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Abstract: The goal of this paper is to study the relation between the input data
(conditions and geometry of cut) and answers (wear of tool, forces and cutting
temperatures) when machining the Ti-5-5-5-3 alloy treated. This study has
shown that the cutting process is different and that the slip forces are
preponderates. Compared with other materials, the specific cutting pressure is
higher and does not vary according to the cutting speed but depend on feed
rate. Moreover, both edge preparation and feed rate have an influence on
cutting force direction. Besides, cutting temperatures are high and almost
similar to those provided by high speed machining with low cutting speed.
Finally, we have shown that failure modes are different from those obtained
when machining other titanium alloys. Built-up edge is the most deteriorating
phenomenon and no flank wear was met in our study context.
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1 Introduction

The realisation of aeronautic parts with strong mechanical properties requires the use of
high performance materials. Indeed, for the manufacture of their landing gears, Boeing
proposed to move from one near B titanium alloy: Ti-10V-2Fe-3Al (Ti-10-2-3) to
another: Ti-5Al-5Mo-5V-3Cr (Ti-5-5-5-3). This is because of the higher working
strengths and wider processing window of Ti-5-5-5-3 (Jones et al., 2008). Currently, the
available cutting tools and methods of industrialisation do not permit an interesting
productivity and restrain possibilities of realisation of a part where the volume of chip is
very important. So, the objective of improving the productivity for this material
necessarily passes by understanding phenomena of its machining.

Nowadays, many researchers study machining of such materials (with poor
machinability). They have shown that machining these materials leads to an unknown
and new cutting process (Ezugwu and Wang, 1997). Saglam et al. (2007) have studied
the effect of geometry of cut and the cutting conditions on forces and cutting
temperatures. Deshayes (2007) have analysed the evolution of cutting force and wear of
inserts with chip breaker. Other authors oriented their efforts toward the influence of the



cutting edge geometry on cutting forces for machining conventional materials as
aluminium and steel (Fang and Wang, 2005; Yen et al., 2004). Furthermore, Ranganath et
al. (2007) and Karpat and Ozel (2008b) investigated the relationship between honed edge
tools and the cutting process. These papers used two different modelling and analysis. In
Karpat and Ozel (2008a) and Ren and Altintas (2000), models of cutting forces and
cutting temperatures for chamfered edge tools are provided. The first work is based on a
finite element model, whereas, the second uses the shear band model.

Knowledge of tool failure modes involved during machining materials with poor
machinability is thus needed in order to optimise the process. Some works allow to the
understanding of tool failure modes when machining these new materials. Indeed,
Ezugwu and Wang (1997) established the prominent failure modes when machining
titanium alloys: flank wear, crater wear, chipping and catastrophic failure. These are
caused by high cutting temperature, high cutting stresses and the strong chemical
reactivity of titanium. Nabhani (2001) explained that higher cutting temperature and
quasi-static contact lead to adhesion and welding between the tool and the workpiece
material. Corduan et al. (2003) mentioned that machining Ti-6Al-4V generates high
cutting temperature producing notch for CBN inserts or crater and flank wear for PCD
inserts and a phase changes of the material tools. Wear depends also on tool geometry,
Manjunathaiah and Endres (2000) establishes a new model that explicitly includes the
effects of edge hone for orthogonal turning machining. Pawade et al. (2007) makes a link
between using a honed plus chamfered cutting edge and reducing the cutting forces in the
machining of Inconel 718.

The goal of this paper is to understand relations between input data (conditions and
geometry of cut) and answers (wear of tool, forces and cutting temperatures) for turning
Ti-5-5-5-3 without cutting fluid. This relationship is called the first level. On a second
level, we had to understand interactions between phenomena of wear, forces and cutting
temperatures. Finally, in the last level, forces, cutting temperatures and wear modify the
geometry of cut that have influence on answers of the machining process. In term of
cutting forces, we have shown that the machining of the Ti-5-5-5-3 generates cutting
forces more important than the classic materials. The optimal choice is to use a tool with
small value of honing, a rake angle of 20° and a feed rate superior to the honing value.
The cutting speed is between 30 and 50 m/min. In addition to that, if we analyse wear
phenomenon, we see that machining the Ti-5-5-5-3 does not generate the same modes of
deterioration of tools as classic alloys of titanium (as depicted in Nouari et al., 2008) or
Ti-5-5-5-3 not treated (as detailed in Arrazola et al., 2008). Indeed, no wear of clearance
surface is obtained as affirmed in Nouari et al. (2008) and Arrazola et al. (2008).

2 Experimental set-up

To characterise cutting forces, cutting temperature and wear of tool, a set of experiments
was conducted on a CNC lathe without cutting fluid (Figure 1). For the cutting forces
tests, a treated Ti-5-5-5-3 thin-walled tube has been used as a work piece. The thickness
of the tube is 5 mm. The wear tests have been made in straight turning operation on a
50 mm diameter tube. The mechanical properties of the used material are:
density = 4,650 kg/m3; ultimate strength = 1,240 MPa; elongation = 2%; thermal
conductivity = 5.3 W/m°C; specific heat = 500 J/Kg°C. All tests have been made with



coated carbide tool. The substrate is a carbide micro size grain. We have used a TiN
coating for cutting force tests and a TiAIN coating for wear tests. For all tools, the
coating method deposit is PVD. A dynamometer platform has been used for the cutting
forces measurements (Kistler 9263-A). Signals have been analysed due to the software
Dynoware®. In order to measure cutting temperature, Actarus® system was used.
Concerning wear of tool, many images were taken by white light interferometry technics
with optical metrology module Wyko®. The Wyko® interferometer uses light reflected
from a reference mirror that is combined with light reflected from a surface under
analysis to produce a series of interference fringes. The reference arm of the
interferometer moves vertically to scan the surface at varying heights. A camera is used
to capture frames of interference data that is analysed by a series of computer algorithm
to produce a topological map of the tool. The input data are depicted in Figure 1.

For a turning experiment, input data (conditions and geometry of cut) are depicted in
Figure 2. Among all these variables, a choice has been conducted and represented in
Figure 2. Indeed, after a dialogue between the industrial, the tool manufacturer and by
taking into account results provided by researches on similar alloys. These chosen
variables are represented in Figure 2 in dark and bold characters.

Figure1  Experimental set up and chosen input data (see online version for colours)
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Figure 2 Input data and chosen factors
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3 Cutting forces

3.1 Cutting speed

To define the cutting speed influence, we have used the French standard NF-E66-520-4.
This standard presents a methodology to determine the minimum cutting speed V¢ min.
The minimum cutting speed is used in industry to characterise the machinability of
particular alloys. For the tests, a radius edge and a chamfer edge have been used. Figure 3
illustrates the cutting forces according to cutting speed. The cutting force (F) is defined in
two components. The first component (F.) represents the cutting force dropped on cutting
speed direction (Figure 1). The thrust force (F;) is parallel to the feed rate (Figure 1). In
these experiments, the cross sectional area of cut is equal to 1 mm?, so the specific cutting
force is equal to cutting forces.

The V. min is defined at the value corresponding to the lowest specific cutting force.
For the two edge preparations, this value is difficult to identify clearly. We can define a
minimum cutting speed at around 60 m/min. For this speed, the specific cutting force is
the lowest. However, a wear appears rapidly and the tool is immediately failed. A notch
and chipping occur after only six seconds of machining. For that reasons, we have
defined, for our tests an optimal range between 30 m/min and 50 m/min. In these cutting
speeds, the wear can be controlled.

The Figure 3 depicts that the cutting forces are not influenced by the cutting speed for
a range between 30 and 80 m/min. For a value higher at 80 m/min, there is an increasing
of F; component. The two components seem to become equal for a high cutting speed. An
increasing of cutting speed increases the strain rate in the shear plan. So, the shear flow
stress in primary and secondary plan increase. However, the cutting speed values are low
and the thermal softening effect get with high values does not appear. The thermal
softening effect can reduce the effective flow stress and results a decreasing of cutting
forces. For Ti-5-5-5-3 machining, this effect is too difficult to get.



We can explain the poor variability of cutting force by the high Ti-5-5-5-3
mechanical properties. A higher cutting speed increases the effective strain rate and the
cutting temperature. For standard material, the increasing of temperature reduces stress.
However, the Ti-5-5-5-3 keep its mechanical properties in high temperatures. Hence, the
cutting forces not decrease with cutting speed cutting speed increasing.

Figure 3  Cutting forces according to cutting speed and edge preparation (see online version
for colours)
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3.2 Rake angle

The Figure 4 shows the cutting force according to rake angle for three edge preparations
[HO0.04 (Figure 4(a) and HO0.08 [Figure 4(b)] are the radius edge preparations. C0.15
[Figure 4(c)] is the chamfer edge preparation). The Figure 4 depicts that the increasing of
rake angle decreases the cutting force. The observations are made on uncertainty area.
This is the trend of cutting forces for all cutting speed. The reduction is only linear for the
lowest edge preparation. In this case, the variation from 0° to 20° generates 35%
decreasing cutting forces. With a bigger edge preparation a dead zone appears behind
edge preparation. In this zone, the strain rate is very low. This phenomenon can explain
the plot for the other edge preparation. Saglam et al. (2007) illustrates the cutting force
reduction by a better edge penetration in material. A high rake angle generates a shear
angle increasing and so a reduction of cutting force. This phenomenon can be illustrated
by the Oxley and Hasting (1977) model.

To conclude, the rake angle choice must be a compromise between a cutting force
reduction and a better tool mechanical aspect. An increasing of rake angle reduce the tool
wedge angle and so the insert mechanical strength. The Ti-5-5-5-3 specific cutting force
is higher than steel one.



Figure 4  Cutting forces according to rake angle, cutting speed and edge preparation (a) honing
0.04 mm (b) honing 0.08 mm (c) chamfer 0.15 x 20° (see online version for colours)

—a—\e35
--e--\ed5

& V55
|- ¥~ VcBS

area of uncertainty

Cutting force (N)

Rake angle (")
(a)
= V38|
4500 - P | --#--Ve45
area of uncertainty | A Vc55
.. v VeS|
E3
g
r=
o
(=4
B
=1
[&]
2000 —
1500 —
a 5I 1‘0 1‘5 2‘0
Rake angle (*)
(b)
—=—\/c35
4500 - --o--\ec4h
area of uncertainty 4 Ve55
— v - V65
3500
=
o 3000
=
e
2 a0
=
=
[&]
2000
1500
- - - ™ T 1
a 5 10 15 20

Rake angle (°)

(©



3.3 Cutting edge preparation

Three edge preparations have been used for these tests: two honed radius edge
(0.04 and 0.08 mm) and a chamfer edge (0.15 mm). Two observations can be made from
these experiments. First, Figure 5(a), Figure 5(b) and Figure 5(c) show the relationship
between resultant force and edge preparation. The lowest cutting force is obtained with
the sharpest edge tool Figure 5(a). The highest one appears with the highest honed radius
edge Figure 5(b). With a sharp edge the tool penetration is better and generates a
reduction of cutting force. Moreover, a dead metal zone appears behind edge preparation.
In this zone, the strain rates are very low generating a very high stress. Karpat and Ozel
(2008a) demonstrate that increasing of honed edge radius generates higher effective
stress and so higher cutting forces.

In comparison with some other materials, there is a difference. In steel machining, the
difference obtained with the two types of edge preparations is not so important. This
difference can be explained by the Ti-5-5-5-3 mechanical properties and the machining
effective stress. In steel machining, the cutting speed is higher than in Ti-5-5-5-3
machining. The mechanical properties and thermal properties of steel permit to get
thermal effect softening. The effective stress decreases and so the cutting force are
reduced. In Ti-5-5-5-3 machining, the poor thermal properties and the cutting conditions
do not permit to get thermal softening effect. Movahhedy et al. (2002) explains that dead
metal zone is removed with the increasing of cutting speed (V. > 500 m/min) and a
cutting force reduction appears.

The influence both of edge preparation and undeformed chip thickness modify the
cutting force direction (equation 1). The cutting force direction is the ratio between the
components.

u=— @

For a chamfered edge, the Figure 5(c) depicts that the evolution of the two components is
the same if the undeformed chip thickness is less that 0.22 mm/rev. When feed rate is
higher than 0.22 mm/rev, F. values became the highest. For the smallest edge honed
radius, F; is the lowest when feed rate is lower than 0.13 mm/rev or three times the edge
preparation. When feed rate exceeds this value, F; became the highest. For the 0.08 mm
edge honed radius, F; is always superior. However, for the two components the slopes are
different (Figure 5). So, Figure 5 depicts that the direction can be modified but for a high
feed rate or a high ratio between feed rate and cutting edge.

Movahhedy et al. (2002) explain that when undeformed chip thickness is less than
cutting edge preparation the material is trapped under the edge preparation. The chamfer
or honed radius becomes the principal cutting face. So, the cutting process becomes an
over cut face. In this new process, the dead metal zone effect is predominant and creates
an effect on F.. When feed rate is upper than width of cutting edge preparation, the dead
metal zone becomes cutting face tool and the cutting geometry is modified. In this case,
F. becomes higher compared at F;. This configuration is always true in steel machining.
The reduction of cutting edge tool improves the tool penetration and reduces the dead
metal zone. So, the cutting forces are low. Fang and Wang (2005) show that transition is
according to cutting speed and chamfer width.



Figure 5  Cutting forces according to feed and cutting edge preparation (a) honing 0.04 mm
(b) honing 0.08 mm (c) chamfer 0.15 x 20° (see online version for colours)

A

2200 4

1800
1600

1400

Cutting force (N)

1200 J

T T
0,10 0,15 0,20 0,25
Feed rate (mm/rev)

@)

3000 4 : : -e-F

Cutting force (N)

1500

T T
010 0,15 0,20 025

Feed rate (mm/rev)

(b)

Cutting force (N)

y v
0,10 0,15 0,20 0,25
Feed rate (mm/rev)

(©



To conclude, the lowest cutting force is obtained with the smallest edge preparations. The
using of a bigger edge honed radius edge increases the cutting force. We note an increase
of over 50%. With a chamfer edge, the cutting forces are higher but allow a better control
of cutting force direction.

3.4 Feed rate

There is a linear relationship between feed rate and cutting resultant. The increasing is
function of cutting undeformed chip section. These observations are the same with the
classical material like steel or titanium alloys (Ti-6-4) where cutting force is the product
between undeformed chip section and specific cutting force. The increasing of specific
cutting force is function to mechanical properties. For Ti-5-5-5-3 machining, the cutting
force is higher than steel according to the mechanical properties.

3.5 Comparison between process machining of steel and Ti-5-5-5-3

We have chosen to compare Ti-5-5-5-3 and steel machining. This comparison has not
physical sense because chip formation mechanisms are quite different. But, this work is
made in industrial context and it’s important to understand the difference between the
new and the old landing gear machining process. This comparison allows us to
understand the phenomena obtained in titanium alloy machining. The steel used is a hon
treated 300 M steel. The 300 M steel is used in old landing gear. The comparison is based
on Merchant model. And the tests have been made with a minimal cutting edge
preparation.

First, the tests depict that the cutting force obtained in Ti-5-5-5-3 machining are
always the highest (Figure 6). These tests have shown also an effective primary shear
plan shear stress similar in both materials. The difference is the cutting force direction
(equation 1) which is the result of friction and effective shear stress. For steel, it’s always
higher than 1.5. For Ti-5-5-5-3 machining, the value varied and can be less than 1.

Figure 6 Comparison between steel and Ti-5-5-5-3 (see online version for colours)
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To conclude, Ti-5-5-5-3 machining is very sensitive to cutting edge preparation and feed
rate. These parameters modify the cutting force and especially its direction. Compared to
steel, these influences are very important. In turning, these phenomena are not so
important compared to milling where the surface roughness can be modified by the tool
deflexion.

4 Cutting temperatures

The thermal conductivity and the heat capacity of Ti-5-5-5-3 are poor. Ezugwu and Wang
(1997) demonstrate that 70% of heat is conducted in tool in Ti-6-4 machining. This value
is caused by the poor titanium alloys thermal conductivity. Compared to Ti-6-4, the
Ti-5-5-5-3 alloys thermal properties are quiet the same. We can think that Ezugwu and
Wang (1997) conclusion can be the same for Ti-5-5-5-3 machining.

Moreover, the low thermal conductivity and the high mechanical properties do not
allow the chip segmentation. Especially when the yield stress is high at 800°C. Poulachon
et al. (2002) shows the chip segmentation formation is function of material deformation.
An analysis can be achieved from (Poulachon et al., 2002). The large deformations area
leads to an increase in temperature, which reduces the strength and increases the material
ductility. For Ti-5-5-5-3, the combination of low thermal and high mechanical
characteristics does not allow this softening even at high temperatures.

The tests have shown that friction forces are higher than Ti-6-4 machining. Whereas,
the effective flow stress in primary shear plan remains the same between Ti-6-4
machining and Ti-5-5-5-3 machining. The distributed heat source is also different.

4.1 Cutting speed

Whatever the cutting edge preparation and the rake angle, the highest temperature is
observed for the maximum cutting speed (Figure 7). A cutting speed increasing leads a
highest strain rate and highest chip velocity. So, the cutting temperature depends on these
values, we can observe an increasing of temperature.

4.2 Rake angle

Whatever the cutting edge preparation the lowest temperature is obtained with the
maximal rake angle (10°) (Figure 7). The rake angle increasing reduces the effective
shear angle and friction force. Oxley and Hasting (1977) demonstrate in their model that
the cutting temperature is function of shear flow stress, friction force, chip velocity and
shear velocity. In fact, whatever the cutting speed, a cutting forces decreasing reduce the
cutting temperature.

4.3 Cutting edge preparation

We have seen that the combined effect of cutting edge preparation and feed rate modify
the machining process. To limit the cutting edge preparation effect, all tests have been
made with a feed rate that is two times the cutting edge width. The lowest temperature is
obtained with the minimal cutting edge and the highest temperature with the maximal



edge preparation. In using an equal factor between cutting edge width and feed rate for all
tests, the undeformed chip section is different for each one.

Karpat and Ozel (2008a, 2008b) show that the difference between the two types of
cutting edge preparation is not the cutting temperature but the distribution. They
demonstrate that the raising of cutting edge preparation increases the cutting force, the
cutting temperature and the heat transfer section. So, the heat is also modified, the cutting
tool temperature is constant but the heat source is different. The cutting temperature is
according to strain rate and cutting force then the maximal temperature is obtained with
the highest cutting edge preparation. Figure 7 shows that the highest temperature is
obtained with the biggest radius edge preparation. With this one, the temperature is
increased of 25% for a cutting force which is two times higher. The smallest temperature
appears with the sharpest cutting edge preparation.

To conclude, the decrease cutting edge reduces the cutting temperature and the tool
chip area. The lowest temperature is obtained with the sharpest cutting edge preparation.
Use a minimal cutting edge can enable us to reduce cutting force and cutting temperature.
These observations can be used to control wear in titanium machining. Moreover, by
reducing the cutting edge preparation, and so, the heat transfer section, enables us to keep
heat in cutting zone and to obtain the thermal softening effect.

However, the thermocouple is placed at 0.3 mm from cutting edge. The observed
temperatures are very high compared to steel cutting temperatures. This difference can be
explained by the higher mechanical properties that increase the cutting temperature. But
also, by the poor thermal conductivity that allows a rapid heat conducted into the tool.

Figure 7 Tool temperatures after eight seconds (see online version for colours)
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5 Wear of tools

The goal of this section is to define the tool failure modes generated when machining the
Ti-5-5-5-3 alloy. A set of experiments was conducted with two different cutting edge
preparations and different cutting speed.



For the two edge preparations, Figure 8 and Figure 9 illustrate the three steps where
wear of tool occurs. For chamfered edge tool, edge geometry is strongly modified. The
edge preparation disappears and is replaced by a smooth surface [see Figure 8(b) and
Figure 9(b). This first mode of wear is caused by the abrasive process of cutting. Indeed,
when machining, the friction of the chip not segmented with the cutting edge draws away
coating particles. However, this phenomenon is less existent when using with honed edge
tool. Indeed, this leads to a reducing of the cutting forces, so the sliding force on the
cutting face and the grinding phenomenon decrease. Furthermore, this first mode appears
quickly and its length depends on coating and the cutting conditions. The experiments
were shown that this first mode represents 10% of the tool life.

The second mode of wear observed is a built-up edge [see Figure 8(c) and Figure
9(c)]. This built-up edge is created rapidly after the first wear mode. In general, built-up
edge is a wear mode observed when machining ductile materials. However, the
elongation of Ti-5-5-5-3 alloy is equal to 2%. Works conducted by Fang and Dewhurst
(2005) have proved that the built-up edge apparition can be closely related to the
temperatures and slip stress on the tool-chip interface. We have shown that machining
Ti-5-5-5-3 alloy leads to sliding force higher. Thus, knowledge of the sharing of the
cutting force into normal and tangential forces permits us to control this wear mode.

Built-up edge is not a stable phenomenon and its presence is related to cutting
process. It increases cutting forces and cutting temperature. Obviously, these phenomena
will cause an increasing of stresses; hence, built-up edge will be extracted. This
extraction will be accompanied with some particles of the insert. A progressive
destruction of the cutting edge will be observed since the built-up edge is welded on the
cutting face.

Figure 8  Wear modes for chamfered edge (see online version for colours)

(a) (b)




Figure 9  Wear modes for honed edge (see online version for colours)

@) (b)

As opposed to Arrazola et al. (2008), no flank wear was occurred. The non-existence of
this wear mode can be explained by the mechanical properties of the Ti-5-5-5-3 alloy
(poor ductility and strength mechanical resistance) and the direction of the cutting force.
Indeed, no contact is possible between the machining surface and the flank tool.
Nevertheless, we can see some burning marks on the flank owing to high cutting
temperature.

To summarise, failure modes of tools when machining the Ti-5-5-5-3 alloy are
different from failure modes of tools when machining other titanium alloys. As opposed
to results found in our work, many researchers have reported that machining titanium
alloys leads to some wear modes: notches wear, crater wear and flank wear. This
difference can be explained by preponderant friction phenomena on one hand and by
strength mechanical properties of the Ti-5-5-5-3 alloy on the other hand.

In this first work, the wear mode analysis is based geometrical analyse. To understand
all wear phenomena, a MEB analysis must be made. With this, we can explain the
physical and chemical aspects.

6 Conclusions

This paper has showed that machining Ti-5-5-5-3 alloy lead cutting forces superior to
other material. The optimal choice found is to use tool with sharp edge, a
rake angle = 20° and a feed value superior to edge preparation. In order to have an
acceptable tool life and durable cutting process, the cutting speed is chosen to be between
30 and 50 m/min. Machining Ti-5-5-5-3 alloy leads important cutting temperatures



values (similar to those provided by high speed machining processes). However, the high
mechanical properties of Ti-5-5-5-3 alloy do not permit to benefit of these high
temperatures in order to obtain the thermal softening. Moreover, the heat flow rate is
shared differently compared with other materials (about 70% of heat is conducted in tool
when machining titanium alloys).

Concerning wear, machining Ti-5-5-5-3 alloy generates different wear modes of tools
from other titanium alloys or Ti-5-5-5-3 alloy none treated. Three steps were identified.
The first one represents the elimination of edge preparation. During the second step, a
built-up edge appears. Progressively, cycles of creation/extraction of this built-up edge
contribute to destruction of the cutting edge. Yet, no flank wear was observed.

Only the first level relating the input data (cutting conditions and geometry of cut)
and answers (wear of tool, forces and cutting temperatures) has been studied. The second
level (interactions between phenomena of wear, forces and cutting temperatures) and the
third level (forces, cutting temperatures and wear modify the geometry of cut that have
influence on answers of the machining process) will be studied in future work. In order to
define the optimal tool geometry and cutting conditions, a new experiment tests have to
be done by considering the result tendencies provided by this paper.
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