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ABSTRACT

The machining of a new alloy often presents a challenge. While useful assumptions
can be drawn from materials of similar properties, there will always be
unpredictable outcomes. Titanium alloys have been employed in the aerospace
industry due to their high mechanical properties and good strength-to-weight ratio.
Ti-64 (Ti-6Al-4V) was the standard choice until recently, when Ti-555.3 (Ti-5Al-5V-
5Mo-3Cr) began to take its place. Ti-555.3 has improved resistance to fatigue and
higher mechanical properties compared to Ti-64 and is able to maintain its strength
when exposed to high temperatures, which warrants its acceptance for many
applications. However, its chemical reactivity, low thermal conductivity and high
mechanical properties are known to cause challenges when cutting this alloy.
Making use of both experimental procedures and computational resources, this
work presents a comparison between these two aerospace alloys under different
process conditions, setting the ground for further academic development and
optimization strategies. Determining that these alloys are substantially different
from a machinability standpoint (lower tool life, abrasion & chipping as dominant
wear mechanisms and nonuniform chip formation for Ti555.3 versus Ti-64). Based
on this further investigation should be carried out for optimal tooling selection to

improve the machining of Ti555.3.
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1. Introduction

The development and performance optimization of new alloys has been
continuous throughout history. Industry sets high demands for technologies aimed
at cost reduction, meeting market requirements and regulatory compliance and
overcoming competition. All these concerns have been directed towards the
academic community, fueling scientific discoveries. Each newly released material
developed still requires processing to realize a final product. Thus, a change
generates a chain reaction every time a new alloy composition is revealed to the
public. All data gathered of a material’s processing characteristics will also

contribute to the broadening of its application range and productivity level.

1.1. Background

Ti-6Al-4V, also known as Ti-64, is the titanium alloy with the broadest range
of applications, that accounts for 45-65% of the world’s titanium consumption [1]-
[3]. It is widely employed in the aerospace industry, mainly due to its exceptional
specific strength and unmatched mechanical properties [1], [2], [4]. The
applications range from engines to structural parts such as landing gear. In recent

times, the aerospace industry has been tasked to overcome new challenges
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regarding the efficiency of newly manufactured aircrafts. The “Flightpath 2050” long
term agreement, established by the Advisory Council for Aviation Research in
Europe (ACARE) [5] is a perfect example of these changes. Weight and noise
reduction as well as fuel consumption are some of the targeted aspects. These
challenges have stimulated the search for alternate “optimized” materials that offer
improved mechanical properties and resistance to higher operating temperatures,
such as Ti-555.3 (Ti-5AI-5V-5M0-3Cr) [6], [7]. Compared to Ti-64, Ti-555.3 offers
improved resistance to fatigue, higher ultimate tensile strength, higher vyield
strength and can retain its strength at high temperatures [7]-[9]. However, the high
levels of chemical reactivity and low thermal conductivity of this material inhibits its
machinability, thus earning its classification among difficult-to-cut materials [9]—
[11]. The combination of these aspects will result in rapid tool wear, low Material

Removal Rate (MRR) and ultimately, low productivity indexes.

1.2. Motivation

Previous research [4], [6]-[9] has already addressed the advantages of
implementing near-f titanium alloys in aerospace applications. However, these
same studies also outline its machinability problems, such as short tool life and

poor chip control.
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The extensive database available on tool wear, chip formation and coolant
application of Ti-64 can become a powerful tool for uncovering the yet unknown
characteristics of Ti-555.3. A comparison under different process conditions can
also provide meaningful data that will fill some of the gaps in the current research
which comprise the turning of Ti-555.3 under wet conditions and its influence in
wear mechanisms, chip formation and tool life, thus providing the grounds for
further academic study.

For reliable performance to be obtained, different cooling strategies must be
taken into consideration. Therefore, the efficiency of a High-Pressure Coolant
(HPC) supply is evaluated in this work by comparing the tool life, cutting forces,
wear mechanisms and chip formation under different cutting conditions in both
studied alloys. At high cutting speeds, heat becomes the main source of
accelerated tool wear. Use of HPC reduces thermal and mechanical loads making
it ideal for the machining of titanium alloys [10]. The benefits of HPC have already

been outlined for Ti-64 machining [12].
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1.3. Thesis Outline

1.3.1. Chapter 2

This chapter provides an overview of previously published work relevant to
the subject of this thesis. A summary of the current available knowledge is
presented. This compilation of findings is used in the upcoming chapters to support

the collected experimental data.
1.3.2. Chapter 3

This section establishes the main objective of this work in a procedural form.
Items reported in the methodology section provide a list of experiments and

analyses according to the procedures outlined in the next chapter.
1.3.3. Chapter 4

This chapter describes all experimental procedures at an appropriate level
of detail. All operating parameters are disclosed to enable future repeatability of

the obtained results. Equipment specifications are also presented in this section.
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1.3.4. Chapter 5

The results obtained from cutting tests performed on Ti-6Al-4V are
presented in this chapter. Data from previous research and the literature is used to
corroborate this study’s findings and accurately describe the phenomena that take

place during the machining of this alloy.
1.3.5. Chapter 6

All results obtained from tests performed on Ti-5AI-5V-5M0-3Cr are
presented in this chapter. Findings are corroborated with data from literature to
provide an accurate description of the phenomena that take place during the

machining of this alloy.

1.3.6. Chapter 7

The final section of this research summarizes all important findings obtained
throughout this work. A brief examination of results that fulfilled the initial objectives

is provided, along with the subjects requiring further investigation.
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2. Literature review

2.1. Titanium Alloys

Titanium alloys have become a subject of major interest since the late
1940’s for high-strength / high-temperature applications [1].

Compared to other light-weight structural materials (e.g. aluminum),
titanium’s mechanical, thermal and chemical properties make it suitable for a wide
variety of uses, with the added benefit of its considerably higher melting point [1],
[13]-[15]. Although titanium is among the 4 most plentiful structural metals on
earth, its high cost and challenging processing conditions limit its usage to high-
end, low to medium scale production equipment, such as aerospace and
biomedical components [1], [13], [14].

Titanium is currently being commercialized in both its pure form, also known
as Commercially Pure (CP) and alloyed with other elements, which alter the
material’s thermal and mechanical properties according to the specific application
[1]. Some of titanium’s most desirable properties are: high strength-to-weight ratio,
strength retention at high operating temperatures, a relatively low elastic modulus

as well as high corrosion and fatigue resistance [1], [14], [15].



MASc Thesis - P. Stolf; McMaster University - Mechanical Engineering.

Use of titanium alloys in the aerospace industry falls into two categories:
frames and engines. While Ti-6Al-4V still accounts for more than half of the world’s
titanium production, 8 alloys have gained more widespread use in recent years,
mainly for structural aircraft components such as aero frames and landing gears.
Although the extent of their use fluctuates from one manufacturer to another, there

is a clearly growing demand for {3 titanium alloys in the aerospace industry [1], [16].

2.1.1. Classification

Titanium undergoes a phase transformation of an allotropic nature at 880°C
[1], [9], [17]. At lower temperatures, its microstructure consists mostly of Hexagonal
Close-Packed (HPC) crystals, also known as a phases. Once the recrystallization
temperature is reached, the crystallographic structure shifts to a Body-Centred
Cubic (BCC) form, also known as a [ phase [1], [17]. However, this exact
transformation temperature will only occur for 100% pure titanium samples. When
working with titanium alloys, the presence of certain elements known as stabilizers,
determines the alloy’s dominant phase. As shown in figure 1, elements such as
Molybdenum and Vanadium favor a BCC crystallographic structure, whereas
Aluminum and Carbon will act as a stabilizers, making the HCP structure
predominant [1], [18]. Such compositions are directly related to the material’s ability

to obtain ultimate tensile strength (UTS) and hardness (H), upon aging. Although
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a titanium alloys present lower mechanical properties, their resistance to corrosion
is superior compared to  alloys. [19], [20].

Near-f alloys composed of a  matrix with the presence of a precipitates
incorporate high mechanical resistance characteristics provided by the B phase
combined with the corrosion properties of a alloys [21]. Figure 1 presents the

phase diagram and the positions of each of the alloys studied in this work.

o o+ B metastable B
HN

o
(HCP) [«

Ti §]5.5.3

[
E

Mo, V, Nb, Ta,
Fe, Cr, Ni, Cu, W, Co
< % Alpha (a) stabilizers: O, N, B, C, Al

% Beta (b) stabilizers :

Figure 1: Titanium phase diagram [18]

2.1.2. Machinability

Titanium alloys’ ability to be processed has not developed at the same rate

as its alloys, which presents a major challenge for industrial research [22].
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Due to titanium’s low thermal conductivity, its ability to retain mechanical
properties at high operating temperatures, high chemical reactivity and low
elasticity modulus, these alloys are classified as difficult-to-cut materials [10], [11],
[22]. Significant temperatures tend to be generated at the tool/chip interface during
titanium machining, even at lower cutting speeds. Studies also show that the heat
distribution during titanium alloy machining, differs greatly from that of other
common structural materials. For example, when machining steel, 50% of the heat
is expected to permeate into the cutting tool and the other 50% is absorbed by the
chips and the workpiece. However, the amount of heat directed towards the tool
reaches about 80% when machining titanium alloys on account of their low thermal
conductivity. Cutting forces are reportedly similar to the values obtained for the
machining of steel. Although, stress concentration near the cutting edge is notably
higher [22], this could be due to a relatively small tool/chip contact length combined

with titanium’s high rates of work hardening [10].

2.1.3. Ti-6Al-4V

Since its introduction, Ti-6Al-4V is considered to be the most widespread
a+p titanium alloy with the broadest range of applications, responsible for 45-65%
of the world’s titanium consumption [1]. Compared to other titanium alloys, such as

near-a and B, Ti-64 provides a good compromise between strength, ductility,
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fracture toughness, creep, processability, corrosion resistance and weldability, in
addition to being able to be hardened and strengthened through heat treatment.
For these reasons, Ti-64 is widely employed in the aerospace industry, especially
for structural and “cooler” engine components, due to its moderate heat resistance,
up to approximately 300°C. The latter property is highly dependant on the alloy’s 3
content [13]-[15].

Perhaps the biggest factor favoring the usage of Ti-64 would be the large
body of information available on its treatment (annealing, quenching, aging) and
processing methods, since this alloy’s capabilities have already been largely
explored by industries and researchers over the years [23]. The composition and

mechanical properties of the studied alloy are presented in tables 1 and 2.

Table 1: Chemical composition of Ti-6Al-4V at room temperature according to the supplier.

Al ') Mo Cr Fe Zr C (o]

55-6.75 35-45 - - 0.4 -- 01 0.2

10
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Table 2: Mechanical properties of Ti-6Al-4V at room temperature according to the supplier.

Yield Tensile Thermal
Elongation Hardness y
strength strength conductivity
% (HV) (°C)
(MPa) (MPa) (Wim-°C)
828 895 10 360 6.6 1630

2.1.3.1. Machinability

In comparison to near-B and B titanium alloys, Ti-64 presents a relatively
high machinability index, which is directly related to the tool’s life span, due to its
lower mechanical properties [4], [6], [9], [16], [21]. However, it is still classified as
a difficult-to-cut material.

Highly concentrated cutting loads and temperatures, self excited vibrations
and high chemical reactivity are the main factors that hinder the machinability of
Ti-64. These will ultimately result in premature wear of the cutting tools and
irregular chip formation [10], [22]. Therefore, the selection of appropriate tools and

cutting parameters must take all these aspects into consideration.
2.1.3.1.1. Tool Wear

Diffusion and adhesion are the most important tool wear mechanisms

encountered during Ti-64 machining [10], [16], [22]. The high temperatures

11
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imposed on the cutting tool facilitate the diffusion process, generating crater wear
mainly on the rake face of the inserts. Once crater wear reaches critical levels, it
weakens the cutting tool's edge and directly affects the chip formation process,
altering the tool-chip contact conditions [24]. Another outcome of the harsh
processing conditions and Ti-64’s reactivity with most available tools, is the strong
adhesion of the workpiece material to the contact surfaces of the insert [22]. This
phenomenon is usually intensified by the application of tool coatings, since the
aluminum present in the alloy’s composition tends to bond with the aluminum in
the coating. The wear mode known as Built Up Edge (BUE) is a direct cause of the
adhesion process. It consists of the accumulation of workpiece material on the
tool’s cutting edge, thus creating a “new” cutting surface. This type of wear is
characterized by the irregularity and instability of the newly formed layer, which will

directly affect the machined part’s surface finish and dimensional accuracy [24].

Apart from diffusion and adhesion, abrasion is also present on the flank
surface. However, this mechanism is inherent in the metal cutting process and is

present in the machining of most alloys.

Based on the aforementioned wear mechanisms, the preferred tool choice
for machining Ti-64 are uncoated carbide inserts, due to their solid combination of

mechanical resistance, chemical inertness and thermal conductivity [22], [25].

12
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2.1.3.1.2. Chip Formation

Segmented chips are a common outcome of titanium alloy machining. They
are generated by instabilities in the chip formation process and consequent
variation of axial force, which might impair the surface finish of the machined part
and also induce the propagation of self-excited vibrations, known as chatter [10].

There exist three main theories concerning the chip formation process
during the machining of Ti-based alloys [26], each relying on a different
mechanism. The “Catastrophic Adiabatic Shear” theory states that deformation in
the primary shear zone results in two distinct outcomes: work hardening and
thermal softening. According to this theory, chip formation will only occur once the
intensity of the thermal softening overcomes the work hardening phenomenon,
thereby causing the material to fail. In the second theory, the propagation of cracks
throughout the primary shear deformation zone is presumed to be the cause of
separation. According to the third theory, plastic instabilities and localized strain
are the two main factors that lead to catastrophic shear failure in the primary shear
zone. A buildup of work material segments does not undergo sufficient deformation
due to the flattening of the cutting edge, forming a so-called stagnation zone. When
a previous segment begins to push against the next one, a ribbon-like structure is
formed [26]. In figure 2, three zones can be identified in the chips generated by any

metal cutting process [27]. The first one, known as the primary shear deformation

13
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zone, consists of highly deformed alpha grains where maximum levels of shear
stress are present during the cutting process. Similarly, the secondary shear
deformation zone also contains highly deformed grains. However, these are
oriented parallel to the tool’s rake face. The highest temperatures are found in this
region, facilitating the diffusion process that may lead to crater wear. Moreover, a
third zone composed of non-distorted grains can be characterized in the middle of

each serration.

o

g~ W 2 s v %':" SO —
SSEl 5a5,0KkVAy, X960, SVSHE Imm/  100pnT
Figure 2: Chip shear deformation zones [4].
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2.1.4. Ti-5Al-5V-5M0-3Cr

Since Ti-5AI-5V-5Mo0-3Cr or Ti-555.3 contains only 20% of the a phase, it is
categorized as a near-p (B metastable) alloy [5], [9], [18], [21]. According to
previous findings, Ti-555.3 has a similar Young’s modulus compared to Ti-64.
However, with a 30% higher yield and ultimate tensile strength as well as
significantly lower ductility, these materials are substantially different from a
mechanical standpoint [4], [18]. The equivalent Mo found in Ti-555.3 is
considerably higher (approximately 8 times) than that of Ti-64, which partially
accounts for its superior tensile load resistance [18]. All these properties translate
into the material’s ability to withstand higher workloads. However, they negatively
impact its machinability [4], [8], [18]. Chemical composition and mechanical
properties of the studied alloy are presented in tables 3 and 4 with values for Ti-64

repeated to aid comparison.

Table 3: Chemical composition of Ti-5Al-5V-5Mo0-3Cr at room temperature according to the

supplier.
Al \' Mo Cr Fe Zr (o o)
Ti-64 55-675 35-45 - --- 0.4 - 0.1 0.2
Ti-555.3 4457 40-55 40-55 25-35 03-05 03 01 0.2
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Table 4: Mechanical properties of Ti-5Al-5V-5Mo0-3Cr at room temperature according to the

supplier.
Yield Tensile Thermal
Elongation Hardness T melr
Material strength strength conductivity
% (HV) (°C)
(MPa) (MPa) (W/m-°C)
Ti-64 828 895 10 360 6.6 1630
Ti-555.3 1170 1290 6 415 5 1650

2.1.4.1. Machinability

Few studies have been conducted on the machinability of Ti-555.3.
Therefore, critical aspects of its machining performance will be further explored in
the results section.

Ti555.3 has an approximately 50% lower machinability index than Ti-64.
While the wear modes and mechanisms as reported in the literature are similar in
both alloys, their propagation rates and intensity are characterized as notably
higher in Ti-555.3, indicating that its composition and microstructural differences
have an effect on the cutting process [4], [18]. In addition, results obtained from the
turning of Ti-555.3 show a pronounced temperature rise at the interface, in contrast
to minimal temperature variation in the primary shear deformation zone. This is
caused by the material’s low thermal properties [4], [5], [8], [18]. Analytical data

and experimental results provided evidence for an inverse relation between
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temperature and coefficient of friction at the tool's rake face, which can be
attributed to the accumulation of built up work material that forms an irregular
contact surface [4], [10].

The chip formation process also reflects this alloy’s poor machinability, with
the appearance of adiabatic shear bands at a high frequency that might lead to
fluctuations in cut and feed forces, which are considerably higher for the near-f3

alloy [18].

2.1.4.1.1. Tool Wear

Tests were performed on Ti-555.3 in previous studies with TiAIN coated
carbide tools under dry turning conditions [4]. During these tests, tool wear was
found to progress in three distinct stages. Diffusion and adhesion were reported to
be the most active wear mechanisms that caused the deterioration of the tool rake
face (crater wear) and further cutting-edge failure. Diffusion is a well-known
phenomenon in titanium machining. It is generated by high thermal loads on the
tool during the cutting process [10], [22]. TiAIN coatings were reported to fully
detach after only 20% of the tool’s life [4], due to the severe friction conditions at
the tool/chip interface. This supports the current observation that uncoated grade
k carbide tools are still the best option for the machining of Titanium alloys [22],

[25]. Cutting force results show that during the final stages of the tool’s life, the feed
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forces begin to overcome the cutting forces, revealing a possible change in the
rake angle due to material build up at the rake face of the tool. This theory was

further confirmed by optical interferometry images [4].

2.1.4.1.2. Chip Formation

Two distinct regions can be noted [4], [28] on the undersurface of the chips
obtained by Ti-555.3 machining. One is heavily segmented and the other is
smoother with minimal presence of lamellar structures. The first region is
generated by the straight section of the cutting edge, where chip thickness
becomes maximum and instabilities arise. The second one is the result of the tool’s
nose radius, where cutting becomes more stable due to the smaller chip thickness
[4].

In Ti-555.3 machining, some differences can be noted from the pattern
pictured in figure 2. Wagner et al. reported two types of a nodules in the primary
shear deformation zone (figure 3). The plane is composed of both highly and
slightly deformed grains, which can be the result of the material’'s heterogeneity [4]

and may also create additional process instabilities.
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Thin primary shear plane =

7

 High deformed grains
Figure 3: Chip shear deformation zones for Ti-5553 [4].

It was reported that changes in cutting speed will impact chip thickness. With
higher speeds, chip segmentation depth is increased, thus reducing its minimum
thickness. It is suggested that such alterations will act in favor of high-pressure
cutting fluid application, granting the coolant’s access to a region closer to the
cutting edge. For Ti-555.3, as tool wear progresses, three distinct chip geometries
were described [4]. At first, regular segmented chips are produced, with a
homogenous geometry and repeated structure. When the tool becomes worn, two
alternate segments are detected, the first is similar to the ones obtained in the first
stage and a second smaller one. This behavior is explained by the authors as a

consequence of the high deformation and temperature conditions, causing a high

energy concentration that induces the appearance of a second primary shear
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deformation zone [4]. Finally, the smaller segments disappear, and chip thickness
is reduced due to BUE formation and the ensuing change in tool geometry.
According to previous research, rake angle changes considerably throughout the

machining process [1].

2.2. High Pressure Coolant (HPC)

Use of cutting fluids to reduce thermal and mechanical loads is a
widespread technique for machining materials that have low thermal conductivity
[10], [24], [29] which considerably reduces the appearance of thermal related wear
phenomena, such as diffusion and adhesion, specially when compared to dry
cutting. However, conventional coolant supplies do not ensure targeted fluid
delivery in the cutting zone due to the sticking-sliding nature of the chip formation
process [24], rendering inefficient coolant application by traditional methods [30].
Through careful setup, cutting fluids can be directed towards the primary,
secondary and tertiary shear deformation zones. The secondary shear deformation
zone, located at the tool/chip interface, exhibits a combination of high shear and
normal stresses parallel to the tool/workpiece contact surface [24], [29]. It
comprises the most heat intensive region during the cutting process that
necessitates substantial cooling activity. However, flood coolant supplies cannot

adequately access the secondary shear deformation zone, due to the vapour

20



MASc Thesis - P. Stolf; McMaster University - Mechanical Engineering.

barrier imposed by the severe tool/chip contact conditions, thereby preventing heat
exchange between the cutting fluid and the cutting insert. To address this issue,
different cooling strategies have been employed to improve the machining
performance of titanium alloys. Cryogenic cooling was found to be a suitable
alternative to conventional flood coolant supply when working with low thermal
conductivity alloys [31]-[33]. Conversely, the use of cryogenic cooling significantly
increases workpiece material hardness, negatively impacting mechanical loads
and promoting accelerated tool wear rates in Ti alloys [30]. In addition to its high
operational costs and impact on dimensional control, this makes cryogenic
machining unfit for industrial applications involving titanium. The application of
Minimum Quantity Lubrication (MQL) in titanium alloy machining was
demonstrated to not be effective [31], [32], [34], [35], since its cooling capabilities
are limited when dealing with the high levels of heat imposed by the cutting
process.

One promising alternative emerging in this direction is the use of High-
Pressure Coolant (HPC), which can address most of the aforementioned issues at
a relatively low cost [30], [36], [37]. Moreover, the added benefit of using HPC for
the machining of Ti alloys is an improved surface integrity [30]. Figure 4 illustrates
some of the key benefits provided by the application of HPC to the rake face of the

cutting tool. This includes the reduction of chip curl and promotion of chip
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breakability from the additional applied bending moment as well as more effective
heat dissipation from the tool-chip interface once the coolant reaches deep into the
cutting zone [24], [38]. The shorter Tool-Chip Contact Length (TCCL) also
contributes to lower diffusion wear rates and consequently prolongs the lifespan of

the cutting tool [24], [38].

Workpiece

Figure 4: Graphic representation highlighting the changes in chip formation and contact length

between (a) flood/dry and (b) HPC conditions.
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2.3. Finite Element Analysis (FEA)

Computational simulations reduce the amount of physical experimentation
needed for a process analysis scenario, enabling the user to narrow down its set
of parameters before proceeding to the actual testing. Moreover, simulations also
provide a wide range of data that would not otherwise be readily available.

The Finite Element Method (FEM) is a numerical technique for the
approximation of results based on partial differential equations (PDE’s). In this
process, a physical domain is distributed into several subdomains, also known as
elements, from which the results are then individually calculated. The
determination of boundary conditions makes it possible to integrate these elements
into a major solution. The number of elements to be calculated is defined by mesh
convergence criteria, which establishes acceptable levels of result divergences at
different degrees of mesh refinement. When setting up a simulation, the material
model as well as the solution method need to be defined based on the nature and
complexity of the proposed problem [39], [40].

The finite element analysis (FEA) is an essential tool for the evaluation of
cutting conditions, such as temperature/stress profiles within the cutting zone. The

primary difficulty in the FEA of metal cutting is capturing the severe plastic
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deformation of the metal, which results in extreme tribological conditions at the
tool-workpiece interface [41].

Modeling of metal turning requires a thorough understanding of the
deformation conditions in the relevant deformation zones, strain rates, as well as
the frictional conditions at the tool-workpiece interface. The cutting
temperature/stress profile is critical for achieving control of the machining process

[42]-[44].

2.3.1. Formulation

The numerical analyses in this work were carried out on a commercial FEA
code (Thirdwave’s Advantedge CAE software). Advantedge uses a Lagrangian
approach combined with adaptive remeshing capabilities [40], [45], mainly due to
the fact that a pure Lagrangian mesh would undergo significant levels of distortion,
specially near the primary and secondary shear deformation zones. Hence, this
formulation is responsible for addressing the non-linearities caused by the high
levels of plastic deformation, strain rates and inherent resolution issues that

emerge during the turning process. Refer to Man et al. [46] for additional details.
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2.3.2. Constitutive Model

The constitutive model derived from the Cuitino and Ortiz stress update
method is employed for the flow stress calculations (eq. 1), where g(«) refers to
the strain hardening, ©(T) to the thermal softening and I'(&), «, &, and T refer to
rate sensitivity, equivalent plastic strain, plastic strain rate, and temperature,

respectively [46].

o(0, & T) = g(a)O(T) I'(&) (1)

Furthermore, the power law (eq. 2) is used to describe strain hardening and
rate sensitivity, where reference values for strain and strain rates are denoted by

a, and &, respectively.

[

1

0@ = (1 + 2 @) = (14 )" @

A fifth order polynomial function is used to determine thermal softening (eq.

3) [46].

O(T) =co+ T+ +csT? 3)
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2.3.3. Adaptive remeshing

Adaptive remeshing enables the model to account for the element
deformations intrinsic to the Lagrangian method. Deformations are being
constantly monitored. Anytime a certain tolerance was met, refinement/coarsening
algorithms were applied in to regenerate the mesh in the most optimal way [46].
The biggest advantage of this approach is the ability to resolve different scaled
regions at different moments in time. Elements present in a deformation intensive
region, such as the primary and secondary shear deformation zones, will be
thereby resized to accurately reproduce such effects. Likewise, inactive areas will

be coarsened, so computational resources are spared and better deployed [46].
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3. Research Objectives and

Methodology

3.1. Objectives

The goal of this study is to contribute to the existing knowledge on the
machining of Ti-64 and Ti-555.3. To this end, a comparative study is conducted to
outline the differences between these substantially distinct alloys from a
machinability standpoint. A better understanding of machining conditions and
mechanisms will set the foundation for upcoming optimization strategies. This
document could also serve as a guide for selecting tooling and machining

parameters for the turning of two titanium alloys.

3.1.1. Specific objectives

- Comparison of machinability related aspects of the titanium alloys: Ti-5Al-
5V-5Mo0-3Cr and Ti-6Al-4V.
o Developing a Finite Element (FE) model for wet turning of Ti-5Al-5V-

5Mo0-3Cr and Ti-6Al-4V.
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o Running simulations for different cutting speeds, tool materials and
coolant delivery strategies, such as flood and high-pressure coolant
(HPC).

o Performing cutting tests for the selected conditions based on:
temperature, cutting forces and stress data provided by the
simulation.

o Collecting real-time data and performing post-process analysis of the
collected chips and worn cutting tools (refer to methodology section

for detailed information).

3.2. Methodology

Figure 5 presents a summary of all tests and analyses contained in this

work, as well as the resources employed to perform them:
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Cutting Simulations:

FEA

@

Cutting Tests:

Temperature measurements:

Thermocouple

Tool wear progression:
Optical microscope

Cutting force acquisition:

<

Chip Analyses:

Dynamometer
Chips undersurface morphology
and shear bands imaging: SEM
High magnification worn tool
Chips microhardness Worn Tool imaging: SEM
measurements: Analyses:

Vickers Microhardness Tester

Chips grain orientation maps
and pole figures: Electron
Backscatter Diffraction (EBSD)

Worn tool volumetric analysis:
White light interferometry

Figure 5: Experimental/FEA summary.
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4. Materials and Methods

4.1. Finite Element Analysis (FEA)

The main purpose for the employment of FEA in this research is to obtain
data that would not otherwise be readily available from experimentation, such as
temperature and stress profiles. Additionally, allowing us to perform an extensive
set of cutting tests without spending any resources on the acquisition of costly
workpiece material and tooling.

In our case, the cutting tool was modeled as a rigid body where Coulomb’s
friction was applied to the relevant zones. All data inputs regarding simulation
parameters were either obtained through a mesh convergence study or from the

coolant supplier and are summarized in table 5.
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Table 5: Simulation parameters for all the tested conditions.

Minimum element size (mm) 0.02
Maximum element size (mm) 0.1
Maximum number of nodes 24000
No. of output frames 30
Initial room temperature (°C) 20

Coolant heat transfer coefficient
1x104
(W/mZK)

In modelling the pressure effect of coolant, the velocity of the jet was
inputted to the software. Which was calculated using the jet area based on the
nozzle diameter, and the flow rate. It is assumed that the flow is uniform and steady
after leaving the nozzle and that the speed of the jet is not appreciably reduced
after hitting the chip. The pressure exerted by the jet is applied on the chip surface.
The heat exchange between the chip and coolant was modeled as a convective
thermal boundary condition. Orthogonal (2-dimensional) cutting was employed to
simplify matters, as experimental validation attested to the validity of the model,
implying a plain strain model does not account for the load distribution applied by

the coolant in the Z axis. The simulated domain is displayed in figure 6.
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Initial temp.: 20°

SU0NN SRR Y

Rigid body

Coulomb’s friction

Figure 6: FEA model domain

A triangular mesh was employed, and all the constants were extracted from
the software’s pre-loaded material library, which contains a wide variety of
aerospace alloys, along with other specialty and non-specialty materials.

Some of the materials’ thermo-mechanical properties were listed previously

in tables 2 and 4.

4.2. Experimental procedures

The cutting tests were performed on a SC-450 Nakamura-Tome CNC Lathe
(figure 7a). The semi-synthetic, 6% concentrated, cutting fluid was supplied to the
rake face of the commercially available Kennametal CNMG 432 uncoated

Tungsten Carbide (WC) grade k turning insert by a ChipBLASTER J8-1000 High-
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Pressure Coolant Supply, through Sandvik’'s PCLNL 16 4DHP (figure 7b-c)
Coolant-through tool holder.

ASTM B265 Grade 5 Ti-6Al-4V and Ti-5AI-5V-5Mo-3Cr workpieces (figure
7b), were used for all cutting operations. The workpieces were of a cylindrical
shape measuring approximately 100 mm in diameter and 250 mm in length.

The selected cutting parameters are listed in table 6. The severe cutting
conditions were selected to accelerate the wear rates and intensify the wear
mechanisms on the uncoated cemented carbide tools as well as increase
productivity levels (higher MMR), which is a factor of major interest to industry. This
enables better visualization of the cutting process phenomena as well as highlights

the role played by the HPC supply.

Table 6: Machining parameters for experimental testing.

Coolant pressure (psi)
Flood Feed DOC
(Benchmark) 400 800 1000 (mmirev.) (mm)
150
Vc (m/min) n/a 200 0.1225 0.25
n/a 250

Based on the results obtained for Ti-555.3, an extra set of cutting conditions
was introduced for the simulations and experiments. As tool life results were below
expectations and the proposed cutting speeds were not suitable for the

visualization of some wear and chip formation phenomena. Therefore, a lower
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cutting speed of 40 m/min and the highest coolant pressure of 1000 psi were
included in the conditions listed in table 6.

Cutting forces during the first 50 meters of cutting were measured by a three
component Kistler 9121 tool holder dynamometer (figure 7b) transmitted to a

Kistler 5010 amplifier and recorded using LABVIEW 14.0.

HPC Nozzles

Figure 7: (a) Machine tool, (b) workpiece, dynamometer, tool holder setup and (c) detailed view of

tool and coolant-through tool holder.
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As shown in figure 8, a thermocouple was positioned close to the rake face
of the cutting tool. The insertion was made by Electrical Discharge Machining
(EDM) to enable acquisition of peak temperature measurements [24], [47], [48].
This setup was performed exclusively for modeling validation. Unaltered cutting

tools were employed in the actual cutting tests.

Measuring point

Figure 8: Experimental temperature measurement point.

Chips were collected at the end of the first cutting step so that the tool/chip
contact conditions would not be affected by the geometry changes caused by tool
wear. The maximum flank wear criterion was set to 300 microns (according to ISO
3685) or 2500 meters of cutting length, whichever occurred first. Flank wear
measurements were taken at increments of 100-150-meters. Optical microscopy
images (KEYENCE VHX-5000) of the worn inserts’ rake and flank surfaces were

collected. A Tescan VEGAZ2 Scanning Electron Microscope (SEM) was used to
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acquire high magnification images of chip surface topography and worn cutting
inserts to assess the tool/chip contact behavior during the machining process.
Additionally, orientation maps were obtained by Electron Backscattered Diffraction
(EBSD) using a JEOL JSM-7000F Scanning Electron Microscope. Moreover, white
light interferometry was carried out with an Alicona Infinite Focus optical
microscope for 3D surface measurements of the worn inserts and collected chips.
A high-resolution Nikon Eclipse LV100 optical microscope was used for the
microstructural analysis of the chips’ cross sections. Prior to imaging, samples
were cold mounted, polished and etched by being swabbed with a cotton ball

rinsed in a solution of HF + HNOS3 for 10 seconds.

Microhardness measurements of the collected chips were performed by a
Matsuzawa MMT-X7A micro Vickers hardness tester with a diamond quadrangular

pyramid indenter at 50 gf for 10 seconds.
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5. Results and Discussion: Ti-6Al-

4V

5.1. Finite Element Analysis (FEA)

As can be seen in figure 9, the simulation results feature slightly higher
temperature values compared to the experimental data but the trend remained the
same. This difference in temperature could be attributed the thermo couple being
positioned a few millimetres away from the tool-chip interface [24], [48] (figure 8).
In addition, a slight decrease in peak temperature was observed when comparing
both conditions at 150 m/min (figure 9 a,b). This can be attributed to the reduced
contact pressure and consequently elevated friction conditions generated by the
HPC jet. While the overall temperature changes are not so significant, figure 9 (d-
f) reveals a considerable difference in the peak temperatures of the chips. This
result indicates that a higher amount of heat is being directed from the rake face
into the chip, which is a highly desirable outcome when machining difficult-to-cut
alloys. Excess heat at the rake face of the cutting tool facilitates the diffusion

process, which accelerates crater wear and reduces tool life. As crater wear
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progresses, material is being removed from the insert, thus weakening the tool’s

cutting edge, ultimately leading to its catastrophic failure.

As shown in figure 9 (e, f), the additional momentum provided by the HPC

jet creates some regions of concentrated strain, where chips are most susceptible

to breaking. However, the same cannot be said for the flood condition presented

in figure 9-d, where the chip curls to its natural unobstructed radius. This indicates

a continuous chip formation that might lead to poor surface finish, excessive heat

accumulation and ultimately, premature tool failure.

Flood — 150 m/min

1000 psi - 150 m/min |

| 1000psi-250 m/min |

Temperature (°C)
967.016
907.716

| 848.415
789.114

T 729.814
670.513
611.213
551.912
492.611
433.311
374.01
314.71
255.409
196.109
136.808
77.5075

FEA max. tool temp.: 967 °C
Exp. max. tool temp.: 921 °C

Temperature (°C)

939.769
882.213
824,657
767.101
709.545
651.989
594.432
536.876
479.32

421.764
364.208
306.652
249.096
191.54

133.984
76.4277

Temperature (°C)

1133.91
1064.27
994,632
] 924995

{ 855.358
785.721
716.084
646.447
576.81
507.173
437.536

{ 367.899
298,262

228,625

158,988

89.3509

Max. chip temp.: 955 °C

(e)

Breaking point

Max. chip temp.: 985 °C

(f)

Breaking point

Max. chip temp.: 1147 °C

Figure 9: Temperature measurements for both simulation and experimental conditions of Ti-6Al-

4V combined with FEA results for chip formation at (a,d) flood — 150 m/min, (b,e) 1000 psi — 150

m/min and (c,f) 1000 psi — 250 m/min.
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A notable reduction in TCCL for the two HPC scenarios is presented in

figure 10. The changes were about 50% for the 150 m/min (figure 10-b) and 250

m/min (figure 10-c) HPC conditions. The minimum stress concentration is directly

correlated with the length of the contact region and is partially responsible for the

diffusion and adhesion wear mechanisms. Additionally, a reduction in contact

pressure is visible for the two HPC scenarios (figure 10), indicating a less intensive

overall stress profile. High contact loads are some of the main facilitators of the

adhesion process, once the adhesive bond’s strength is proportional to the

pressure being applied. The eventual tear off of the welded workpiece material will

cause what is known as plucking, causing damage similar to the diffusion process.

Flood — 150 m/min

1000 psi — 150 m/min

1000 psi— 250 m/min

30 um 30 um 30 um
= £
=1
a =~
— a
un <
Min. Principal (MPa) Min. Principal (MPa) Min. Principal (MPa)
| | ]
-8000  -6000 -4000 -2000 0 -8000  -6000 -4000 -2000 0 -8000  -6000 -4000 -2000 0

(a)

(b)

(c)

Figure 10: Tool stress profiles and TCCL for Ti-6Al-4V at (a) flood — 150 m/min, (b) 1000 psi —

150 m/min and (c) 1000 psi — 250 m/min.
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5.2. Tool Life

Figure 11 presents experimental data providing a direct tool life comparison
between all the tested conditions. The graph shows the maximum flank wear at the
same cutting length (as displayed on the graph) for each set of cutting parameters
proposed in table 6. The length is determined by the point of failure (when flank
wear exceeds the pre-established end of life criteria) for the worst performing
coolant pressure at a specific cutting speed.

A trend can be noticed in figure 11, with regards to maximum flank wear
versus coolant pressure. Higher coolant pressures have a p