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ABSTRACT

Titanium alloys support a wide range of practical applications due to their excellent
mechanical properties. These include high strength-to-weight ratio, high
mechanical strength at elevated temperatures and remarkable oxidation
resistance. Machinability investigations so far have been intentionally focused on
Ti-6Al-4V, which is commonly used in the aerospace research and development.
However, a new classes of titanium alloys are also being developed for these
applications. Ti-5Al-5Mo-5V-3C, also known as Ti5553, is included in this new
category of titanium grade alloys. It corresponds to a near beta titanium alloy and
generally it is employed on the production of high strength parts. Its high tensile
strength combined with low weight (compared to Ti64) makes Ti5553 a suitable
choice for landing gear parts and advanced structural components. However, due
to the previously mentioned mechanical properties of Ti5553, machining processes
can be difficult. During the cutting tests, the cutting zone experiences high cutting
temperatures, and combined with a low rate of heat transfer, it generates stress
and premature tool failure. By using several distinct experimental approaches, this
work presents a comparison between different machining conditions (combinations
of tools and coolants) to diagnose wear processes and identify better cutting
parameters. The main objective of this research is to establish an understanding
of how these parameters affect tribological aspects when machining Ti5553. The

results of machining studies demonstrate different wear behaviour for CBN and



PCD tools under various cutting environments (different coolant modes). These
operating conditions can considerably affect the cutting forces leading to an
increased tool life and improved surface integrity by decreasing, the residual stress
and roughness, as well as work of hardening the workpiece during machining

operations.
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1. Introduction

The production and improvement of different alloys is a constant process. In
some cases, those new alloys offer a high resistance to further processing like
machining operations. On the other hand, the machining industries seeking
competitiveness, look for solutions that can result in high performance processes
and cost reduction in compliance with the regulations and standards established
for Aerospace's machined components. Since each new developed material is
implemented in the industry, this will stimulate a desire for research studies in many
associated fields. Data obtained from the production process of these new
materials can serve to further develop effective applications, as well as improved

products and processes.

1.1. Background

The challenges experienced by the aerospace industry during the last few
decades are responsible for constant improvement and development in this sector.
One example to explain how this economic sector plans years ahead is through
the long-term strategic objectives outlined in by 'Flightpath 2050’ [1] developed by

the Consultative Council for Aviation Research in Europe (ACARE). These
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agreements put together ambitious goals for air traffic in 2050, which includes: (i)
75% CO2 reduction per passenger kilometer; (ii) 90% reduction in NOx emissions;

and (iii) 65% noise reduction.

This will require across-the-board improvements in the manufacturing of
aircraft components. For instance, lighter materials for engines and structural parts,

in addition to enhancements in aerodynamic design for lower fuel consumption.

As the consequence of their high strength-to-weight ratio, Titanium alloys are
extensively employed in various applications in aerospace, automotive, chemical,
and medical sectors [2]. As a result of their mechanical characteristics, those alloys
are considered difficult to machine, this is due to their low thermal conductivity and
high chemical reactivity [3]. Consequently, cutting tools experience several wear
mechanisms, therefore, reducing a cutting tool's life [4]. In addition, other
properties such as low elastic modulus negatively affect the machining

performance of these materials as well [5].

1.2. Motivation

Previous research typically focused on the application of coatings on the
cutting tools to mitigate the extreme interactions that occur when machining

titanium [6]. The outcome, however, have been so far unsatisfactory since most of
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the available coatings consist of Ti and Al which interact with the work material
composed largely of a Ti. As an alternative solution to minimize thermal and
mechanical stresses during machining, cutting fluids can be applied, particularly
when operating at elevated cutting speeds, where high temperature is the major

cause of aggressive tool wear rates [6], [7].

A comparison of specific process conditions of Ti5553 turning may produce

useful information for further study.

To obtain reliable results, it is necessary to identify the best tooling system,
which can deliver the longest tool life and best surface integrity (smoother surface

topography, lower residual stress, and better cross-section hardness distribution).

During the machining of Ti5553 alloy, the shorter tool life is a direct
consequence of severe tool wear. This is biggest issue when performing cutting
operations on near-beta Ti alloys. As the main motivation for this work, and to
comprehend the influence of different cutting conditions (tools and coolant modes)
on the effect of the surface integrity, this study provides a number of experimental
results and new findings that supports to establish a correlation between flank wear
and the respective procedures in high-speed machining of Ti5553 alloy assisted
by different cutting environments (dry, flood, high-pressure coolant, minimum

guantity lubricant, and super absorbent coolant).
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This study also seeks to outline an alternative method of improving
productivity and reducing the cost related to the machining operations, by ensuring

the surface integrity of the machined parts.

1.3. Research Objectives

The main purpose of this study is to provide to the existing knowledge of the
machining of Ti5553. This work proposes a machinability study involving different
cutting tools materials and different coolant modes to analyze differences in wear
performance. A better understanding of these mechanisms related to the
tribological aspects during machining will set the foundation for upcoming
optimization strategies. This work could also serve as a guide for selecting tooling
and machining parameters for the finish turning of aerospace titanium parts. The

specific research objectives in this work are described as follows:

- Investigate the main wear mechanisms during machining of Ti5553 under
different coolant conditions and evaluate their effects caused on the surface

integrity of the machined workpiece.

- Identify the best interaction tool/coolant system, which will result in longer

tool life and the best achievable surface characteristics (surface integrity) of
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the machined part (smoother surface topography, lower residual stress, and

better surface hardness distribution).

- Provide a solution to improve productivity and cost reduction of the
machining process, that follow the requirements related to surface integrity

of the machined part.

1.4. Thesis outline

This thesis is separated into six chapters, which are briefly described as

follows:

CHAPTER 1 — INTRODUCTION: The motivation and the primary research

objectives of this research are presented in this chapter.

CHAPTER 2 — LITERATURE REVIEW: All major concepts, theoretical
references and other relevant studies are presented in this chapter to provide
sufficient background for this research. This chapter can be separated into four
main points: the material (titanium alloy), the cutting tools, wear mechanisms and

coolant system.

CHAPTER 3 - EXPERIMENTAL PROCEDURE: The methodology,

experimental setups, test parameters and sampling are detailed in this chapter.
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The experimental procedure is separated into three parts: workpiece

characterization, cutting tests and surface integrity evaluations.

CHAPTER 4 — RESULTS AND DISCUSSION: The experimental results

obtained in this research are presented and assessed in detail.

CHAPTER 5 — CONCLUSIONS: In this chapter, the main conclusions of the

research will be stated based on the results achieved during the experiments.

CHAPTER 6 — SUGGESTIONS FOR FUTURE WORK: Based on the results

achieved in this study, other related aspects are recommended for future study.
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2. Literature review

2.1. Titanium Alloys

Titanium is present in 0.6% of the earth’s crust and it is the fourth most
common structural metal. A geologist called Reverend William Gregor discovered
titanium in 1790. In order to obtain Titanium, two distinct minerals are extracted

from the earth, commonly named as Ilimenite (FeTiOs), and rutile (TiO2) [2].

Soon after, a German chemist called Martin Heinrich Klaproth identified a
dioxide of the same metal (TiO2) and named it after "Titanium.". He was unable to
separate the metal [3]. and a commercially viable method was only developed
around 1937-1940 by Wilhelm J. Kroll [2]. In the late 1940s, titanium gained
widespread industrial significance thanks to its physical and mechanical properties

and alloying characteristics [5].

Compared to other lightweight structural materials that are applied on the
aerospace, automotive, chemical, and medical industries, the mechanical, thermal,
and chemical properties of titanium qualify it for a wide range of applications.
Another important characteristic of this material is its high melting point which

provides good stability in terms of mechanical properties, when the service
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temperatures are high. [2], [8]. Overall, the titanium’s main properties are strength
retention at high operating temperatures, high strength-to-weight ratio, and

relatively low elastic modulus including high corrosion and fatigue resistance [9].

Different titanium alloys are applied in the aerospace industry. For example,
Ti-6Al-4V, or the Ti-5Al-5V-5Mo0-3Cr (known also as a near beta alloy) are the main
alloys applied in this segment. Both offer desirable properties that are considered

suitable materials to be employed into two categories: frames and engines.

The demand for B titanium alloys in the aerospace industry is increasing [2],
[10]. These alloys present attractive mechanical properties for structural aircraft
components such as aero frames and landing gears components. Its

characteristics will be discussed in the next section.

2.1.1. Classification of Ti Alloys

Titanium alloys can be characterized as presenting an allotropic phase
transformation at 880°C [2], [6], [11]. At lower temperatures, the microstructure
consists mainly of HCP (Hexagonal Close-Packed) crystals, also known as a
phases. Upon reaching a recrystallization temperature (860°C), the
crystallographic structure changes to a BCC (Body Centered Cubic) shape, also

called as beta phase [2], [11]. Nevertheless, this exact temperature of
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transformation can only occur for 100% pure titanium samples. The presence of
other stabilizing components determines the dominant phase of the titanium alloys.
As shown in Figure 1, elements such as molybdenum and vanadium support a
crystallographic structure of the BCC, whereas aluminum and carbon serve as a-
stabilizers, which make HCP predominant [2], [4]. These compositions directly
affect the material’'s capability to obtain optimal tensile resistance (UTS) and

hardness (H) after aging.

Figure 1 presents the phase diagram and the positions of each of the alloys

studied in this work.

o+ B metastable B

I

(0.4
(HCP) |=

Ti§5.53

.‘.—..
3

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 [9]
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Although a Titanium alloys have lower mechanical characteristics, their
corrosion resistance is superior to that of B alloys [12], [13]. Near-f alloys
consisting of a B matrix with a precipitates possess high mechanical resistance

characteristics of the 3 process combined with a alloy corrosion properties [14].

2.1.2. Ti-6Al-4V

Ti-6Al-4V (Ti64) is by far, the most commonly used a+f3 titanium alloy with
the application range comprising 45-65% of the titanium consumption around the
world [2]. In comparison to other titanium alloys, such as near-a and (3, Ti64
provides a good balance of strength, ductility, fracture durability, processability,
resistance to corrosion and weldability, as well as hardenability and heat treatment
capacity. Due to its moderate heat resistance, Ti64 is extensively used in the
aerospace industry, particularly among structural engine components operating at
temperatures of up to 300°C. The alloy’s heat resistance is highly dependent on its

B content [4], [15].

Possibly the greatest factor favoring the use of Ti64 is the wide variety of
available knowledge regarding its treatment (annealing, quenching, aging) and
processing methods, since the application of this alloy have been already widely
explored in industrial research over the years [16]. Table 1 and Table 2 describe
the structure and mechanical properties of this alloy under study.

10
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Table 1: Chemical composition of Ti64 [9].

Al V Mo Cr Fe Zr C 0]
5.5-6.75 3.5-4.5 - - ~0.4 - ~0.1 ~0.2
Table 2: Mechanical properties of Ti64 measured at room temperature [9].
Yield Tensile Elonaation Hardness Thermal Tmelt Heat
strength strength (30 ) conductivity Transfer
(MPa) (MPa) (HV) (W/m.cC) (°C)
828 895 10 360 6.6 1630

As demonstrated, due to these properties, the Ti64 is several aerospace

industry applications.

2.1.3. Ti-5Al-5V-5Mo0-3Cr

The Ti-5Al-5V-5Mo0-3Cr or Ti5553 contains only 20% of the a phase, it is
known as a near-f alloy (B metastable) [4], [6], [7], [9], [13]. Ti5553 has a similar
Young modulus to Ti64, according to previous findings [9]. However, these
materials are substantially different from a mechanical standpoint, with Ti5553
having a 30% higher yield and ultimate tensile strength and significantly lower
ductility [9]. The concentration of Mo present in Ti5553 is significantly higher
(approximately eight times) than that of Ti64, which partially accounts for its
superior resistance to tensile load [9]. Both properties benefit the material’s ability
to endure greater workloads. On the other hand, these characteristics of Ti5553

result in poorer machinability when compared with Ti64 [9], [17].

11
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Figure 2: SEM images of surface of the received Ti5553 alloy. (a) general view with prior B grain

boundary (arrow), and (b) magnified view of o precipitates on the  grain boundary [3].

The composition and measured mechanical properties of Ti5553 are

presented in Table 3 and Table 4.

Table 3: Chemical composition of Ti5553 [9].

Al V Mo Cr Fe Zr C O
4.4-5.7 4.0-5.5 4.0-5.5 2.5-35 0.3-0.5 0.3 max 0.1 max | 0.18 max

Table 4: Mechanical properties of Ti5553 measured at room temperature [9].

Yield Tensile Elongation Hardness Thermal Tmelt Heat
strength strength (%) conductivity transfer

(MPa) (MPa) (HV) (W/m.°C) (°C)

1170 1290 6 415 5.0 1650

Owing to previously described hardenability, it is possible to manufacture,
and heat treat components with broad dimensions. Based on that, understanding

the machinability and wear mechanisms of this material is an important factor when

12
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developing cutting tools. In the next section, the machinability aspects of Ti5553

are described.

2.1.3.1. Machinability

Very limited research has been done with regards to machinability of these
alloys. Arrazola et al. [9] performed a comparative study on the machining of
Ti5553 (near B) and Ti64 (a+B) titanium alloys. Based on this analysis, the
machinability of the Ti5553 alloy is approximately 44% lower compared to the Ti64

alloy (the reference material).

While the wear mechanisms in both alloys are similar, the strength of Ti5553

is significantly higher, and this affects the cutting process [9].

Moreover, several studies investigated the effect of the temperature
generated into the cutting zone. As results of this studies, the temperature collected
during the turning of Ti5553 show a substantial increase of the heat generated at
the tool/chip zone. This was observed while there was only a slight increase in
temperature at the primary shear deformation region [18]. This can be attributed in
reason of the reduced thermal conductivity that Ti5553 posses [4], [9], [19].
Analytical modeling and experimental investigations confirmed that an inverse

relationship exists between temperature and friction coefficient on the rake face of

13
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the tool as a consequence of the accumulation of work material in the form of a

build-up layer on the tool [9], [20].

Another study carried out by Nouari et al. [21] considered orthogonal cutting
tests. Found that the chip formation process is also related to the poor
machinability of this alloy. The presence of high-frequency adiabatic shear bands
could lead to variations in cutting and feed forces, which are considerably higher
in the near-B alloy [22]. Furthermore, this study found that Ti64 alloy is more
susceptible to thermal softening, whereas Ti5553 alloy is more vulnerable to work
hardening. According to the authors, the adhesion and diffusion are the primary
tool wear mechanisms. Consequently, the cutting forces for the Ti5553 are 20 to
40% stronger (this relation is dependent of the rake angle of the tool). When
machining the Ti5553, the main wear mechanisms that the cutting tool is exposed
are abrasion, diffusion, and adhesion. Additionally, its lower machinability can be
attributed to higher cutting temperatures and mechanical properties, chip

segmentation frequency and adhesion tendency.

Overall, the machinability of Ti5553 follows the general trend of Ti alloys,
which are generally considered hard-to-cut material (low machinability) and it is
inherent to its composition and properties. Ti5553 is also highly chemically

reactive, and as a result, the material shows a tendence to adhere on the rake face

14
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of the cutting tool while the cut is performed. The negative effect of this phenomena
it is the occurrence of chipping and this is results in reduced tool life period. As a
response of the material’s low thermal conductivity, high temperatures at the tool /
workpiece interface occurs and this collaborates to reducing tool life. In additional,
the material's low machinability it is also attributed to its high strength, low elasticity
modulus and high temperatures [23]. Siekmann said in 1955 that "the cutting
process of titanium alloys will continue being a challenge, no matter what of the
methods applied to develop the cut of this metal" [24]. Based on those challenges
faced during the machining of Ti5553 several companies have been investing
heavily in the development of procedures and methods to enhance the machining

process of this alloy and consequently decrease the machining cost.

2.2. Materials for cutting tools.

For many years, tool materials for cutting applications have been developed
with new tool materials being found to meet the requirements presented by the

introduction of new materials considered hard- to-cut [6].

Currently many tool materials are available like High Speed Steel, Carbide,
Cubic Boron Nitride, Poly Crystal Diamond tools that have demonstrated value in

meeting specific requirements such as: the capability of achieving acceptable

15
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performance in several of applications, satisfactory tool life, and high metal removal

rate, surface finish, at a reasonable cost [7].

Figure 3 illustrates a timeline of significant advances in tool materials from

1900 to 1980. Figure 3 includes only those objects that seem to have a long (100-

year) future.

1900
1910
1920
1930
1940
1950
1960

1970

Future

Natural materials (Wood, Bone, Rock)
Cooper
Iron

Steel

High Speed Steel

Cast alloys
Super HSS (T-15)

Sintered WC (K-type)

Sintered WC (P-Type)

Clamped carbide inserts indexable "throw away"inserts
M-40 series HSS / Ceramics

Synthetic diamonds

TIC / Improved Sintered WC

Cermets / Coated carbides

Polycrystalline D and CBN

P/M High speed steel / inserts and complex tools

Figure 3: Approximate dates for the introduction of different cutting-tool materials [7].
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The most remarkable aspect is the rising scale at which new concepts have
been developed since 1900. This was due, in part, to the rapid advancement of

material science and, this case to the demand for unique machining features. [7].

2.2.1. Carbide

Tungsten carbide is one of several compounds comprising transition
elements. These materials are significantly used as tool materials and they hold a
dominant position as the major material for cutting tools driven by the composition

of tungsten carbide [6].

Tungsten and molybdenum carbides have hexagonal structures. Major
structural changes do not occur in these stiff and strongly bonded compounds;
therefore, heat treatment or high temperature do not alter their properties. At
extreme temperatures, the resistance of carbides decreases rapidly, but they
remain much more resistant than steel in almost all circumstances. The use of
carbide cutting tools is encouraged by its hardness and properties’ stability in under

a wide range of heat treatments [7].

The powder metal production process allows precise control the carbide
grains size as well as the chemical composition of the alloy [6]. Figure 4

demonstrates how the tungsten carbide is assembled on the binder.
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/£
Binder

Figure 4: Cemented carbide - The "Cobalt binder distribution into the cemented carbide" grain

size differs following the HW grade application [11].

Table 5 shows the classification of carbides corresponding to use.

Table 5: Carbide classification [15].

Symbol Category Color code Designation

PO1

P10

Ferrous metals with P20

long chips P30

P40

P50

MO1

M10

Stainless steel / Cast

Steel M20

M30

M40

K01
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K10

Cast Iron (Gray cast K20

iron / Nodular cast iron) K30

K40

Nonferrous metals NOL

- N10

N (Aluminium / Nonferrous N20
metals / Non metals N30

Hard to machine S01

s materials (Titanium S10
alloys / Heat-resistant S20

alloys) S30

Hard materials :2(1)

H (Hardened steel / 120
Chilled cast iron) H30

According to Table 5 the cemented carbides tools present a combination of
high strength and elevated hardness by the capacity to bend plastically under
compressive stress before failure (toughness). These characteristics make the

cemented carbides a suitable material for use as cutting tools.

2.2.2. CBN

The CBN cutting tool is also technically known as Polycrystalline cubic
boron nitride. This cutting tool is manufacturing by powder metallurgic, where the
CBN grains are sintering with a binder material, and it became a very attractive
material to be applied as a cutting tool material that can overcome some difficulties
found during machining of hard-to-cut materials. These cutting tools have a few
desirable mechanical and physical properties. Its properties offer high thermal

conductivity, and good thermal stability [6].
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CBN tool is considered a material with high hardness been close to the
diamond [25], [26]. For this reason, there is an extensive list for applications of
polycrystalline cubic boron nitride as a cutting tool material for machining hard-to-
cut alloys. Additionally, these cutting tools offer excellent hot hardness enabling
this material to be employed at very high cutting speeds. It also exhibits good

thermal shock resistance and good toughness [27].

The microstructures of CBN tools are shown in Figure 5. The overall
distribution of coarse grains is relatively uniform but there are still some binder
agglomerations Figure 5a shows that the microstructure distribution of fine grains
is unbalanced, and Figure 5b shows an example of a sample with a high amount

of binder agglomerations [27].

L Sl -
"o‘l sy 4.3
3 B ‘‘y a* .

20kV 10 pm 10 40 BEC “hokV 5um 1040 BEC

a) Grain size 6-22 um b) Grain size 1-4 um

Figure 5: Two grades of the CBN tool microstructures: (a) 6-22 ym grain size (binder B, N, Al) (b)

1-4 ym grain size (binder B, N, Al, Ti, Co, W) [28].
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The material hardness changes with the surface direction, which is induced
by the crystal lattice's relative distribution that can variate from 40 to 55 GPa. This

hardness is significantly higher than metallic carbides. [6].

The literature reports a large number of tool wear studies involving CBN.
These were preformed in an effort to find better processing conditions and suitable
applications taking into account the tool wear pattern and wear mechanism
perspectives. In this research, CBN cutting inserts have been selected as the

material of choice for the studies performed in this research [7].

2.2.3. SiAION

Sialons (Si-Al-O-N) are prepared of silicon nitride materials with addition of
fractions of oxygen and aluminium. Silicon nitride (SisN4) has valuable properties.
For instance, a low thermal expansion coefficient (3.2 x 10%), high hardness
(approx. 2000 HV) and better bend strength than aluminium (approx. 900 MP),

providing thermal shock resistance [6].

Most of these tools are produced of finely divided sintered a-aluminum
without the use of additives or binders. Ceramic tools are, in majority, tougher and
more refractory materials than carbide tools, but they are still far more fragile. To

provide acceptable strength, aluminium oxide tools must have a specific range of
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grain sizes and should be sintered for maximum density [7]. The Figure 6 shows

an example of the size of grains typical of this material.

Although the cost of aluminium oxide used to manufacture ceramic tools is
low, the cost of processing is high, this is mostly due to the need to cut large
blocks into small parts using diamond saws. Ceramic tools have been shown to be

of great value in the manufacturing of cast iron and hardened steel components

[6], [7].

Since ceramic tools are brittle, they easily chip when machining soft steels
specially if the cutting conditions produce a large unstable built-up edge (BUE) or
for discontinuous cuts. Ceramic tools show reduced tool life especially when
applied during machining of aluminium or titanium alloys due to oxidation of the
surface (high affinity between these metals with oxygen). When machining these
materials strong bonds are formed between the chip and the tool, and the tool's

wear rate is then accelerated [7].
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Figure 6: TEM images revealing the as-sintered structure of sialon containing yttria addition:

represents Siz-Ns- based phase with substituted Al and O; g is the glassy phase [6].

2.2.4. PCD

Polycrystalline Diamond or PCD is one of the hardest and most abrasion
resistant tooling material available in the market and consists of diamond particles
(diamond grit) which are sintered together with a metallic binder (cobalt). But the
high cost of these materials has limited its use to applications where other tool
materials cannot work successfully. As a result of diamond’s very high hardness it
performs well in cases where abrasion is the prevailing wear mechanism. As
such all forms of PCD tools display a much lower rate of wear and longer tool life

than carbides or oxides [6], [7].
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The crystal structure of diamond is responsible for its uniquely high hardness.
Two interpenetrating cubic lattices are configured face centered in a way that each
carbon atom has four close neighbors connected by co-valent bonds. The
hardness and resistance of any surface to abrasive wear depends significantly on

the alignment between the surface in relation to the crystal lattice [7].

Single crystal natural diamonds have been used in many industrial
applications. Large natural diamonds are suitable for cutting operations as single
cutting edge in particular applications. The optimal orientation is chosen, and they
are lapped and placed in tool holders of the appropriate shape for a cutting edge.
The tool edges can be designed for shape and edge execution with extraordinary

precision and can create surfaces with exceptionally high quality and finish [6].

The structures of two polycrystalline diamond tools are shown in Figure 7.
Most tool tips that are commonly accessible are laminated heads. A sheet of
polished diamond, normally 0.5 to 1 mm thick, is attached to a cemented

carbide substrate, typically around 3 mm thick, to create a tool edge.
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Diamond Grain
Dislodgment

Diamond
Grain

Co Binder

Figure 7: SEM images of two grades of PCD tools: (a) diagram of microstructure of PCD tool (b)

25 um grain size (c) 2 ym grain size [6].

The Table 6 condenses important properties of different tool materials.
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Table 6: Properties of several types of tools [6]

_ Transverse Compressive Hardness Fracture Therr_ngl
Tool material rupture strength (HV) toughness | conductivity at
strength (MPa) (MPa) (Kic) 20°C (W/m°C)
WC gvr\flaci:n-(s:ic;(:e3 01A?4 um 1000 i 1820 8 i
we g\fgﬁlgl‘; o, m 2300 4250 1575 10 .
we g\fgﬁlgl‘; o, m 2400 4000 1420 13 .
Al203 550 3000 1600 4 10.5
AlO3/ TiC 800 4500 2200 4.5 16.7
Al2O3/ SiC whiskers 900 - 1925 7 13.0
SIAION (sintered) 800 3500 1870 6.5 20-25
PCD - 4740 5100 8.8 560
PCBN - 3800 3000 4.5 100

Considering the performance of the tools mentioned so far, this study is

carried out to compare the different performances of a select number of tools when

turning Ti5553. This research involves analyzing the different types of tool wear

mechanisms commonly observed, which will be presented in the following section.

2.3. Wear Mechanisms

Throughout the machining process, the cutting tool is exposed to extreme

mechanical and thermal stresses, which are generated based on the combination
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of the workpiece material and the cutting conditions selected to perform the

machining. These stresses eventually result in wear or damage of the tool.

Wear is a progressive phenomenon on the tool's surfaces which is caused by
the cutting action, and over time it changes the tool's shape and hence its original

geometry which impacts the machining process.

Wear is the product of different mechanisms, where one mechanism can
dominate over another. Depending on the part and tool material, the machining
process, the cutting conditions, the tool configuration and cutting fluid applied

during cutting [29].

The following section will present a general concept of the main wear

mechanisms found during the machining process.

2.3.1. Abrasion

Abrasion wear is one of the major causes of damage to the cutting tool edge.
Abrasion may produce wear on both the flank and rake face of the tool. When
reporting wear, itis common to predominantly report flank wear. Flank wear
develops as the clearance surface rubs against the component over time. Wear on
the rake face can generate a crater as the tool chip slides over the surface of the

tool.
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The rate of abrasion wear is increased by the presence of hard particles in
the material of the workpiece and by high cutting temperatures which effectively
reduces the hardness of the cutting tool. Therefore, cutting tools with elevated hot
hardness properties provide higher levels of resistance to abrasive damage and
consequently provide better performance. Often, hard particles adhere to the
surface of the tool and are dragged along the flank face as the cutting tool slides
along the workpiece. In this case, abrasion typically takes place on the cutting tool

flank face as is shown in Figure 8 [27].

Figure 8: Abrasive wear on the Carbide tool.
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2.3.2. Adhesion

Adhesion wear occurs when a fragment of the tool is removed from the
surface on a microscopic scale. Then, because of the high temperature and
pressure at the cutting edge, a metal bond forms in the tool/chip interface welding
them together. The welded material leads to an unsteady chip flows over the rake
face of the tool forming BUE. The chip flow over the BUE with time will result in
fracture of the welded material and some of the tool material will be dragged out
along with it by adhesion. Adhesion can be controlled by using a cutting fluid that
can provide a film between the contact surfaces [29]. The Figure 9 shows adhesive

wear.

”
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Figure 9: Adhesive wear [30]
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2.3.3. Diffusion

The diffusion process is a phenomenon that is activated in the cutting zone
by temperature. This phenomenon is usually a characteristic of a high-speed
cutting operation. As a result of this process crater wear is observed on the rake
face of a cutting tool. Figure 10 shows a worn tool with a typical tool wear pattern
which is generated by diffusion. Solid-state diffusion consists of transferring the
atoms from one metal to another. The rate of diffusion depends on the temperature
of the two metals involved, and the duration of the contact, and the physical-
chemical affinity between the respective materials. As it is done at the atomic level,
the areas worn by diffusion have a smooth appearance when viewed under the

microscope [11].
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Figure 10: Diffusion [11]

2.3.4. Oxidation

The chemical reaction between the surface of the tool in an area of high
temperature and in contact with oxygen results in a process called oxidation. In this
process, a layer of oxides is formed on the surface and, when abrasion is removed,

another layer is formed during the machining process [27].

This is a repetitive process of oxide layer formation and removal. In some
special cases this slight build up layer helps to reduce tool wear by isolating the

tool and the workpiece and providing the contact zone with unique properties [31].
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Figure 11: Mechanism for the formation of oxidation [15]

2.4. Coolant Systems

Various methods have been introduced to enhance machinability in order to
improve production processes. For example, to reduce the inherent heat generated
during cutting operations, coolant is applied and acts by reducing friction between
the tool and the workpiece and consequently aiding in material removal. The
application of cutting fluids is also a way to improve the surface roughness of the

final products [29].
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Overall, the role of cutting fluids is to cool and lubricate the cutting zone
during the machining process. As a result, the tribological conditions between the
tool, the chip, and the workpiece can be improved; the temperature in the cutting
zone can be stabilised (reducing fluctuations in temperature and reducing heat

generation); and chip removal can be facilitated. [29].

Different methods of fluids application during machining processes will be

discussed in detail on the following sections.

2.4.1. Flood

Flood Cooling is an optional system that is generally implemented on higher-
end CNC machines. A constant flow of coolant is applied through the nozzle
targeted at the workpiece or at the tip of the cutting tool. The coolant can be
recovered through a recovery basin located under the machine bed. The steady
flow of coolant removes cut chips and keeps the cutting tool cool and well lubricated
[7].

Currently, there is less focus on the use of flood coolant techniques for
machining purposes as traditional cooling methods are in disagreement with new
environmental restrictions and health practises [32]. New techniques to flood
cooling are being employed to reduce the costs associated with purchasing and

disposing of cutting fluids and their environmental and health impacts. As a result
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of this trend, new cooling, and lubrication technologies such as minimum quantity
lubrication (MQL), and nanofluid are gaining popularity. However, in spite of the
promising characteristics that many investigations have reported on the use of
these methods, there are some shortcomings to their practical application in

industry related to chip evacuation and mist containment [33].

2.4.2. High Pressure Coolant (HPC)

The use of cutting fluids to improve tribological conditions is a widely used
technique for machining materials with low thermal conductivity, especially at
higher cutting speeds, where the primary cause of accelerated tool wear, is the
heat generated [5]—-[7]. However, traditional coolant supplies do not guarantee that
the fluid will be targeted at the cutting zone due to the sticking-sliding nature of the
chip formation process [7], thus conventional coolant application does not achieve
significant efficiency in terms of penetrating into the cutting zone [34]. Cutting fluids
are directed at the primary (PSDZ), secondary (SSDZ), and tertiary shear
deformation zones (TSDZ) with careful setup. The SSDZ (the tool/chip interface)
is impacted by a combination of high shear and normal stresses that run parallel
to the long tool/workpiece interface [6], [7]. Figure 12 shows the tree different shear

zones.
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Where:
e t: Undeformed chip a

thickness
e tc: Chip thickness /
* ¢: Shear angle

¢ a: Tool rake angle

- Tool

ol ) J«"" Secondary Shear
/ / = Deformation Zone (SSDZ)

"' i“v‘/ —

4
Primary Shear " Tertiary Shear
Deformation Zone (PSDZ) Deformation Zone (TSDZ)

Figure 12: Primary, secondary and tertiary cutting zones schematics [7]

The SSDZ is the region that requires the most coolant action due to high
temperature realized in this region during the cutting process. A vapour barrier can
be created by the harsh tool/chip contact conditions making it hard for the flood
coolant supply to adequately access the secondary shear deformation zone, thus,
preventing heat exchange between the cutting fluid and the cutting insert. Different
cooling approaches have been used to solve this issue and enhance the machining
performance of titanium alloys [35].

The use of HPC is an emerging solution which can provide a relatively low-
cost alternative capable of addressing the majority of the previously mentioned

issues [34], [36], [37]. Also when machining Ti alloys, HPC improves sub-surface
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integrity of the workpiece [34]. The main advantages of applying HPC to the rake
face of the cutting tool are illustrated in Figure 13. Its possible to observed the chip
curl reduction increasing the chip breakability from the additional bending moment
that is being applied, and more effective heat dissipation from the tool/chip
interface, since the coolant can reach deeper into the cutting zone [7]. Lower
diffusion wear rates due to the shorter Tool/Chip Contact Length (TCCL) extends

the cutting tool's service life [7].

Chip in Flood/Dryl ™+
|

Workpiece

Figure 13: Using HPC in the rake face.
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2.4.3. Minimum Quantity Lubrication (MQL)

Changes in environmental awareness increasing cost and pressure imposed
by industrial investors has resulted in crucial concern of traditional cooling
lubricants applied in machining operations. Depending on the workpiece, the
production size and location, the costs associated with using cooling
lubricants vary from 7 to 17% of the total production cost. By abandoning
conventional cooling lubricants and using dry machining or MQL technologies, this

cost factor can be significantly reduced [38].

In addition to increasing the productivity of the manufacturing process, such
technical advancements help to protect workers and the environment. The
reduction of substantial exposure to cooling lubricants at work enhances employee

satisfaction while also improving work efficiency [38].
2.4.4. Super Absorbent Coolant (SAC)

A Super Absorbent Coolant (SAC) is created by the uniform distribution of
solid nanoparticles within a fluid. SAC can be designed to have a high thermal
conductivity and lubricity compared with regular fluids. They are utilized in a large
selection of applications such as engine cooling, water heating with solar energy,

chillers and manufacturing processes. The purpose of applying SAC in machining
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is to use the mobility of nanoparticles to better penetrate the cutting zone and use
materials with high lubricity to decrease the friction between surfaces in the cutting

zone [33].

Figure 14: SAC delivery system

2.5. Research Gaps

Considering the topics explored in this literature review, there is a demand
to understand different aspects related to the machine of Ti5553. The following

gaps are identified:
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1. There s limited related research outlined in the literature regarding selecting

the best tool material for machining Ti5553.

2. Finding the best cutting strategies (cutting parameters and lubrication
modes) to improve tool life, considering aspects of the integrity of the

surface used.

3. Identify the main mechanisms of wear related to the use of the different

cutting strategies used in this work.
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3. Materials and Methods

This section will describe the selected materials and the designed methods
to develop the research studies. Initially the workpiece characterization was
performed, which consisted of an examination of the material’s microstructure. The
following section (experimental procedure) will present the methodology and the
equipment employed to run several machining operations. After that, surface
integrity studies were performed on the machined surface by the selected cutting

procedures, evaluating surface texture, hardness, and residual stresses.

3.1. Workpiece characterization

The material used in this work was Ti5553 produced by Grandis Titanium.

The material’s chemical composition provided by the manufacturer is displayed in

Table 7.
Table 7: Chemical composition of Ti5553 (Grandis Titanium)
Element | Mo Zr Fe V Si Al C 0] N Cr Y
Max 5.01 5.07 5.44 | 0.020 0.009 | 2.92 <
% - 0.002 | 0.35 - 0.03 - - 0.13 - - 0.0004
Min 4.99 4.95 5.38 | 0.017 0.008 | 2.88

To evaluate the Ti5553’s microstructure a sample cross-section was

prepared taking into account the axial direction of the material, then, mounted in
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epoxy resin and metallographically prepared using conventional methods and
etched in a solution of 2% Hydrofluoric acid revealing its microstructure. To collect
microstructural images an optical microscope Keyence VHX-6000 was used. The

respective microstructures can be seen in Figure 15.
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Figure 15: Microstructure of Ti5553

3.2. Experimental procedures — cutting tests.

The experimental methodology used in this study is presented in this chapter.
A schematic model outlining the steps of the experimental procedure is shown in

Figure 16.
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Experimental Procedure

Benchmarking tool
Understand the cutting parameters
changing the cut speed

Evaluation of different tool

materials
Selecting the four best tool materials
performed

Evaluation of different coolant modes

Friction in
the cutting
zone

Wear Cutting
mechanism force

Workpiece

Tool life machined

Figure 16: Experimental plan schematics

During this stage, tool life, cutting forces, and wear analysis were collected

under different coolant modes applied to assess the best tribological conditions
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that can be achieved in the cutting zone. The following individual stages described

below will provide a very detailed plan of each stage presented on Figure 16.

- Benchmarking tool - SC-450 Nakamura Tome CNC lathe (Figure 17a) was
used to perform the cutting test. Different cutting speeds (120, 250, and 400 m/min)
were applied to establish the ideal cutting conditions to promote a reasonable curve
for the tool life. The feed rate (f) and depth of cut (DoC) were kept constant at
0.1225, and 0.25 mm, respectively. The geometry of the cutting inserts is
commercially available and were supplied by KENNAMETAL (according to Table
8). The cutting tools were assembled in the Kennametal DCLNL123BKC3 tool

holder (Figure 17c).
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Table 8: Applied tools.

Number Grade Corner image ISO catalog number Substrate Coating
WwCO1C1 KCU10 CNGG120408FS Carbide PVD multilayer
> B 3
WCO1U K313 - CNGG120408FS Carbide Uncoated
WCO1C2 KC5010 - CNGG120408FS Carbide PVD AITIN
\/
CBN1U KB1630 H CCGW120408501015M CBN Uncoated
CBN1C KB5630 M CNGA120408501025M CBN PVD AITIN
SIA1U KYS30 CNGA120408E SiAION Uncoated
SIA2C KYS25 g ; CNGA120412T01020 SIAION CVD Alumina-TiCN
WFFW
SIA3U KY1540 H CNGA120412T701020 SIAION Uncoated

SIA4C KY4300 . - CNGA120408T01020 | SiAION | Matrix Al20s+SiCW

PDC1U KD1425 CNMS120408FST PCD Uncoated

PCD2U KD1400 CNMS120408FST PCD Uncoated

The machine setup as well as the tool holder dynamometer (three-component
Kistler 9121) employed to measure the cutting forces along with the amplifier

(Kistler 5010), and the LABVIEW 14.0 can be see in Figure 17d.
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Figure 17: Machine set-up.
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- Evaluation of different tool materials - In this step, the tests were divided
into three stages. During the stage |, different cut tools materials were evaluated.
Eleven different classes of inserts were tested. Tests were stopped when the tool
reached the maximum flank wear of 300 microns or 500 meters of cut length,

whichever came first. All inserts used in the test are described in Table 8.

On stage 2, based on the cutting conditions tested on the previous stage, the
machining parameters were defined. Cutting speeds of 200 m/min, feed rate and
depth of cut at 0.1225 mm/rev and 0.25 mm, in the same order. Finally for the
subsequent tests with cutting tools under wet conditions, the cutting fluid chosen
was a semi-synthetic HOCUT 795 fluid typically at 6% concentration. High cutting
speeds were applied to simulate harsh conditions during machining, therefore,
accelerating wear mechanisms. The result for this initial stage is presented in

Figure 18.
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Figure 18: Result of initial stage

According to the results presented on Figure 18, the following cutting tools
(PCD1U, PCD2U, CBN1U CBN1C) were selected for the next research step,
where different coolant modes were evaluated. The selected tool properties can

be seen in Table 9.
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Table 9: Tool properties [15]

Hard Grain .
Tool Material Coating phase Binder size Density  Hardness  Modulus  TRS
g/cms3 GPa GPa MPa
wt. % um
CBN1U CBN - 50 Co/Ni/W/B 2-4 4.3 45 665
CBN1C CBN PVD 50 Co/Ni/W/B 2-4 4.3 45 665
AITIN
PCD2U PCD - 15 Co 0.5-1 4.4 > 60 827 2387
PCD1U PCD - 11.5 Co 2-30 3.9 > 60 883 1521

- Evaluation of different coolant modes - The four best inserts were returned
to the machine to reach the maximum flank wear of 300 microns (according to the
ISO 3685). After turning tests with lubricating fluid, the inserts were tested with
different coolant modes: dry machining, high pressure coolant, MQL and super

absorbent coolant.

In order to evaluate and understand the output parameters, (tool life, wear
mechanism, cutting force, friction in the cutting zone, machined workpiece) flank
wear measurements were taken after approximately 30 meters of machined
cutting length, at each measurements an optical microscopy image of the worn
inserts’ rake and flank surfaces were taken using an Optical Microscopy Keyence
VHX-5000 (Figure 19a). To study the friction in the cutting zone and understand
the chip formation process, the chips were collected at the end of the initial cutting
step (approximately 30 meters of cut), to evaluate the tribological conditions on the

tool chip interface. Alicona Infinite Focus (Figure 19b) optical microscope with white
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light interferometry for 3D surface measurements of the damaged inserts and
collected chips. Also, a Tescan VEGA2 Scanning Electron Microscope (SEM)
(Figure 19c) was employed to acquire high magnification images of surface
topography of the chips and worn cutting inserts. To evaluate the friction
conditions of the cutting process based on surface topography analysis, the
chips were collected and evaluated following the procedures described in section

3.3.
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Figure 19: (a) Optical microscopy images Keyence VHX-5000, (b) Alicona Infinite Focus, (c)

Tescan VEGA2 Scanning Electron Microscope
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3.3. Surface integrity

Following the cutting tests, three separate characterizations techniques were
performed to investigate surface integrity: surface texture, hardness profile, and
residual stress measurement. More details on these characterization techniques

will be provided in the next sections.

3.3.1. Surface texture

Following the machining tests, the surfaces created by each tool were
sectioned into smaller samples using a waterjet. Each coupon sample was cleaned
in an ultrasonic solution with ethanol for 280 seconds prior to undergoing Alicona
analyses. In these analyses, the surface texture was computed by the built-in
surface texture module, using the 100x lenses to scan a randomly sampled 1 mm?

region of each machined surface.

3.3.2. Cross section hardness profile

Another collection of coupon sample was placed in epoxy resin and
metallographically prepared using standard methods until a mirror-polished
surface was achieved, followed by etching with the same reagent stated in item

3.1. Following etching, the samples were subjected to microhardness testing on a
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Nano-Indenter hardness tester equipped with a Berkovich indenter. Loads of 50
mN were applied for a period of 10 seconds. The matrix contained 15 points divided
into five lines and three columns, with measurements beginning at 5 microns from

the machined surface and a spacing of 10 microns between each indentation.

3.3.3. Residual stresses

Residual stresses on the machined surfaces were calculated using the X-ray
diffractometry process on an LXRD diffractometer with Cu radiation. The scans
were carried out at 25kV and 30mA. The 213 planes with a Bragg angle (20) of 142
degrees with an oscillation of () 3 degrees was selected to be investigated. Figure
20 shows a total of 20 measurements taken for each sample perpendicular to the
cut. For this analysis, the best tool life came from the PCD1U tool which was
selected tested under the following conditions (Flood Worn and New, HPC Worn

and New and MQL Worn and New).
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Figure 20: Setup parameters to measure residual stress.

53



M.A.Sc. Thesis — T. Kock Filho; McMaster University - Mechanical Engineering.

4. Results and Discussion

In this chapter, the results will be organized according to the flowchart of the
experimental methodology shown in Figure 16 on the previous chapter. Starting
with the analysis of the results of the machining tests and then with the
characterization of the work materials, which will be discussed based on images
and comparative charts. Regarding the performance of the cutting tools tested
under different coolant conditions, the obtained results will also be discussed and

evaluated based on the tribological conditions for each coolant mode tested.

4.1. Tool life and wear studies under different

coolant modes

To identify the wear mechanisms and find the best tool substrates four
different tool materials (Table 9) were tested during machining of Ti5553 under dry,
flood coolant, High-pressure coolant (HPC), minimum quantity lubrication (MQL)
and Super-Absorbent Coolant (SAC) conditions. The initial cutting tests were
performed under the selected cutting conditions explained on section 3.2 from the
Experimental procedures — cutting tests (cutting speed 200m/min, feed rate 0.1225

mm/rev, and depth of cut 0.25 mm). The goal of this section was to identify the best
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substrate material under the different coolant modes under longitudinal turning
tests during the machining of Ti5553. The results of cutting tool wear are shown in

Figure 21.
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Figure 21: (i) Tool wear in Flood, Dry, HPC, MQL and SAC,; (ii) tool wear for different tools

separated.

According to Figure 21, the maximum flank wear adopted is VB (0.3 mm) for
each cutting insert tested in this work. The findings indicate that the process of tool
wear is strongly dependent on the coolant conditions. As shown in Figure 21, only
three combinations of cutting tool materials and coolant modes (CBN1C Dry,
PCD2U HPC and PCD1 HPC) were capable of exceed 2500 m of cutting length
without surpassing the end-of-life requirement (300 um flank wear). Under a HPC
mode the PCD cutting tools had improved wear resistance, while under Dry

conditions CBN1C performed better compared to the other tools and conditions.

Figure 22 illustrates the tool life in minutes. CBN1C shows low performance
under flood and dry conditions. The criteria considered to evaluate the tool

performance was 5 min of cutting time on either dry or flood conditions. The CBN1C
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did not reach these criteria and for this reason this tool material is not considered
for the other coolant modes. Once the HPC coolant mode is applied the tool life
increases substantially. The best tool life is achieved by the cutting tool PCD1U

with a cutting time of 45 min approximately.

I Flood
I DRY
I HPC
| I MIOL
[ SAC

.

CBN1U CBN1C PCD1U PCD2U
Cutting tools

I~
(o]
1

35 min

[ 5]
[=]
1

13 min

Cutting tool life (min)
)]
(=]

Minimum Criteria stablished to
test different cutting modes.

—_
o
1

5 min

Figure 22: Lifetime for each tool

At any of the coolant modes tested, the PCD1U cutting tool showed better
tool performance than the other tool materials tested. It is recommended that the
cutting speed and cutting tool combination be balanced to improve efficiency while

also extending tool life. Arrazola et al., [9] explains that the initial conditions to
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perform the cutting and the tool material could significantly affect the performance

of the cutting tool and the wear mechanisms during machining of Ti5553.

In order to have a uniform wear comparison, the Table 10 represent the tool

wear images, based on intervals defined in Figure 22.

Table 10: Tool wear images

Tool Tool and coolant modes
Life PCD1U

Test not completed.
Early tool Failure

Test not completed.

min Early tool Failure

HPC HPC HPC
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Test not completed.
Early tool Failure

13
min

35
min

Test not completed.
Early tool Failure

HPC

To understand the wear mechanisms under different coolants the following
section will explore and provide more details about the wear behavior of the four

different substrates tested during this work.

4.2. Wear mechanisms studies

To understand the wear behavior of the cutting tools, SEM analyses were
performed on the inserts after the machining tests. The SEM images of the worn

tools can be seen in Figure 23. The results contrast the tool wear morphology
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obtained for each cutting tool tested based on the cutting test results (Figure 21)
at the end of the tool life. These studies include a thorough investigation of the tool
wear trends that occur during cutting. The results show a poor performance of the
CBN1U and CBN1C cutting tools during machining. This fact can be explained by
the high temperature generated in the region of the cut and, since this is the
machining process of a material with low thermal conductivity, this generated heat
is transferred intensively to the tool, thus resulting in the combination of different
wear mechanisms. For all coolant modes, adhesion is the most common wear
mechanism seen in both sets of tools tested. This wear mechanism is also
accompanied by oxidation and abrasion wear (Figure 23). Typically, machining of
Ti5553 is distinguished by extensive work hardening and high cutting temperatures

[17].
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Test not completed.

SAC Early tool Failure

a. Crater wear covered by BUE

b. Abrasion

c. Substract exposure
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e Oxidation

. Crater wear

g BUE

|

F'gure 23: SEM Analyses (worn tools stage, end of the life)

; .

This combination of wear mechanism should result in an unpredictable
friction wear mode that usually produces an extreme build-up-edge formed by
adhesive bonds at the tool's rake face and the workpiece material interface (BUE).
Furthermore, the cutting tool cannot withstand high loads when cutting, flaking off
the cutting tool material. This avalanche effect produces chipping, substrate
exposure, and catastrophic tool failure. This effect is reduced for the PCD cutting
tools specially under flood and HPC coolant modes (Figure 23). Under HPC, the
SEM images also demonstrate that the geometry of crater wear is roughly twice as
that observed for the same tools under flood conditions. This is clear evidence of
long tool life (near to 9000 m against near 2000 m in flood condition) which is

supported by the presence of HPC that reduces the contact area between the chip
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and the cutting tool, improving the sliding conditions within the cutting zone.
According to this approach, these cutting tools under this condition show friction
reduction at the chip/tool interface. As a result, only abrasion and oxidation can be

seen as the major wear mechanism.

Additionally, volumetric tool wear measurements revealed the surface peaks
and valleys produced on the cutting tools during the machining tests. These data
were obtained at the end of the tool life. The 3D tool wear analyses are shown on

Figure 24.
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Figure 24: 3D tool wear analyses (worn tools stage, end of the life)

For the CBN tools under all coolant modes, a considerable crater wear could
be found for both CBN grades (1U and 1C). This indicates that those cutting tool
materials cannot sustain high temperatures and heavy loads which are the

minimum requirements to be considered when machining the Ti5553 alloy. A slight
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amount of build-up edge (BUE) was observed on the CBN tools under dry and flood
conditions. On the other hand, under the HPC condition the crater wear on the rake
surface of the PCD cutting tools was greater than that of the CBN tools. That can
be explained by the long tool life produced by these cutting tools in comparison
with the CBN ones (approximately 300 % improvement), still, this performance is
a response to the mechanical properties of the cutting tool. As presented in Table
9 this tool material shows superior hardness and elastic modulus as well as high
chemical stability, which is critically essential to machining the Ti5553. This
characteristic reflects in less oxidation wear and improve the tool performance at
high cutting speeds. The opposite behaviour could be detected for CBN cutting

tools.

As it is well known, the BUE generated during the cutting is an unpredictable
mechanism that causes cracks, chipping, and substrate exposure, all of which can
lead to catastrophic failure. However, this effect is clearly minimized for the PCD

grade tools [7].

According to the results obtained from the investigation carried out on SEM
and Alicona, it is possible to affirm that the wear mechanism found three different
pathways as the major contributors, those are: Chemical affinity between the

tooling material and the workpiece; cutting zone contact area which is directly
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affected by the coolant mode, and the combination of high temperature and heavy
loads typically found during machining of the Ti5553 alloy. Therefore, the HPC
coolant mode promotes a better reduction on the cutting zone contact area
(interaction between the chip and the tool’s rake face), thus reducing the interaction
period of both materials, reducing the cutting loads and heat in the cutting zone in
response to this effect. Finally, the combination of those events reduces the
oxidation action which might lead to increased tool life. To understand these
aspects, the next section will discuss the tribological aspects in the cutting zone for
the following cutting tools (PCD1U, PCD2U and CBN1U) under the coolant modes

(HPC, MQL and SAC).

4.3. Tribological aspects of the cutting

Usually when machining aerospace alloys with very low depth of cut, its
expected that the forces acting at the tool and the workpiece can be reduced at
high cutting speed - primarily because the high temperatures reduce the strength
of the work material [4]. The cutting forces produced are combined responses of
the tribological interaction of both materials as well as the cutting conditions (cutting
parameters and lubrication) developed in the cutting zone [9]. To evaluate the

tribological cutting scenario the cutting forces were collected at the beginning of
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the cut for the selected tools and conditions. The results are presented in Figure

25.
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Figure 25: Cutting forces in the first pass.

Interestingly, most of the cutting forces collected during the experimental
studies showed that application of MQL reduces the cutting forces. This signifies
that this coolant mode can improve the friction coefficient in comparison to the
other coolant methods. Although this method cannot sustain this positive effect for
a long time, this can be a good solution to machining Ti 5553 rather than Dry or
flood modes (Figure 21). As confirmed by Figure 22, this method produced

superior tool life in relation to these two methods. On the other hand, when
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machining low thermal conductivity material like Ti, high temperatures are found in
the cutting zone, thus this method cannot provide enough cooling to reduce the
heat. Consequently, oxidation wear is accelerated over time and tool life is reduced
[16]. This explains the inferior tool life under MQL in comparison with the HPC

mode (Figure 21).

In combination with the cutting forces, chips produced during the initial stage
of the cutting were collected and considered as subject of studies to support the
understanding of the tribological aspects of the cutting process for each condition
tested. Chip’s geometry and morphology in machining are determined by the
combined effects of the material properties, the cutting parameters, and the
tribological interaction between the tool’'s material and the workpiece [7]. To
understanding the chip formation process, Figure 26 contains the images of chips

collected at the initial stage of the cutting for each coolant mode tested.
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HPC

Test not completed.
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HPC

MQL

10 mm

76

10 mm




M.A.Sc. Thesis — T. Kock Filho; McMaster University - Mechanical Engineering.

SAC Test not completed.

Figure 26: Chips collected at the initial stage.

Usually, the type of chip and the morphology of the bottom surface of the

chip are direct indicators of friction conditions at the tool / chip interface. By

77



M.A.Sc. Thesis — T. Kock Filho; McMaster University - Mechanical Engineering.

studying the optical images of the chip's geometry, the impact of HPC on chip
characteristics is noticeable. Under HPC mode, the chips obtained are shorter in
comparison with those obtained under the other coolant methods studied in this
thesis. These characteristics are clear evidence that the HPC contributes to
breaking the chip immediately when the chip is formed. Under HPC method, the
SEM obtained on the chip undersurface suggests that the chip breaks out from the
sticking zone without having a displacement through the sliding zone. This effect
totally changes the chip formation process and as a result, HPC minimizes the
tool/chip contact length (TCCL) over the rake face of the cutting tool, thus
decreasing the action of mechanical loads acting on that area [7]. As shown by
Table 11, the chip sliding velocity, friction coefficient, chip flow angle and tool chip
contact length confirm that MQL when applied reduced TCCL and high chip flow
lower chip flow angle are obtained. These are an indication that the chip flow during
the cutting is essentially generated by seizure on the sticky tool surface. A longer

TCCL was detected under flood and dry coolant modes.

Table 11: Tribological conditions of the cut (error £3%).

Cutting Chip sliding velocity (m/min) Friction Coefficient ()

tool Flood Dry HPC MQL Flood Dry HPC | MQL
CBN1U 149.52 165.34 16.95 192.53 0.39 0.36 0.93 0.14
CBN1C 149.56 169.23 N.A. N.A. 0.41 0.42 N.A. N.A.

PCD1U 165.30 166.29 15.32 194.68 0.31 0.25 0.87 0.09
PCD2U 162.34 166.98 13.69 192.09 0.33 0.25 0.99 0.12
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Cutting Chip flow angle (degrees) TCCL (mm)

tool Flood Dry HPC MQL Flood Dry HPC MQL
CBN1U 23.56 23.47 13.49 35.84 0.82 0.63 0.26 0.48
CBN1C 25.35 25.35 N.A. N.A. 0.84 0.70 N.A. N.A.

PCD1U 20.09 19.08 12.28 38.26 0.73 0.58 0.22 0.31
PCD2U 20.42 19.10 12.87 36.57 0.77 0.60 0.23 0.33

Overall, the results presented in Table 11 confirms that the effect of MQL as
a coolant mode results in better tribological conditions for cutting. TCCL, Friction
coefficient and chip sliding velocity confirm this condition for all cutting tools tested.
The SAC cutting modes are not tested in this case, due to the lower tool life

achieved during the tests.

The PCD1U under MQL coolant mode was the configuration that provided
the best tribological cutting conditions. As a result, this combination reduced friction
and provided better tool life in comparison to flood and dry modes. This indicates

it is a good alternative to be applied to industrial processes.

4.4. Aspects of the surface integrity produced after

machining.

To assess the impact of plastic deformation and workpiece hardening
produced during cutting operations on the machined surface, Residual stress

studies and cross section hardness measurements were performed. Considering
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the results obtained during the machining tests, only the PCD1U was selected for
this study. To evaluate the effect of the coolant mode as well as the tool wear state
on the results, Machined workpiece samples were collected based on worn and

unworn tools tested under Flood, HPC and MQL modes.

As the result of the plastic deformation induced during machining, a
significant difference was found, in terms of surface hardness on the surface and
sub-surface layers of the machined part with the use of different coolant modes.
Surface microhardness measurements were performed along the cross section.

The results are shown in Figure 27.
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Figure 27: Surface microhardness measurements.

Clearly the results show that under the MQL coolant mode, the effect of work

hardening is reduced. To confirm these results, residual stress data was also

collected for those samples. Results are provided in Table 12.
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Table 12: Residual stress data

Sample Axial Residual Stress (MPa)
Flood worn -213+ 14
Flood new -262 + 14
HPC worn -386 + 21
HPC new -207 £ 14
MQL new -269 +12
MQL worn -7+£28

The results indicate lower compressive stress for the MQL, while the surface
obtained by machining under Flood and HPC show surface hardening (Figure 27)
and high residual stress on the surface of the part machined with MQL. These are
effects of hardening that occurs due to the high rate of plastic deformation. In
contrast, the application of MQL to the improvement of friction conditions. This
resulted in a better surface finish and, consequently, reduced the hardening effect

on the surface, as well as the microstructural damage to the part.
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5. Conclusions

The research conducted in this study contributes to the existing knowledge
of the machining of Ti5553 alloy. Comparative research studies were performed,
using various machining environments. Wear mechanisms and chip characteristics
were studied. Relationships among cutting speed, coolant pressure, the tool
material, wear mechanisms, and tribological aspects of the cutting (cutting forces
and chips characteristics) were evaluated. Based on the goals established at the
start of this thesis, and considering the experimental procedure developed to
achieve those goals, the following conclusions may be drawn, based on the results

obtained.

e Machining performance: Considering the four selected cutting tools to develop
this study, the tool life of PCD1U is almost 28% longer than that of PCD2U tool.
This result is supported not only by SEM figures, but also by the tool wear
studies. Additionally, the predominant tool wear mechanism is abrasion. That
occurs due to the hardness of titanium and molybdenum presents in the

microstructure of Ti5553.

e Oxidation wear is noticeably less intensive when HPC is used, suggesting less

severe sliding interactions at the end of the tool-chip contact length.
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The use of HPC facilitates chip control, resulting in better chip evacuation and
a significant reduction in chip curl radius. This is due to the additional bending

moment added to the chip's undersurface.

Tool forces: Lower cutting forces when MQL was applied indicate that this
coolant mode can improve the friction coefficient in comparison the other coolant
methods. When machining low thermal conductivity material, however, high
temperatures are found in the cutting region, so this method cannot provide
enough cooling to minimise heat build up this application. As a result, oxidation
wear is increased over time, and tool life is decreased in comparison with the

HPC mode.

Chip analysis: The PCD1U configured in MQL coolant mode provides the best
tribological cutting conditions. As a result, when compared to flood and dry

modes, this combination decreases friction and increases tool life.

Surface integrity: The results show that MQL produces lower compressive
stress, while surfaces obtained by machining under Flood and HPC show
surface hardening and high residual stress. The application of MQL to the
improvement of friction conditions, on the other hand, improved the surface
finish and, as a result, decreased the hardening effect on the surface as well as

the microstructural damage to the part.
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6. Suggestions for future work

Based on the current study, several topics are suggested for further

experimental investigations:

e Evaluation of temperature distribution during the cutting process for

the mentioned tools and coolants.

e Evaluation of the use of a cryogenic system as a coolant to improve

the tool wear performance.

¢ In order to transfer this technology to the aerospace industry, a study

of technical and economical viability is recommended.
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