Fig.2 Simplified synopsis of
thermal and mechanical interac-
tions in the cutting zone
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addition, with the high pressure, the lubricant is inserted
between the chip and the tool which reduces the friction
coefficient. These interactions can be visualized by the
following synoptic (Fig. 4).

2.2 Cryogenic assistance

Similarly to HPA, the principal of cryogenic assistance (CA)
is to cool the cutting area by the means of a cryogenic fluid
such as liquid nitrogen (LN2), liquid carbon dioxide (LCO2),
or supercritical CO2 (ScCO2) [20]. The liquid nitrogen sup-
ply is ensured by a ranger at a regulated pressure (around
12 bars). The tool is fed through heat-insulated pipes and a
phase separator to remove nitrogen gas from the feed line.
Figure 5 shows the LN2 supply chain. Regarding the LCO2
and the ScCO2 fluids, the tool supply can be carried out
directly without any phase separator or heat-insulated pipe.

Fig.3 High-pressure assistance

experimental setup (LAMPA) High
igh-

pressure
pump

Geom. of the
contact area (ZIl)
Lubrication

Effortinduced by
the formation of
the chip (zZn)

Effortinduced by
the formation of
the chip (zin)

The interactions between the different actions induced
by the cryogenic assistance show very strong cooling of the
cutting zone. On the other hand, unlike HPA, the mechani-
cal effect on the cutting zone is not significant, and the chip
is not fragmented. The cutting force does not change sig-
nificantly. Indeed, cooling tends to harden the material, but
the cryogenic fluid decreases the tool-chip friction coeffi-
cient [21], so the cutting effort is not very affected. With the
decrease of the thermal effect, the tool wear will decrease,
as shown in Fig. 6.

Different works carried out in French research labora-
tories have focused on the drilling process with cryogenic
cooling [22-24] for the drilling of the Ti6Al4V titanium
alloy. It has been shown that there is a gain in machinability
and an improvement in the surface integrity of the holes.
A critical review article has been published on cryogenic
assistance in drilling operation [25].




Fig.4 Simplified synopsis of
high-pressure assistance interac-
tions

e posistance
q“"s

)
x

o
3
%
Os/a
ure 1\

In addition to its ability to increase tool life and mate-
rial removal rate, cryogenic machining is an environ-
mentally friendly technique. In fact, it ensures the reduc-
tion of health risks and waste generation. Moreover, it
contributes to saving machining costs and to ease the
cleaning and the decontamination of both workpiece and
chips. In order to improve the lubricating performance
of these fluids and to reduce the friction coefficient, it
is possible to mix them with MQL (minimum quantity of
lubrication) [26]. However, the use of MQL makes the
CO2 footprint of the process much worse. This is why
cryogenic assist without MQL (without cutting oils) is a
sustainable and environmentally friendly green process.

Phase separator
LN2 Ranger and N2 bottle

Fig.5 Liquid nitrogen supply device (LAMPA)
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2.3 Laser assistance

Unlike cryogenic assistance, which cools the tool, laser
assistance machining (LAM) consists of heating with a laser
beam, the area of the part to be machined (Fig. 7a). This
assistance uses the principle of hot machining, as used with
an inductive heating for the machining of the titanium alloy
Ti555-3. [27, 28].

In the machining enclosure (Fig. 7b), the laser beam
is focused on the surface of the part a few millimeters
upstream of the tool to heat the volume of material that
will be machined by the tool. A pressurized air jet is blown
at the outlet of the focusing head (cross-jet) to prevent

]

4 Liquid Nitrogen jet

Workpiece

Tool Holder




Fig.6 Simplified synopsis of
cryogenic assistance interac-
tions
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chips and fumes from coming back to the focusing lens.
Increasing the temperature of the part allows for decreas-
ing the flow stress of metallic materials (decrease of the
cutting force) or to pass in the ductile domain for ceramic
materials (improvement of the machinability), but with
the disadvantage of increasing the temperature in the cut-
ting zone, which decreases the tool life and favors residual
tensile stresses that are harmful to the surface integrity of
the workpiece (Fig. 8). In addition, intensive laser beam
heating can easily cause phase changes on the surface of
the workpiece (hardening) if the laser-tool position is not
well respected.

LAM may be useful for machining specific materials
such as ceramics or metal matrix composite [29, 30]; how-
ever, it presents limited interest in machining the metal-
lic materials [31, 32]. It is, therefore, of little interest for
the machining of aeronautical alloys such as titanium and

Fig.7 a Principle of laser assis-
tance machining and b LAM
device (LAMPA)

Laser beam
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Cutting tool

Workpiece

nickel bases, so it will not be developed in the following
chapter.

2.4 Vibration assistance

Vibration-assisted machining (VAM) consists of apply-
ing a high frequency and a low amplitude vibration to the
cutting tool. For the turning process, the tool is excited
by a piezoelectric sonotrode (Fig. 9a) [33] which allows
the tool to vibrate in the direction of the feed motion or
elliptically (Fig. 9b) [34].

Yang et al. in their review article [33] state that vibra-
tion assistance improves workpiece surface quality,
reduces cutting force and chip fragmentation under cer-
tain conditions, and increases tool life (especially for low
cutting speeds). This assistance brings only a modest gain

Laser focusing head

(b)



Fig.8 Simplified synopsis of
laser assistance interactions

to the turning process and has not been studied by the
Manufacturing 21 group.

On the other hand, vibration assistance in drilling
brings very significant gains. The vibration assisted drill-
ing (VAD) was studied by the French research group
[35-37] for drilling titanium alloys [37, 38], composite
materials, and CFRP/Ti6Al14V stacks [39-42]. This article
will not develop the drilling process but only the turning
process, so this assistance will not be developed in the
next chapter.

Electrode
Insulation Part

Piezoelectric
Matching Part

(a)

<eMpe,
%,

Geom. of the
contact area (ZIl
Lubrication
action (2111)

Backing Part
Piezoelectric

Effort induced by
the formation of
the chip (211)

Effort induced by
the formation of
the chip (21)

Tool Wear

Residual
Stresses

Effort induced by
the formation of
the chip (zill)

3 Impact of high-pressure assistance
(HPA) and cryogenic assistance (CA)
on machinability

The previous chapter presented the four most studied
machining assistances. It has been shown that laser and
vibratory assistants do not bring significant gains for a turn-
ing operation. For the turning process, only two assistance
are interesting for the machining of aeronautical alloys:
the high-pressure assistance and the cryogenic assistance.
These two assistances will be detailed in this chapter. The
machinability is defined according to three criteria related
to chip formation (i.e., cutting forces and chip morphology),
tool wear, and surface integrity (i.e., residual stress, sur-
face roughness and topology, and affected/white layer). This
chapter will detail the work done in France on these aspects

Elliptical trajectory
Cutting vibration
Feed vibration

r. =
Rotation
direction

Cutting
direction

# Cutting depth v

direction

(b)

Fig. 9 a Sonotrode device with piezoelectric exciter [33] and b vibration of the cutting tool [34]
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Fig. 10 a Experimental and b numerical chip fragmentation [38]

with a section on chip formation and tool wear and another
section on surface integrity.

3.1 Impact of HPA and CA on tool wear and chip
formation

The HPA has been the object of several research studies
with the double objective of studying the physical mecha-
nisms of cutting and optimizing the process for titanium
alloys [43-45] and nickel alloys [46, 47]. The high-pres-
sure lubricant jet breaks up the chip very effectively. As
such, the study carried out by Ayed et al. [48] showed
that chip fragmentation (Fig. 10), an important effect of
the HPA, is not only due to the mechanical action of the
lubricant jet but also to its thermal action. Indeed, the chip
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is fragmented if its temperature decreases (becomes less
ductile) and if the mechanical effort is sufficiently high.

In addition, due to the significant decrease in tempera-
ture in the cutting zone, the tool life is greatly improved.
The assured improvement can exceed 500%. Figure 11
shows the results of two studies concerning the machining
of Til7 and Ti5553 titanium alloys using HPA [43, 49]. It
clearly highlights the existence of an optimal lubrication
pressure of around 100 bar, whatever the cutting condition.
The increased pressure allows the lubricant to be inserted
between the chip and the tool, thus protecting the tool. How-
ever, if the pressure is too high, the material clusters on the
cutting face of the tool are torn off, which greatly accelerates
adhesive wear. The tool life decreases when the pressure is
too high.

The high-pressure assistance allows very good fragmen-
tation of the chip and a very significant increase in the tool

0,35
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Fig. 11 Cutting speed and lubrication pressure effect on tool wear: a Til7 titanium alloy (ap=1 mm, f=0.1 mm/tr) [49] and b Ti5553 titanium

alloy (ap=1.5 mm, f=0.1 mm/rev) [43]



- Flank wear=f(time)
D
—4— Test1 LN2
4 Test2 LN2
—4— Test1.CO2 a
0.4 -4 Test2.CO2 +
—4— Test1_Wet i
--4-- Test2 Wet * !
g 03 o
= /i
3 > 1
= . A
M 0.2 P 1
s o A
y
y A
P&l il
/ P = T L
0.1 —g— = f
0.0 . .
0 5 10 15
¢t (min)

a) Test 1_LLN2, T=13 min

¢) Test 1_CO2, T=13 min

¢) Test 1_Wet, T=13 min

b) Test 2_LN2, T=13 min

g

VBMAX=0‘24 mm

5 VBMAX=0"Z mm

i

d) Test 2_CO2, T=13 min
B B

VBMAX=0'13 mm

VBMAX=°'15 mm

f) Test 2_Wet, T=13 min

b acdnd

VBMAX=0‘11 mm

e 1§

VBMAX=0‘13 mm

Fig. 12 Evolution of flank wear for machining Inconel 718 with and without cryogenic cooling [53]

life. This assistance is therefore very advantageous for the
machining of aeronautical parts.

While HPLA assistance ensures chip fragmentation and
increased tool life under almost all tested conditions, the
effect of cryogenic assistance on machinability is variable.
Regarding chip fragmentation, it was reported only in drill-
ing. As for tool wear, recent studies have shown that it is
very dependent on the machined material and the cryogenic
cutting fluid parameters. Indeed, on the one hand, a sig-
nificant tool life increase could be achieved when machin-
ing titanium alloys and steels [50, 51]. On the other hand,

contradictory findings were reported when machining
Inconel 718 [52]. As illustrated by Fig. 12, Chaabani et al.
[53] reported a tool life decrease under LN2. Better ten-
dency was obtained using LCO2. Nevertheless, there is no
improvement compared to conventional machining.

The cryogenic fluid parameters such as the flow rate
and the pressure, so far rarely studied, were described by
Ayed et al. [50] as key factors impacting tool life. Fig-
ure 13 summarizes the main findings. The best results
were obtained at the highest pressure and the highest flow
rate. Nevertheless, an optimum combining reasonable LN2

Fig. 13 Evolution of flank wear 0.40
for machining Ti6Al4V with
and without cryogenic cooling 0.35¢

and with different flow rates and
pressures [50]

0.30
__0.25}
0.20}

VB(mm

AAA
xxx Conventional lubrication |]
0@ CA HP;: 3.0+ 0.2/ min
409 CALP;3.0+0.2/min
ml@m CA HP: 1.6 £ 0.2/ min
¢9¢ CALP; 1.6+ 0.2/ min
vVy CA HP; 1.4 £ 0.2/ min
000 CA LP; 1.3+ 0.2/ min

Dry machining

CA: Cryogenic Assistance
HP: High Pressure (10-12 bar)

6 8 10 12 14 16

LP: Low Pressure (5-6 bar)

Time (min)



consumption and efficiency should be achieved. In this
context, it can be noted, for example, that a tool life of
about 12 min could be obtained either with the condition
“LP; 3 L/min” or with the condition “HP; 1.6 L/min.”

3.2 Impact of HPA and CA on surface integrity

As previously mentioned, surface integrity was inves-
tigated by analyzing the machined surface topology, its
roughness, and residual stresses levels.

3.2.1 Geometric criterion

Usually, surface roughness only depends on cutting param-
eters and on tool geometry. Therefore, there is not a specific
trend (improvement/degradation) associated with the use of
machining assistance. However, under some conditions, new
phenomena may appear. Chip fragment welding/recycling
was observed when machining Til7 titanium alloy under
high-pressure lubrication (above 150 bar) [49, 54] and when
using cryogenic assistance for the machining of Inconel 718
[52, 53]. Figure 14 shows these defects. For the first case,
very small chip fragments could be obtained under the action
of very high lubrication pressure levels. They are projected
at high speed onto the machined surface and may also be
recycled by passing under the cutting edge. For the second
case, it is not simple to give a valuable physical explanation.
Hence, further investigations should be carried out.

3.2.2 Microstructural criterion

In contrast to surface roughness, machining assistances have
a considerable impact on the areas affected by the thermo-
mechanical loads generated during machining. The vicinity
of the machined surface is then subjected to severe plastic
deformation (SDP). The local change of the grain crystal-
lographic orientations and the high temperature may lead to
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microstructural changes. Figure 15 illustrates the effect of
machining assistances on the highly deformed layer.

3.2.3 Thermomechanical criterion (residual stress)

Residual stresses are induced by the thermomechanical loads
acting on the machined surface during the cutting operation.
Thus, they are particularly sensitive to changes in the cut-
ting temperature. In this case, cryogenic assistance makes
it possible to reduce considerably the thermal loads and
consequently to favor compressive residual stresses. Sev-
eral studies highlighted the impressive increase in residual
stress levels under cryogenic assistance [55-57].

The effect of cutting conditions, high-pressure lubrication
assistance, and/or cryogenic assistance on residual stresses
was investigated when machining the Ti-6Al-4 V titanium
alloy and the Inconel 718 nickel-based alloy.

A similar trend, illustrated by Fig. 16, was also obtained
when machining Inconel 718 under cryogenic lubrication
conditions (LN2 and LCO2) [53]. Despite the lower result-
ing tool life (LN2/LCO?2), in-depth induced residual stress
levels are more compressive.

4 Study of HPA and CA assistance
for Ti6Al4V machining

This review of the work carried out by the Manufacturing
21 research group is completed by additional tests for the
machining of the Ti6Al4V titanium alloy.

The experimental means used are those presented in
Fig. 3 for high-pressure assistance and Fig. 5 for cryogenic
machining with liquid nitrogen. To do this, different means
of testing and analysis were used. The tests were carried out
by a straight-turning operation, with a depth of cut, ap of 1
mm, a feed rate of 0.2 mm/rev, and a cutting speed of 80 m/
min. The cutting force evolution was tracked by the means

Smeared
material

(b)

Fig. 14 Chip welding/recycling: a high-pressure lubrication assisted machining of Til7 titanium alloy [49] and b cryogenic assisted machining

of Inconel 718 (liquid nitrogen) [53]
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Fig. 15 Impact of machining conditions on surface deformation: a dry machining of the Til7 titanium alloy, b high pressure-assisted machining
of the Til7 titanium alloy [54], ¢ machining of Inconel 718 with conventional lubrication, and (d) LCO2-assisted machining of Inconel 718 [53]

of a piezoelectric force sensor. The tool wear was controlled 4.1 Machinability of TiAl4V in HPA

with a binocular microscope. As for the wear mechanisms,

they were analyzed by means of the SEM and an EDS detec-  The HPA tests were performed with a pressure of 100 bar
tor. Finally, the residual stresses were analyzed by X-ray with a tool holder (Seco tool Jetstream) and a CNMG

diffraction. 120408 MS MP9015 insert from Mitsubishi®. This tool has
- Hoop Residual Stress=f(Depth) - Axial Residual Stress=f(Depth)
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Fig. 16 Evolution of residual stresses for different cooling configurations and different cutting parameters [53]
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Fig. 17 Evolution of flank wear as a function of time for tests with
and without HPA

two 1.2-mm-diameter nozzles that focus the lubricant jet on
the cutting edge (Fig. 3).

As shown in Fig. 17 and in line with the other studies,
the machinability of the Ti-6Al-4 V titanium alloy has been
remarkably improved under high-pressure lubrication-
assisted machining. For a tool wear criterion VB =0.3 mm,
tool life was tripled, from about 3 min in machining with
conventional lubrication (emulsion) to nearly 10 min with
HPA. This is mainly due to the reduction of the cutting tem-
perature, which results in the deceleration of high tempera-
ture activated wear mechanism.

Regarding the chips, in conventional machining, they are
long with a spiral shape. However, under the action of the
lubricant jet, they are fragmented and C-shaped as shown in
Fig. 18. The chips obtained in HPA have been fragmented
with a length of a few millimeters which facilitates their
evacuation.

10 mm

Fig. 18 Chips obtained a with conventional lubrication and b with
high-pressure assistance (100 bar)

4.2 Machinability of TiAl4V in CA LN2

The trials in CA were carried out with the same commer-
cial tool holder (Seco tool Jetstream) but with different
cutting inserts. Two grades of CNMG 120,408 cutting
inserts, MP2015 from Mitsubishi and H13A from Sand-
vik, were used. The liquid nitrogen is delivered through
the two nozzles of the tool onto the cutting area, and the
supply pressure is 10 bar.

Figure 19 shows the main findings. Regardless of the
obtained results for the MP9015 inserts, cryogenic assistance
does not appear to improve tool life in these cutting condi-
tions. It is noticed that the gain in terms of tool life due to
cryogenic cooling with the MP9015 grade insert is only 3 to
4.5 min. In fact, to be effective, specific or optimized condi-
tions should be obtained. As the main role of the cryogenic
jetis to cool the cutting zone, its temperature should be higher
enough to see a difference compared to conventional machin-
ing. However, at very high cutting temperatures, the assis-
tance efficacy may drop. Thus, the operating window of the
cryogenic assistance is restricted to a certain range of cutting
conditions. As the cutting speed increases, tool life decreases,
regardless of the cooling fluid used. In addition, more differ-
ences could be observed in tool wear evolution. For the gain
to be significant, the cutting insert must be in a certain range,
which does not seem to be the case for the MP9015 insert.

In contrast, a very significant difference is visible between
the two inserts whether in machining with conventional
lubrication or in cryogenic machining. The H13A grade
insert has approximately 5 times longer tool life for the same
cutting parameters. Indeed, the lifetime increases from 3 min
in conventional machining to nearly 20 min in cryogenic
machining. On the other hand, the good tool life of the H13A
insert led to stopping the tests before reaching the lifetime
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Fig. 19 Effect of cryogenic machining on tool wear evolution for both
inserts grades
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Fig.20 Evolution of flank wear for machining Ti6Al4V with and
without CA (grade H13A and Ve =120 m/min)

criterion, but after 15 min of machining. Wear remains much
lower with cryogenic assistance.

Two additional tests, one in conventional lubrication
and the other with cryogenic cooling, were carried out with
grade H13A by increasing the cutting speed to 120 m/min.
Figure 20 shows the wear evolution for these two tests. It
appears that the tool life decreases strongly at this cutting
speed, with a lifetime of about 4 min for the two conditions.
For machining in conventional lubrication (wet), the evolu-
tion of wear is important and regular. On the other hand,
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with cryogenic cooling, the wear curve shows a plateau at
a VB=0.1 mm which shows that this assistance limits the
evolution of wear. But after about 3 min, the cooling of the
cutting zone does not seem to be efficient enough, which
strongly accelerates the wear of the tool. It can be seen that
this evolution of wear, with a cutting speed of 120 m/min,
is close to that obtained with the grade MP9015 at a cutting
speed of 80 m/min, which indicates greater productivity with
the grade H13A.

For the machining of titanium alloys, the results show that
tool life is systematically increased with cryogenic assis-
tance, but the gain strongly depends on the cutting condition.

4.3 Residual stresses after machining of Ti 6Al4V
in HPA and CA

In view of the first results, the following cutting parameters
were used: CNMG 120408 H13A grade insert, Vc=[80,
120] m/min, f=[0.1, 0.2] mm/rev, and ap=[0.5, 1] mm. For
each cutting condition, machining tests were carried out with
conventional lubrication (emulsion), high-pressure lubrica-
tion (100 bar), and LN2 cryogenic cooling. The tool holder
(Jetstream) is the same for all tests.

Figure 21 presents the obtained results. A significantly
positive effect of the machining assistances on surface resid-
ual stresses (axial and hoop directions) can be highlighted.
In almost all cases, the residual stresses in the axial and
circumferential directions are lower in cryogenic assistance,
except for the configuration (Ve =120; f=0.1; ap=1) where
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they are equal to those for high-pressure assistance. The
residual stresses for high-pressure assistance also give better
results in most cases compared to conventional lubrication.
It is not easy to draw conclusions about the influence of
each parameter on the residual stresses in the circumferential
direction, but for the residual stresses in the axial direction,
for each lubrication condition, an increase in feed rate or cut-
ting speed leads to an increase in axial residual stresses. The
influence of the depth of cut is less pronounced for standard
lubrication or lubrication or high-pressure assistance, but
with cryogenic assistance, the reduction of the depth of cut
leads to a significant reduction of the residual stresses.
These two assistances decrease the cutting temperature
(thermal load), even more strongly for the cryogenic assis-
tance, without strongly modifying the cutting force (mechan-
ical load). The residual stresses are functions of the thermo-
mechanical loads on the surface of the part. By reducing
the thermal load, for a similar mechanical load, the residual
stresses will be more in compression, which explains the
results obtained. It was shown in Chapter 4.1 (Fig. 20) that
for a high cutting speed (120 m/min), the cryogenic assis-
tance was less effective. This is even more true if the depth
of cut and the feed rate is large, which explains why the gain
is low for the operating point (Ve = 120, f= 0.1, ap = 1).

5 Conclusion

It is known that refractory aeronautical alloys such as
titanium alloys and nickel alloys have poor machinabil-
ity. Numerous research projects have made it possible to
improve their machinability, in particular, by optimizing
the tools used and the cutting parameters and/or mechanical
and thermal loads in the chip formation area by machining
assistance, which makes it possible to significantly improve
the productivity of the machined components. But the dif-
ferent assistances are not equivalent and depend on the type
of operation. Indeed, the work done by the French research
group, Manufacturing 21, has shown that laser assistance is
not interesting for these materials, and that vibratory assis-
tance gives good results only for drilling operation. For turn-
ing operations on titanium alloys, high pressure and cryo-
genic assistance give the best results.

For Nickel alloys, high-pressure assistance improves tool
life (up to two times) and improves the surface finish. On the
other hand, cryogenic assistance is rather negative for this
alloy, because the tool life decreases, and the surface finish
can be degraded as well, but the residual stresses on the
surface of the workpiece are more in compression.

For titanium alloys, the results of the studies carried out,
and the tests presented in this article have shown that the high
pressure and cryogenic assistances (i) do not have a significant

effect on cutting force and surface roughness, (ii) can sig-
nificantly increase tool life (up to five times) (This increase
is similar for the two studied assistants (with fixed cutting
conditions)), and (iii) improve residual stresses with higher
compression values, especially with cryogenic cooling.

In addition, the high-pressure assistance allows efficient
chip breaking, unlike the cryogenic assistance. But cryo-
genic assistance avoids the use of cutting oil, resulting in
unpolluted surfaces, giving it the benefits of dry machining
without the drawbacks such as the use of an oil filter or oil
mist extractors and washing the chip.

The different machining assistants are therefore comple-
mentary to each other, as they do not have the same benefits
depending on the material being machined and depending
on the type of operation used. It is, therefore, important to
properly understand these machining assistances to make the
best choice from an industrial point of view.

Acknowledgements The authors would like to thank all of the Manu-
facturing 21 research teams working on machining assistances.

Author contribution Supervision: G. Germain and Y. Ayed
Experimental tests: T. Cadoux and Y. Ayed
Manuscript: G. Germain, Y. Ayed and B. Lavisse

Funding The tests presented in this paper were funded by the company
Air Liquide.

Declarations

Competing interest The authors declare no competing interests.

References

1. Ahmed W, Elhissi A, Jackson MJ, Ahmed E (2012) Precision
machining of medical devices. In: The design and manufacture of
medical devices. 59-113. https://doi.org/10.1016/B978-1-907568-
72-5.50002-9

2. Ali MH, Balasubramanian R, Mohamed B, Khidhir BA (2012)
Effects of coolants on improving machining parameters while
machinability Titanium alloy (Ti-6Al1-4V). Appl Mech Mater
110-116:1657-1666. https://doi.org/10.4028/www.scientific.net/
AMM.110-116.1657

3. Castagnetti C, Duc E, Ray P (2008) The domain of admissible
orientation concept: a new method for five-axis tool path optimi-
sation. CAD Comput Aided Des 40(9):938-950. https://doi.org/
10.1016/j.cad.2008.07.002

4. Denkena B, Grove T (2016) The effect of microstructure on the
machinability of Ti-6Al-4V. Proceedings of the 13th World Con-
ference on Titanium:905-910. https://doi.org/10.1002/97811
19296126.ch155

5. Liu W, Liu Z (2018) High-pressure coolant effect on the sur-
face integrity of machining titanium alloy ti-6Al-4V. Mater
Res Express 5(3). https://doi.org/10.1088/2053-1591/aab44f

6. Braham-Bouchnak T, Germain G, Robert P, Lebrun JL (2010)
High-pressure water jet assisted machining of duplex steel:
machinability and tool life. Int ] Mater Form 3(SUPPL. 1):507-
510. https://doi.org/10.1007/s12289-010-0818-9


https://doi.org/10.1016/B978-1-907568-72-5.50002-9
https://doi.org/10.1016/B978-1-907568-72-5.50002-9
https://doi.org/10.4028/www.scientific.net/AMM.110-116.1657
https://doi.org/10.4028/www.scientific.net/AMM.110-116.1657
https://doi.org/10.1016/j.cad.2008.07.002
https://doi.org/10.1016/j.cad.2008.07.002
https://doi.org/10.1002/9781119296126.ch155
https://doi.org/10.1002/9781119296126.ch155
https://doi.org/10.1088/2053-1591/aab44f
https://doi.org/10.1007/s12289-010-0818-9

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Habak M, Lebrun JL (2011) An experimental study of the effect of
high-pressure water jet assisted turning (HPWJAT) on the surface
integrity. Int J Mach Tools Manuf 51(9):661-669. https://doi.org/
10.1016/j.ijmachtools.2011.05.001

Khanna N, Agrawal C, Pimenov DY, Singla AK, Machado AR,
da Silva LRR, Krolczyk GM (2021) Review on design and
development of cryogenic machining setups for heat resistant
alloys and composites. J Manuf Process 68:398-422. https://doi.
org/10.1016/j.jmapro.2021.05.053

Bicek M, Dumont F, Courbon C, PuSavec F, Rech J, Kopac J
(2012) Cryogenic machining as an alternative turning process
of normalized and hardened AISI 52100 bearing steel. J] Mater
Process Technol 212(12):2609-2618. https://doi.org/10.1016/j.
jmatprotec.2012.07.022

Jawahir IS, Attia H, Biermann D, Duflou J, Klocke F, Meyer D,
Newman ST, Pusavec F, Putz M, Rech J, Schulze V, Umbrello
D (2016) Cryogenic manufacturing processes. CIRP Ann Manuf
Technol 65(2):713-736. https://doi.org/10.1016/j.cirp.2016.06.007
Bijanzad A, Munir T, Abdulhamid F (2022) Heat-assisted
machining of superalloys: a review. Int J Adv Manuf Tech-
nol 118(11-12):3531-3557. https://doi.org/10.1007/
s00170-021-08059-2

. Ayed Y, Germain G, Salem WB, Hamdi H (2014) Experimental

and numerical study of laser-assisted machining of Ti6Al4V tita-
nium alloy. Finite Elem Anal Des 92:72-79. https://doi.org/10.
1016/j.finel.2014.08.006

Braham-Bouchnak T, Germain G, Morel A, Lebrun JL (2013) The
influence of laser assistance on the machinability of the titanium
alloy Ti555-3. Int J Adv Manuf Technol 68(9-12):2471-2481.
https://doi.org/10.1007/s00170-013-4855-7

Yang Z, Zhu L, Zhang G, Ni C, Lin B (2020) Review of ultrasonic
vibration-assisted machining in advanced materials. Int J Mach Tools
Manuf 156. https://doi.org/10.1016/j.ijmachtools.2020.103594
Pimenov DY, Mia M, Gupta MK, Machado AR, Tomaz iV, Sari-
kaya M, Kaplonek W (2021) Improvement of machinability of
Ti and its alloys using cooling-lubrication techniques: a review
and future prospect. J Market Res 11:719-753. https://doi.org/10.
1016/j.jmrt.2021.01.031

Jemielniak K (2021) Review of new developments in machining
of aerospace materials. ] Mach Eng 21(1):22-55. https://doi.org/
10.36897/jme/132905

Garcia-Martinez E, Miguel V, Martinez-Martinez A, Manja-
bacas MC, Coello J (2019) Sustainable lubrication methods for
the machining of titanium alloys: an overview. Materials 12(23).
https://doi.org/10.3390/ma122333852

Ezugwu EO, Bonney J (2004) Effect of high-pressure coolant sup-
ply when machining nickel-base, Inconel 718, alloy with coated
carbide tools. J Mater Process Technol 153-154:1045-1050.
https://doi.org/10.1016/j.jmatprotec.2004.04.329

Ezugwu EO (2005) Key improvements in the machining of diffi-
cult-to-cut aerospace superalloys. Int J Mach Tools Manuf 45(12—
13):1353-1367. https://doi.org/10.1016/j.ijmachtools.2005.02.003
Proud L, Tapoglou N, Slatter T (2022) A review of CO2 coolants
for sustainable machining. Metals 12(2):283. https://doi.org/10.
3390/met12020283

Courbon C, Sterle L, Cici M, Pusavec F (2020) Tribological effect
of lubricated liquid carbon dioxide on TiAl6V4 and AISI1045
under extreme contact conditions. Procedia Manuf 47:511-516.
https://doi.org/10.1016/j.promfg.2020.04.139

Liu H, Ayed Y, Birembaux H, Rossi F, Poulachon G (2022)
Impacts of flank wear and cooling strategies on evolutions of
built-up edges, diffusion wear and cutting forces in Ti6Al4V
machining. Tribol Int 171:107537. https://doi.org/10.1016/j.tribo
int.2022.107537

Liu H, Birembaux H, Ayed Y, Rossi F, Poulachon G (2022) A
hybrid modelling approach for characterizing hole shrinkage

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

mechanisms in drilling Ti6Al4V under dry and cryogenic condi-
tions. Int J Adv Manuf Technol 118(11-12):3849-3868. https://
doi.org/10.1016/10.1007/s00170-021-08229-2

Merzouki J, Poulachon G, Rossi F, Ayed Y, Abrivard G (2020)
Effect of cryogenic assistance on hole shrinkage during Ti6Al4V
drilling. Int J Adv Manuf Technol 108(9-10):2675-2686. https://
doi.org/10.1007/s00170-020-05381-z

Liu H, Birembaux H, Ayed Y, Rossi F, Poulachon G (2022) Recent
advances on cryogenic assistance in drilling operation: a critical
review. ] Manuf Sci Eng 144(10):100801. https://doi.org/10.1007/
10.1115/1.4054518

Grguras D, Sterle L, Malnersic A, Kastelic L, Courbon C, PuSavec
F (2021) Media flow analysis of single-channel pre-mixed liquid
CO2 and MQL in sustainable machining. Strojniski Vestnik/Jour-
nal of Mechanical Engineering 67(1-2):3-10. https://doi.org/10.
5545/sv-jme.2020.7076

Baili M, Wagner V, Dessein G, Sallaberry J, Lallement D (2011)
An experimental investigation of hot machining with induction
to improve Ti-5553 machinability. Appl Mech Mater 62:67-76.
https://doi.org/10.4028/www.scientific.net/ AMM.62.67

Wagner V, Harzallah M, Baili M, Dessein G, Lallement D (2020)
Experimental and numerical investigations of the heating influ-
ence on the Ti5553 titanium alloy machinability. ] Manuf Process
58:606-614. https://doi.org/10.1016/j.jmapro.2020.08.018
Mehta KM, Kumar Pandey S, Shaikh VA (2021) Unconventional
machining of ceramic matrix composites - a review. Mater Today:
Proceed 46:7661-7669. https://doi.org/10.1016/j.matpr.2021.01.961
An Q, Chen J, Ming W, Chen M (2021) Machining of SiC ceramic
matrix composites: a review. Chin J Aeronaut 34(4):540-567.
https://doi.org/10.1016/j.cja.2020.08.001

Germain G, Morel F, Lebrun J, Morel A, Huneau B (2006)
Effect of laser assistance machining on residual stress and fatigue
strength for a bearing steel (100Cr6) and a titanium alloy (Ti 6Al
4V). MaterialScience Forum 524-525:569-574. https://doi.org/
10.4028/0-87849-414-6.569

Germain G, Lebrun JL, Braham-Bouchnak T, Bellett D, Auger S
(2008) Laser-assisted machining of Inconel 718 with carbide and
ceramic inserts. Int J] Mater Form 1(1):523-526. https://doi.org/
10.1007/s12289-008-0213-y

Yang Z, Zhu L, Zhang G, Ni C, Lin B (2020) Review of ultrasonic
vibration-assisted machining in advanced materials. Int J Mach Tools
Manuf 156:103594. https://doi.org/10.1016/j.ijmachtools.2020.103594
Gao Y, Sun RL, Leopold J (2015) Analysis of cutting stability in
vibration assisted machining using ananalytical predictive force
model. Procedia CIRP 31:515-520. https://doi.org/10.1016/j.pro-
¢ir.2015.03.014

Bonnot V, Landon Y, Segonds S (2017) Tool/material interfer-
ences sensibility to process and tool parameters in vibrationas-
sisted drilling. In: Eynard B, Nigrelli V, Oliveri S, Peris-Fajarnes
G, Rizzuti S (eds) Advances on Mechanics, Design Engineering
and Manufacturing. Lecture Notes in Mechanical Engineering.
Springer, Cham. https://doi.org/10.1007/978-3-319-45781-9_32
Le Dref J, Landon Y, Dessein G, Espinosa C (2016) Modelling
kinematics and cutting forces in vibration assisted drilling. Mech
Ind 17(3):301. https://doi.org/10.1051/meca/2015078

Ladonne M, Cherif M, Landon Y, K’Nevez J-Y, Cahuc O, de
Castelbajac C (2015) Modelling the vibration-assisted drill-
ing process: identification of influential phenomena. Int J Adv
Manuf Technol 81(9-12):1657-1666. https://doi.org/10.1007/
s00170-015-7315-8

Brehl DE, Dow TA (2008) Review of vibration-assisted machin-
ing. Precis Eng 32(3):153-172. https://doi.org/10.1016/j.preci
sioneng.2007.08.003

Lonfier J, De Castelbajac C (2014) A comparison between regular
and vibration-assisted drilling in CFRP/Ti6A14V stack. SAE Int J
Mater Manuf 8(1):18-26. https://doi.org/10.4271/2014-01-2236


https://doi.org/10.1016/j.ijmachtools.2011.05.001
https://doi.org/10.1016/j.ijmachtools.2011.05.001
https://doi.org/10.1016/j.jmapro.2021.05.053
https://doi.org/10.1016/j.jmapro.2021.05.053
https://doi.org/10.1016/j.jmatprotec.2012.07.022
https://doi.org/10.1016/j.jmatprotec.2012.07.022
https://doi.org/10.1016/j.cirp.2016.06.007
https://doi.org/10.1007/s00170-021-08059-2
https://doi.org/10.1007/s00170-021-08059-2
https://doi.org/10.1016/j.finel.2014.08.006
https://doi.org/10.1016/j.finel.2014.08.006
https://doi.org/10.1007/s00170-013-4855-7
https://doi.org/10.1016/j.ijmachtools.2020.103594
https://doi.org/10.1016/j.jmrt.2021.01.031
https://doi.org/10.1016/j.jmrt.2021.01.031
https://doi.org/10.36897/jme/132905
https://doi.org/10.36897/jme/132905
https://doi.org/10.3390/ma122333852
https://doi.org/10.1016/j.jmatprotec.2004.04.329
https://doi.org/10.1016/j.ijmachtools.2005.02.003
https://doi.org/10.3390/met12020283
https://doi.org/10.3390/met12020283
https://doi.org/10.1016/j.promfg.2020.04.139
https://doi.org/10.1016/j.triboint.2022.107537
https://doi.org/10.1016/j.triboint.2022.107537
https://doi.org/10.1016/10.1007/s00170-021-08229-2
https://doi.org/10.1016/10.1007/s00170-021-08229-2
https://doi.org/10.1007/s00170-020-05381-z
https://doi.org/10.1007/s00170-020-05381-z
https://doi.org/10.1007/10.1115/1.4054518
https://doi.org/10.1007/10.1115/1.4054518
https://doi.org/10.5545/sv-jme.2020.7076
https://doi.org/10.5545/sv-jme.2020.7076
https://doi.org/10.4028/www.scientific.net/AMM.62.67
https://doi.org/10.1016/j.jmapro.2020.08.018
https://doi.org/10.1016/j.matpr.2021.01.961
https://doi.org/10.1016/j.cja.2020.08.001
https://doi.org/10.4028/0-87849-414-6.569
https://doi.org/10.4028/0-87849-414-6.569
https://doi.org/10.1007/s12289-008-0213-y
https://doi.org/10.1007/s12289-008-0213-y
https://doi.org/10.1016/j.ijmachtools.2020.103594
https://doi.org/10.1016/j.procir.2015.03.014
https://doi.org/10.1016/j.procir.2015.03.014
https://doi.org/10.1007/978-3-319-45781-9_32
https://doi.org/10.1051/meca/2015078
https://doi.org/10.1007/s00170-015-7315-8
https://doi.org/10.1007/s00170-015-7315-8
https://doi.org/10.1016/j.precisioneng.2007.08.003
https://doi.org/10.1016/j.precisioneng.2007.08.003
https://doi.org/10.4271/2014-01-2236

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Bisu C, Cherif M, Knevez J-Y (2018) Dynamic analysis of the
forced vibration drilling process. Procedia CIRP 67:290-295.
https://doi.org/10.1016/j.procir.2017.12.215

Jallageas J, Cherif M, K’nevez J-Y, Cahuc O (2013) New vibration
system for advanced drilling composite-metallic stacks. SAE Int J
Mater Manuf 7(1):23-32. https://doi.org/10.4271/2013-01-2078
Yang H, Chen Y, Xu J, Ladonne M, Lonfier J, Fu Y (2019)
Tool wear mechanism in low-frequency vibration—assisted
drilling of CFRP/Ti stacks and its individual layer. Int J Adv
Manuf Technol 104(5-8):2539-2551. https://doi.org/10.1007/
s00170-019-03910-z

Ayed Y, Germain G (2018) High-pressure water-jet-assisted
machining of Ti555-3 titanium alloy: investigation of tool wear
mechanisms. Int J Adv Manuf Technol 96(1-4):845-856. https://
doi.org/10.1007/s00170-018-1661-2

Braham-Bouchnak T, Germain G, Morel A, Furet B (2015) Influ-
ence of high-pressure coolant assistance on the machinability of
the titanium alloy Ti555-3. Mach Sci Technol 19(1):134-151.
https://doi.org/10.1080/10910344.2014.991029

Ayed Y, Germain G, Ammar A, Furet B (2013) Degradation modes
and tool wear mechanisms in finish and rough machining of Til7
Titanium alloy under high-pressure water jet assistance. Wear
305(1-2):228-237. https://doi.org/10.1016/j.wear.2013.06.018
Khochtali H, Ayed Y, Zemzemi F, Bensalem W (2021) Tool wear
characteristics in rough turning of Inconel 718 with coated carbide
tool under conventional and high-pressure coolant supplies. Int
J Adv Manuf Technol 114(7-8):2371-2386. https://doi.org/10.
1007/s00170-021-07002-9

Courbon C, Kramar D, Krajnik P, Pusavec F, Rech J, Kopac J
(2009) Investigation of machining performance in high-pressure
jet assisted turning of Inconel 718: an experimental study. Int J
Mach Tools Manuf 49(14):1114-1125. https://doi.org/10.1016/j.
ijmachtools.2009.07.010

Ayed Y, Robert C, Germain G, Ammar A (2016) Development of
a numerical model for the understanding of the chip formation in
high-pressure water-jet assisted machining. Finite Elem Anal Des
108:1-8. https://doi.org/10.1016/j.finel.2015.09.003

Ayed Y, Germain G, Ammar A, Furet B (2015) Tool wear analysis
and improvement of cutting conditions using the high-pressure
water-jet assistance when machining the Til7 titanium alloy. Pre-
cis Eng 42:294-301. https://doi.org/10.1016/j.precisioneng.2015.
06.004

Ayed Y, Germain G, Pubill Melsi6é A, Kowaleski P, Locufier D
(2017) Impact of supply conditions of liquid nitrogen on tool wear

51.

52.

53.

54.

55.

56.

57.

and surface integrity when machining the Ti-6Al-4V titanium
alloy. Int J] Adv Manuf Technol 93(1-4):1199-1206. https://doi.
org/10.1007/s00170-017-0604-7

Trabelsi S, Morel A, Germain G, Bouaziz Z (2017) Tool wear and
cutting forces under cryogenic machining of titanium alloy (Til7).
Int J Adv Manuf Technol 91(5-8):1493—1505. https://doi.org/10.
1007/500170-016-9841-4

Iturbe A, Hormaetxe E, Garay A, Arrazola PJ (2016) Surface
integrity analysis when machining Inconel 718 with conventional
and cryogenic cooling. Procedia CIRP 45:67-70. https://doi.org/
10.1016/j.procir.2016.02.095

Chaabani S, Arrazola PJ, Ayed Y, Madariaga A, Tidu A, Germain
G (2020) Comparison between cryogenic coolants effect on tool
wear and surface integrity in finishing turning of Inconel 718.J
Mater Process Technol 285. https://doi.org/10.1016/j.jmatprotec.
2020.116780

Ayed Y (2013) Approches expérimentales et numériques de
I’usinage assisté jet d’eau haute pression : étude des mécanismes
d’usure et contribution a la modélisation multi-physiques de la
coupe. ENSAM thesis. https://pastel.archives-ouvertes.fr/pastel-
00973532

Outeiro JC, Rossi F, Fromentin G, Poulachon G, Germain G,
Batista AC (2013) Process mechanics and surface integrity
induced by dry and cryogenic machining of AZ31B-O magnesium
alloy. Procedia CIRP 8:487-492. https://doi.org/10.1016/j.procir.
2013.06.138

Yousuf YA, Wang Z, Fu X, Chen L (1948) Fang J (2021) Research
on effect of cryogenic coolants on machinability characteristics in
machining Ti-6Al1-4V. J Phys 1:012202. https://doi.org/10.1088/
1742-6596/1948/1/012202

Hribersek M, Pusavec F, Rech J, Kopac J (2018) Modeling of
machined surface characteristics in cryogenic orthogonal turning
of Inconel 718. Mach Sci Technol 22(5):829-850. https://doi.org/
10.1080/10910344.2017.1415935

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.procir.2017.12.215
https://doi.org/10.4271/2013-01-2078
https://doi.org/10.1007/s00170-019-03910-z
https://doi.org/10.1007/s00170-019-03910-z
https://doi.org/10.1007/s00170-018-1661-2
https://doi.org/10.1007/s00170-018-1661-2
https://doi.org/10.1080/10910344.2014.991029
https://doi.org/10.1016/j.wear.2013.06.018
https://doi.org/10.1007/s00170-021-07002-9
https://doi.org/10.1007/s00170-021-07002-9
https://doi.org/10.1016/j.ijmachtools.2009.07.010
https://doi.org/10.1016/j.ijmachtools.2009.07.010
https://doi.org/10.1016/j.finel.2015.09.003
https://doi.org/10.1016/j.precisioneng.2015.06.004
https://doi.org/10.1016/j.precisioneng.2015.06.004
https://doi.org/10.1007/s00170-017-0604-7
https://doi.org/10.1007/s00170-017-0604-7
https://doi.org/10.1007/s00170-016-9841-4
https://doi.org/10.1007/s00170-016-9841-4
https://doi.org/10.1016/j.procir.2016.02.095
https://doi.org/10.1016/j.procir.2016.02.095
https://doi.org/10.1016/j.jmatprotec.2020.116780
https://doi.org/10.1016/j.jmatprotec.2020.116780
https://pastel.archives-ouvertes.fr/pastel-00973532
https://pastel.archives-ouvertes.fr/pastel-00973532
https://doi.org/10.1016/j.procir.2013.06.138
https://doi.org/10.1016/j.procir.2013.06.138
https://doi.org/10.1088/1742-6596/1948/1/012202
https://doi.org/10.1088/1742-6596/1948/1/012202
https://doi.org/10.1080/10910344.2017.1415935
https://doi.org/10.1080/10910344.2017.1415935

	Machining assistance techniques: impact on tool wear and surface integrity on aeronautic alloys
	Abstract
	1 Introduction
	2 Description of assistances
	2.1 High-pressure assistance (HPA)
	2.2 Cryogenic assistance
	2.3 Laser assistance
	2.4 Vibration assistance

	3 Impact of high-pressure assistance (HPA) and cryogenic assistance (CA) on machinability
	3.1 Impact of HPA and CA on tool wear and chip formation
	3.2 Impact of HPA and CA on surface integrity
	3.2.1 Geometric criterion
	3.2.2 Microstructural criterion
	3.2.3 Thermomechanical criterion (residual stress)


	4 Study of HPA and CA assistance for Ti6Al4V machining
	4.1 Machinability of TiAl4V in HPA
	4.2 Machinability of TiAl4V in CA LN2
	4.3 Residual stresses after machining of Ti 6Al4V in HPA and CA

	5 Conclusion
	Acknowledgements 
	References




