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Abstract

Titanium and titanium alloys have high strength at low density, good corrosion resistance and excellent biocompatibility.
Therefore, the use of titanium materials is well established in high-performance applications such as aerospace and biomedi-
cal. However, titanium and titanium alloys such as Ti—-6Al-4 V have low thermal conductivity, exhibit unfavorable chip
formation with typical segmented chips and have high chemical affinity to surrounding elements such as oxygen. Tool wear
and the properties of the component surface and sub-surface are significantly influenced by the presence of oxygen and result-
ing chemical interactions. Among other things, chemical reactions such as oxidation occur due to the high temperatures and
presence of oxygen. In this work, the chip formation of Ti—-6Al-4 V at different cutting speeds in discontinuous orthogonal
cutting process under different atmospheres is investigated. A conventional air atmosphere, a pure argon atmosphere and a
silane-doped atmosphere were used. The oxygen content of the silane-doped argon atmosphere corresponds to an extremely
high vacuum (XHV), which is practically oxygen-free. It was found that chip formation is affected by the surrounding
atmosphere. At the cutting speed v. =80 m/min, non-periodic segmentation is present under oxygen-free atmosphere, while
segmental chip formation occurs under air. This is accompanied by up to 16.5% lower feed force under inert gas atmosphere,

which is due to reduced friction caused by the use of an oxygen-free atmosphere.
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1 Introduction

Titanium and titanium alloys such as Ti-6Al-4 V are widely
used in high-performance applications such as medical and
aerospace due to outstanding mechanical properties with
low density, a low corrosion tendency and high biocom-
patibility [1-3]. For the production of components made of
Ti-6Al-4 V, cutting is of high relevance. During the cutting
process, high temperatures occur in the area of the contact
zone of the component and tool due to the material shear,
favored by the low thermal conductivity of Ti-6Al—4 V [4].
Segmented chip formation is characteristic for the machin-
ing of titanium and titanium alloys, which has already been
investigated in many studies [5—13]. Various models exist
to explain segmentation of the titanium chip. One model
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is based on the generation of adiabatic shear bands due to
the low thermal conductivity of titanium as a cause for chip
segmentation. This is also favored by heat accumulation
due to the low thermal conductivity of titanium. It results in
thermal softening of the titanium at cyclic intervals, caus-
ing it to shear along the shear plane [8, 9, 14, 15]. However,
investigations of titanium chips produced at cutting speeds
below 1 m/min also reveal segmentation. Here it is assumed
that thermal effects can be neglected. Cyclic crack initiation
is used here as a model to describe the chip segmentation,
where an occurrence of microcracks occurs at cyclic inter-
vals. In this model, material shearing is the result of mechan-
ical softening after the occurrence of a crack along the shear
plane [6, 11, 16]. Vyas et al. divide the total energy that
must be applied to chip formation into the specific energy to
produce macroscopic cracks, microscopic cracks and friction
of the chip against the rake face of the tool [11]. The friction
process during chip formation can be divided into sticking
and sliding friction [17]. The consequence of a segmented
chip is a high-frequency thermomechanical alternating load
on the cutting tool. Therefore, segmented chip formation
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can be used as a significant factor for the high tool wear
during the cutting of Ti-6Al-4 V [18, 19]. In addition, chip
formation significantly affects the component surface and
subsurface properties [9, 20, 21].

In [22] it was found that in external longitudinal turning
of Ti—6Al-4 V with different coated and uncoated carbide
tools lead to reduced wear due to decreasing oxygen content.
In particular, this is attributed to a reduction in oxidation
wear. In contrast, an increased adhesion is found through the
use of an inert gas atmosphere [23]. The increased adhesion
under inert gas atmosphere is confirmed by the studies of
Mercer et al. by using argon in pin-on-disc-tests [24]. Ernst
and Merchant found that the friction between the chip and
the material is in strong interaction with the chip forma-
tion [25]. Reduced friction on the rake face during titanium
cutting allows higher shear angles to be achieved, result-
ing in lower strain and lower process forces [9]. Bushlya
et al. have used various cutting material-workpiece material
pairings in machining under reduced ambient oxygen condi-
tions. According to them, the effect of oxygen on the fric-
tion between chip and tool depends on the material pairing.
Friction is increased for machining Inconel 718 with PcBN
and reduced for the cutting from 34CrNiMo6 with cemented
carbide and cermet as well as for the cutting of tool steel
with PcBN due to oxide layer formation [26].

Williams et al. have investigated the influence of oxygen
on the chip formation of different materials. While the pres-
ence of oxygen has a positive effect on the machining of
iron-based materials, higher process forces occur for copper
and aluminum as a result of the presence of oxygen [27].
However, no scientific work is known that investigates the
chip formation of titanium and titanium alloys by reducing
oxygen to an XHV-adequate atmosphere.

Furthermore, a large number of chemical and thermo-
dynamic processes occur during the cutting process, which
interact with each other and can influence the chip formation
process. For example, diffusion processes can cause cutting
material as well as oxygen, nitrogen and carbon from the
ambient atmosphere or cutting fluid to penetrate the titanium
chip or the workpiece surface [28-30]. Moreover, under
high temperatures, aluminum and vanadium diffusion out
of the Ti-6Al-4 V alloy occurs, as well as oxygen diffu-
sion into the alloy through the oxide layer [31]. Titanium
already forms an oxide layer at low temperatures, which has
a passivating effect and thus prevents further oxidation of
the titanium. However, at temperatures above 500 °C, the
oxidation resistance decreases significantly, so that titanium
has a much higher solubility for foreign elements such as O,
N, C and H, which can change the material properties [32,
33]. These interstitially dissolved atoms and reaction prod-
ucts significantly affect the microstructure of titanium and
its mechanical properties. Both, the reaction product TiO,
and dissolved oxygen in alpha titanium, lead to an increase
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in hardness and shear strength compared to pure titanium
[34, 35]. However, this is offset by an embrittlement effect
due to the dissolution of oxygen in titanium [35, 36]. In addi-
tion, interstitial oxygen increases the grain size of the micro-
structure and thus increases the possibility of crack initiation
of titanium materials [37]. Hartung et al. also observed the
formation of reaction layers in the presence of oxygen during
machining, which act as a barrier to diffusion between the
cutting material and the titanium material [38].

To avoid oxidation during the cutting process, the sig-
nificant reduction of oxygen is necessary. In order to
be able to evaluate the results of the tests under reduced
oxygen content, reference tests are first carried out under
conventional air. Under air, the oxygen partial pressure is
Po2=212.28 mbar [39]. Furthermore, an inert gas atmos-
phere with pure argon is used. According to the manu-
facturer, this has a maximum residual oxygen content of
Po>=2-1073 mbar. The monolayer formation time can be
used to assess the oxygen adhesion dependent on the oxygen
partial pressure. The absorption rate of oxygen molecules
from the ambient atmosphere can be calculated as a function
of the oxygen partial pressure. The gas molecules imping-
ing per square centimeter j can be calculated according to
Eq. (1), where p is the pressure in Pa, mg, is the weight of
the oxygen molecule, k, is the Boltzmann constant and 7'is
the absolute temperature.

. i
J=p \/ﬂ-m02-2‘kb-T (1)

The number of 8.71-10'* oxygen molecules on an area of
1 cm? forms a monolayer. Taking into account the sticking
coefficient of 0.8 for oxygen on a titanium surface, the time
for the formation of a monolayer ¢,,,, for the absorption of

oxygen on the surface is given by Eq. (2).

mono 08 'j

[40-42]. For the argon atmosphere, a monolayer forma-
tion time of #,,,,,=3.6-107 s results. In order to achieve
a practical freedom from oxygen, an atmosphere is aimed
at which corresponds to an extremely high vacuum
(XHV) with respect to the oxygen partial pressure. Below
Pop= 107" mbar, oxygen partial pressures are considered
XHV adequate [43]. This corresponds to a monolayer forma-
tion time of #,,,,,=7.2-10* s=2 h. To achieve this, the gas
monosilane SiH, is additionally added to the argon. This
reacts with the remaining atmospheric oxygen to form sili-
con dioxide and water or hydrogen SiH,+20,— SiO,+2
H,0 and SiH,+ 0O, — Si0,+2 H, [44].

In this paper, the influence of the atmosphere on the chip
formation of the titanium alloy Ti—-6Al—4 V is considered.
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An innovative methodology has been applied. By using an
oxygen sensor for the first time during cutting processes, the
oxygen partial pressure is quantified. Moreover, by adding
monosilane, the oxygen partial pressure can be reduced to
a desired value in a targeted manner for the first time. The
aim of this paper is to gain knowledge about the influence of
oxygen on the chip formation of Ti—-6Al-4 V in orthogonal
cutting. Three atmospheres, each with a different oxygen
content, are used to determine this influence. The results of
the cutting tests with regard to chip formation of Ti-6Al4 V
under conventional air, oxygen-reduced argon ,, “and oxy-
gen-free silandoped argon are compared. The silane-doped
argon atmosphere has such a low oxygen partial pressure
that this atmosphere has the level of an XHV.

2 Experimental setup and methodology
2.1 Experimental setup

For the generation of the different cutting atmospheres, a
gas-tight enclosure is installed in a vertical lathe by Gild-
emeister GmbH of the type CTV 400. The entire process
chamber is shown in Fig. 1. The enclosure is connected on
the one hand to the tool magazine of the lathe and on the
other hand to the spindle. The translatory axis movements
of the spindle can be realized by a special bellow. In addi-
tion to a gas supply, the process chamber has overpressure
valves and an exhaust connection. Furthermore, a tool and
workpiece change can be realized via a sluice system that
can be flushed and exhausted separately, without changing

Fig. 1 Process chamber for the
realization of different cutting
atmospheres

bellows

contact zone

dynamometer with
msert holder

connection with
carrousel

glove connection (handling)

the atmosphere. Gloves are integrated into the chamber for
handling inside the gas tight process chamber.

A detailed illustration of the test setup can be seen in
Fig. 2. A steel shaft is clamped on one side in the three-jaw
chuck of the lathe. The workpiece, consisting of a sheet of
Ti—6Al—4 V, is attached to this shaft via screw connections.
The grooves introduced into the workpiece cause a discon-
tinuous cut with four interventions per workpiece revolution
and a relative engagement of 63%. In combination with the
holes, a sudden interruption of the cut is effected. A detailed
description of the principle is given in [45].

The cutting tool is fixed to a Kistler type 9129AA multi-
component dynamometer via a special clamp. The gas is
added via a gas inlet directly into the effective contact zone
of the cutting process. Similarly, the sample gas is tapped
close to the effective zone. The sample gas is extracted from
the test chamber by a pump via a volume flow of 25 I/h
and passed through a lambda probe from mesa GmbH. The
lambda probe converts the oxygen partial pressure into a
voltage signal and is used for process-parallel monitoring
of the oxygen partial pressure.

The cutting tool is an SNMA 120,408 indexable insert
made of uncoated cemented carbide from Kennametal. The
tool is clamped by a special holder in such a way that the
rake angle is y= — 6° and the clearance angle is a=6°. The
cutting edge rounding of the tools is measured with an Ali-
cona InfiniteFocus G5 measuring device and is S=5+1 pm.
These data are summarized in Table 1.

Sheets of titanium alloy Ti—-6Al—4 V of thickness 3 mm
are used as test material. The chemical composition of the
alloy is listed in Table 2.

relief valve

gas supply

gas extraction
Sca/105288 ©IFW
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Fig.2 Experimental setup
inside the process chamber for
the discontinuous orthogonal
cutting process

Table 1 Micro and macro geometry of the test tools

Geometry Rake angle  Clearance angle a  Cutting edge
Y rounding S
SNMA 120,408  —6° 6° 5+1um

The most important mechanical properties of the material
can also be found in Table 3.

The scanning electron microscope type Carl Zeiss EVO
60 is used for the scanning electron images to characterize
the chips. Furthermore, the chip roots are cleaned with etha-
nol, ground with SiC abrasive paper and polished with Al,O;
abrasives. Subsequently, an etching process is performed
with a water-based etchant containing 20% nitric acid and 2%

Table 3 Mechanical properties of Ti—-6Al-4 V according to manufac-
turer

dynamometer

Sca/112858 ©IFW

hydrofluoric acid. The prepared chip roots are measured by
light microscopy.

2.2 Methodology of oxygen-free machining

A specific process strategy is required to generate the test
atmospheres. The gases air, argon and a mixture of vol.-98.5%
argon and vol.-1.5% monosilane are introduced via the gas
supply of the process chamber. In addition, for the test atmos-
pheres with reduced oxygen content, the spindle barrier air
is substituted with argon. In this way, a continuous supply of
unwanted oxygen is prevented and, at the same time, foreign
particles such as silicon dioxide particles are prevented from
entering the spindle.

Figure 3 shows the oxygen partial pressure over the flush-
ing time of the different gases. Furthermore, the correspond-
ing function of the monolayer formation time can be taken
from Fig. 3. It can be seen that the oxygen content falls below
the level of an XHV with po,=10""" mbar after 41 min.
The oxygen partial pressure of po,=107'7 mbar is defined

Yield strength ~ Tensile strength Elongation at Modulus of . . . .
Rpgp [MPa] R, [MPa] break A [-] elasticity E as the experimental atmosphere in this paper and is reached
[GPa] after approx. 55 min of total flushing time. Due to mixing
effects, flushing with argon takes up a large proportion of
828 892 10 10 the time. There is always a slight overpressure, so that the
g‘r':';ezs %"_Igﬁlgn wi% of W% Al v Fe H C 0 N Ti
Min 55 3.5 0 0 0 0 0 Balance
Max 6.75 4.5 0.4 0.015 0.08 0.2 0.05
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oxygen-containing gas mixture can be removed without draw-
ing in fresh air.

Furthermore, the non-productive times of the process
increase significantly. By stretching the bellows, which is
firmly connected to the process chamber but also to the spin-
dle, the volume of the process chamber is increased. The
maximum speed of the spindle must be designed in such
a way that the coupled increase in volume of the working
chamber is always smaller than the gas flow supplied.

3 Results and discussion
3.1 Metallographical chip analysis

Chip roots are created by the principle of interrupting the
cut. In this way, microscopic observation of the chip forma-
tion state is possible, which is highly dynamic in the process.
Figure 5 illustrates the chip roots generated at v,=80 m/min
in all three test atmospheres. A biaxial stress mode is pre-
sent in the central region of the chip. The description of the
process kinematics can therefore be two-dimensional in this
region. In the lateral edge region of the chip, however, a tri-
axial stress mode exists. Therefore, the cross-section micro-
graphs are generated in a manner that the lateral edge region
of the chip is not considered. This is how the micrographs in
Fig. 4 have been generated. From the cross-section micro-
graphs it can be seen that the oxygen content influences the
chip formation in the area of the chip midsection. While at

machine

Gildemeister CTV 400 lathe
volume process chamber
V=141-1781

V')

Sca/105319 ©OIFW

v,=80 m/min in air there is a typical, almost periodic chip
segmentation, the uniform segmentation decreases more and
more due to the reduced oxygen content. The chip formation
observed under XHV-equivalent argon-silane atmosphere
can thus be classified as non-periodic segmented for this
cutting speed. This chip formation resembles flow chip for-
mation, since no shear localizations are formed.

The principle of not considering the edge regions of the
chip in the evaluation can also be transferred from the chip
roots to all other regions of the chip. Figure 5 illustrates this
principle for each further chip that is not connected to a chip
root. The SEM scans on the left also show where the transi-
tion from the lateral edge region of the chip to the middle
region of the chip is to be located.

Geometric parameters can be derived from the cross-sec-
tion micrographs of the chip roots shown in Fig. 4 and the
cross-section images of the chips shown in Fig. 5. These are
the degree of segmentation GS, the segment shear angle ¢,
and the segmentation frequency f;. The segment shear angle
is derived directly from the courses of the shear localiza-
tions. The degree of segmentation can be calculated from
the maximum chip thickness /', and the minimum chip
thickness /', according to Eq. (3).

GS — h/max - h,max (3)
h/

max

The segmentation frequency is calculated from the micro-
graphs of the chips according to Eq. (4) [13]. It is assumed

@ Springer
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Fig.4 Cross sections of the
chip roots

50 um |-

AR g D
EW

tool:
cemented carbide

workpiece:
Ti-6A1-4V

that the average chip thickness A’ corresponds to the mean
value of the minimum and maximum chip thickness

oo 1000w,
ST 60 e )

where £ is the undeformed chip thickness and e, is the length
of a segment along the direction of chip flow on the rake
face.

For the chip formation of Ti-6Al-4 V at a cutting speed
of v,=80 m/min, the decrease of the oxygen content by using
pure argon atmosphere causes a significant decrease in the
degree of segmentation in the biaxial stress state, compared
to the chips produced under air. Since there is no periodic
segmentation at v,= 80 m/min under argon and under silane-
doped argon, the evaluation of the segment shear angle is not
possible. It is also not possible to calculate the segmentation
frequency in the case of non-periodic segmentation because
the zones of shear localization are not clearly identifiable for
this type of chip formation. Furthermore, the irregularity of
the shear causes a strong variance of the segmentation fre-
quency. In addition, the clear differentiation between shear
localization as well as associated segments and a wavy surface
is difficult. Similarly, identification of segment length along
the chip flow direction is not possible for non-periodic seg-
mentation. For this reason, it is also not possible to quantify
the segmentation frequency in these cases.

@ Springer
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3.2 Influence of the cutting speed

Increasing the cutting speed to 100 m/min and 120 m/min
does not change the fundamental principle of segmented
chip formation when cutting Ti—-6Al-4 V under air. How-
ever, when using the argon atmosphere and the silane-doped
argon atmosphere, the increase in cutting speed leads to a
change in chip formation. At a cutting speed of v,=100 m/
min or higher, periodic segmentation occurs even under
oxygen-reduced atmosphere. For this reason, chip forma-
tion is performed analogously to the executions of the chips
produced at v,=80 m/min and characterized on the basis of
the segment shear angle, the segmentation frequency and
the degree of segmentation. The results are summarized in
Fig. 6. The diagrams allow the comparison of the parameters
at constant cutting speed and variation of the atmosphere.
When looking at the segment shear angle, it can be seen
that this parameter is at an almost constant level for all cut-
ting speeds with the chips produced under air. In compari-
son, the segment shear angle decreases when the cutting
speed is reduced from by increasing the cutting speed when
purging with pure argon. As already described, it is not pos-
sible to quantify the segment shear angle for chip formation
at v,=80 m/min in silane-doped argon atmosphere. Never-
theless, it can be determined that the segment shear angle
under argon and under an XHV-equivalent silane-doped
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Fig.5 Edge area, midsection
and parameters in segmented
chip formation

SEM scans cross section micrographs

tool:
cemented carbide

workpiece:
Ti-6Al-4V

argon atmosphere decreases with increasing cutting speed.
It can be observed that at v.=100 m/min, this parameter
is 8% lower under XHV-equivalent atmosphere than under
air, and at v,=120 m/min, the segment shear angle is even
44% lower.

With regard to the segmentation frequency, it becomes
clear that lowering the oxygen content to XHV level causes a
general increase in the segmentation frequency. At v,=80 m/
min, analogous to the comments on the segment shear angle,
the use of the segmentation frequency is not possible for the

process:
orthogonal cutting, discont. dry
(WC + 1 wt.-% Co) v,

= 80 m/min Vf,
N2

=0.1 mm

=3 mm
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non-periodic segmented chips, formed in argon and silane-
doped argon. At the cutting speed of 100 m/min, the seg-
mentation frequency in an atmosphere suitable for XHV is
7% higher than in air, at v.= 120 m/min, this parameter is
4% higher.

The course of the degree of segmentation is inverse to
that of the segment shear angle. The degree of segmentation
is generally at a constant level when using the air atmos-
phere. In contrast, the reduction of the oxygen content to
XHYV level causes an increase from 0.172 to 0.38, i.e. by

@ Springer
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Fig. 6 Segmentation frequency 20
and degree of segmentation - air Ar Ar + SiH
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120%. Thus, the degree of segmentation is 45% lower at
v.=80 m/min under silane-doped argon atmosphere, 2%
lower at v.=100 m/min and.

20% higher at v,= 120 m/min, in each case compared to the
degree of segmentation under air. When using this parameter,
the non-periodic segmentation at the cutting speed v,=80 m/
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min under argon and silane-doped argon must also be taken
into account. However, since there is no ideal flow chip forma-
tion but non-periodic segmentation, this parameter is also used
for characterization in these cases. This is supported by the fact
that the degree of segmentation does not contain any informa-
tion regarding the periodicity of the segmentation.
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The results suggest that at a cutting speed of 80 m/min,
the use of the XHV adequate atmosphere leads to a lower
cyclic mechanical stress on the cutting edge due to chip
segmentation. While periodic segmented chip formation is
observed under air, the reduction in oxygen content results
in non-periodic, weakened segmentation. This results in a
significantly reduced degree of segmentation. In addition,
the segments are formed at a slightly higher frequency
under a significantly higher segment shear angle. However,
as already described, the quantification of the segmentation
frequency and the segment shear angle can only be used
to a limited extent due to the change in chip formation. At
the cutting speed of 100 m/min, a very small decrease in
the dynamic mechanical cutting edge load can be expected,
since the chip is formed only slightly more at higher fre-
quency, with a slightly lower degree of segmentation and
a slightly smaller segment shear angle. Accordingly, at the
cutting speed of 120 m/min, a higher dynamic cutting edge
load can be expected due to the lower segment shear angle,

the higher degree of segmentation and the higher segmenta-
tion frequency.

3.3 Analysis of process forces

To obtain an estimate of the mechanical cutting edge load,
the process forces are measured in the discontinuous cut.
Due to the process kinematics, the process forces are the
cutting force F. and the feed force Fy. The sampling fre-
quency during the measurement is 44.1 kHz. Subsequently,
the cutting force and the feed force are averaged over the
duration of the engagement. Figure 7 shows the mean cutting
forces and feed forces, each as a function of cutting speed
and atmosphere.

It can be seen that the cutting force is not significantly
influenced by the cutting speed and the atmosphere. The
feed force, on the other hand, shows a greater dependence
on the ambient atmosphere. A comparison of the feed forces
under air and XHV-equivalent atmosphere for the respective

Fig. 7 Process forces depending 600
on cutting speed and atmos-
phere LT:)
8 N
&£
)
£ 200
=
O
0
600 — -
air Ar Ar+ SiHy
o R
) N
= -13.5% -8 % -7 %
= v
B 200
&
0
80 m/min 100 m/min 120 m/min
cutting speed v,
tool: process:

cemented carbide

orthogonal cutting, discont. dry
(WC + 1 wt.-% Co) v,
workpiece: h
Ti-6Al-4V b

= var. Vﬁv
=0.1 mm %
=3 mm
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cutting speeds shows a reduction in the feed force of 13.5%
at v,=80 m/min, an 8 =% lower value at v.=100 m/min and
a 7% lower value at v.= 120 m/min.

However, the reduction of the feed force by 13.5% for
v.=80 m/min due to the lowering of the oxygen content is
clearly above the measurement accuracy and thus to be clas-
sified as significant. Reducing the oxygen content by using
argon and silane-doped argon causes non-periodic segmen-
tation at v,=80 m/min. Contrary to expectations that this
would lead to a significant reduction in the cutting speed,
no significant difference is observed at this point. Presum-
ably, this is due to the compensation of various effects by
the absence of oxygen. It can be assumed that lower cut-
ting temperatures are present under argon and silane-doped
argon. This can be attributed to the non-periodic segmenta-
tion at v.=80 m/min under argon and silane-doped argon,
while periodic segmentation is present under air. This
approach can be explained by the model of adiabatic shear
as the cause of the chip segmentation. At the same time, the
expression of a non-periodic segmentation at v, =80 m/min
is expected to result in a lower mechanical tool load. Lastly,
a change in friction between the rake face and the chip as
well as between the rake face and the workpiece surface
can be expected. Furthermore, the effects mentioned above
strongly interact with each other, which is why a separate
consideration is difficult.

In contrast to the cutting force, the feed force decreases
significantly as a result of the reduced oxygen content at
v, =80 m/min. This is due to an atmospheric induced
increase of the friction between the workpiece edge zone
and the chip. The verification is performed by calculating
the tangential force on the rake face F;, and the normal force

on the rake face F,, for v.=80 m/min according to Eq. (5)
and Eq. (6) [46].

F,y:Ff+FC-tany (5)

F,, =F.—F;-tany (6)
This calculation, and also the use of Coulomb friction,
is only valid for non-periodic segmentation without signifi-
cant shear localization and is only an approximation for seg-
mental chip formation under air. Furthermore, the friction
at the clearance surface and at the cutting edge is neglected.
However, the correlations show that under air there is a
higher tangential force at the rake face than under argon and
under silane-doped argon. This results in a 22% lower value
under argon and a 16% lower value under silanized argon in
the calculation of the coefficient of friction u according to
Eq. (7), compared to air. Figure 8 illustrates these quantities
and their dependence on the atmosphere at v,=80 m/min.

F

H=F ™

The cutting speed and the friction between the chip and
the tool significantly determine the heat input and the associ-
ated chip temperature. At a low cutting speed, the chip tem-
perature is also lower. There is less friction between chip and
tool in the silane-doped argon atmosphere than under air at
v.=80 m/min. The consequence is a lower chip temperature
and a lower feed force as well as a non-periodic chip seg-
mentation result. During titanium cutting, high contact zone
temperatures occur due to the low conductivity of titanium.
Above this temperature of 500 °C, it can be considered that
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the titanium oxide layer formed has no passivating proper-
ties. Thus, it is assumed that the oxides in the contact zone
contribute either directly to increased friction with the tool
or even to increased friction due to third-body friction.

By increasing the cutting speed, several effects occur.
First, the chip temperature increases for all atmospheres
used. The result is periodic chip segmentation for all
atmospheres at v, =100 m/min. Furthermore, in the pres-
ence of atmospheric oxygen, friction increases, which
is why there is a significant increase in feed force when
increasing from v, =80 m/min to v.= 100 m/min while the
cutting force remains almost constant. If the cutting speed
increases further to v, =120 m/min, the effect of thermal
material softening predominates under air, so that the feed
force is reduced. In comparison, the feed force under argon
and silane-doped argon increases slightly over the cutting
speed range considered. The feed force in silane-doped
argon atmosphere also shows an increase over the cutting
speed range considered. In particular, in the range from
v.=100 m/min to v, =120 m/min. Thus, there is a ther-
mally induced increase in friction. It can be assumed that
the temperatures under oxygen-reduced atmosphere are
below air, so that in this range of the cutting speed thermal
material softening does not contribute to the reduction of
the feed force.

4 Conclusions and outlook

In this paper, the chip formation of titanium alloy
Ti—6Al-4 V as a function of ambient atmosphere was inves-
tigated in dry discontinuous orthogonal cutting. The follow-
ing conclusions can be drawn from the results:

1. The reduction of oxygen content by using a shielding
gas atmosphere with silane-doped argon during discon-
tinuous orthogonal cutting affects the chip formation of
Ti—6Al—4 V. At a cutting speed of 80 m/min, the seg-
mental chip formation typical of titanium occurs under
air. This is in contrast to the non-periodic segmentation
under oxygen-reduced and oxygen-free atmospheres,
which resembles continuous flow chip formation.

2. The cutting force F, in discontinuous cutting of Ti-
6Al-4 V is not affected by the atmosphere and thus
remains almost constant.

3. The feed force F, is decreased by up to 16.5% by using
oxygen-reduced atmospheres.

4. The reduced feed force with unchanged cutting force
as well as the expression of different chip formation at
v.=80 m/min is attributed to the reduction of friction
between the tool and the chip by using the inert gas
atmospheres. The adiabatic shear approach supports the
significant influence of temperature on the expression of

shear localization during segmental chip formation. A
coefficient of friction up to 22% lower under inert gas
atmosphere than under air can be observed.

The reduced contact zone temperature due to the lower
friction between chip and rake face in oxygen-free titanium
cutting significantly influences chip formation. In addition,
the temperature has a significant influence on the oxide for-
mation of the titanium and the passivation properties. The
quantification of contact zone temperatures is therefore an
important investigation that follows on from the results of
this paper.

Furthermore, it can be assumed that there is an influ-
ence of the atmosphere on the surface quality and subsurface
properties of the titanium component. This may be due to the
surface chemical reactions and thermal stress. Investigations
in this regard therefore also follow the explanations given
in this paper.
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