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Abstract

In order to obtain better cutting tools performance, the coatings appear as an
alternative in the machining process. The goal of the coating is to improve
tribological conditions in the chip-tool and tool-workpiece interfaces. The current
work offers a coating for high-speed steel (HSS) tools that is thinner and less
expensive than commercial coatings. A single point AISI M3 high speed steel tool
having a square cross section was used to prepare the cutting inserts for turning

purpose.

The study investigates the thermal and tribological characteristics of the uncoated
cutting insert and the coated with mono and multi- layers. The machining
experiments were conducted on a work piece of ASTM A519- grade 1045
unalloyed medium carbon steel. The best conditions for coating the HSS insert
with ceramic oxides using the sol-gel process were determined. These precursor
conditions involved : viscosity, PH, dispersions materials, and the aging period.
The depositions conditions were the number of coating cycles, the immersion
time, the calcination temperature, and dry temperature which affects the layer

thickness, adhesion, surface roughness, and homogeneity for coating layer.

Titanium tetra-isopropoxide (TTIP), a catalyst HCI, and a disperssion material
(triethanolamine) were employed to prepare the precursor (titanium hydroxide).
The PH, the viscosity, and the aging time, of the produced precursor were 6.46
and 8.74 cP, and 6 hours respectively. After the dip coating of the cutting inserts
for 5 sec immersion time and 2 number of coating cycle in titania precursor, the
inserts were dried at 355°C for one hour. The coating films were created by

dipping the cutting inserts in the alumina hydroxide sol, which was made by



combining aluminum isopropoxide IPA, deionized water H,O, and nitric acid
(HNO3). At 80°C, the solution mixture was whirled continuously for two hours.
The produced precursor had a PH of 5.83, viscosity of 8.11 cP, with an aging time
of 12 hours. The immersion time and number of coating cycle in alumina precursor
were 10 sec, and two respectively. The inserts were dried at 355°C for one hour.
Finally, these inserts were dipped in zirconia precursor, which was prepared
from Zirconium 70 percent n-propoxide (Zr(OCsHy),), glacial acetic acid, ethylene
glycol, and glycerol were used to prepare the mixture. The PH, the viscosity, and
the aging time of precursor were 4.87, 7.9 cP, and 24-48 hours respectively. These
inserts were dipped at 15 sec immersion time and 2-3 number of coating cycle,
then dried at 290 °C. To accomplish densification of the sol-gel layers, the inserts
were calcination in a furnace for two hours at 500 °C with a 6°C/min heating rate.
Douple and triplex layers of (TiO,/ Al,O3)and (TiO,/ Al,O3; ZrO,) were deposited

on the surface.

Metallurgical examination, physical and mechanical tests were performed on the
best multilayer coating (douple and triplex layers) which have good adhesive
strength (89.56, 93.60) MPa with acceptable thickness in machining (5-6)um, less
surface roughness, and good homogeneity. Furthermore, it was investigated the
attributes of each monolayer coating: Al,Os; layer, ZrO, layer with highest
adhesive strength (10.65,11.15) MPa. All of this is based on mentioned conditions
of coating. Multilayer (triplex) coated HSS insert achieved the best results in
mechanical, physical, and machining tests. For the triplex layers coated HSS insert
comparing with the uncoated cutting insert: the friction coefficient was decreased
by (80)%, the hardness was increased by 57%, the surface roughness was
decreased by 63%, the thermal conductivity was decreased by 36%, and the wear

rate was decreased by 71%. The average thermal expansion coefficient of the



titania ceramic coating is generally quite close to the thermal expansion coefficient
of the bulk HSS (11*10°®, 13 *10° 1/K) .

The machining tests were based on turning conditions of three cutting velocity
(56, 88, and 112 m/min), , three feeds (0.065,0.165, and 0.265 mm/rev), and three
cutting depths (0.2, 0.5 and 0.7 mm). The results of the machining temperature at
the tool-work piece interface, the surface roughness for work-piece at first minute
machining, the flank wear width, and the tools life, indicated that the multi-layer
coating significantly reduces the temperature and flank wear during cutting, while,
the life time of coated insert is increased by about 85-183% compared to uncoated
insert. Temperature at first minute was decreased by (11-13)% . In addition the
surface roughness for work piece was decreased by (30- 96)%.

The effects of turning conditions on cutting performance were studied for each (
uncoated, monolayer coated, douple layer coated , triplex layer coated ) HSS
cutting insert using analysis of variance (ANOVA). The greatest value of the grey
relational grade for multilayer (triplex layer) coated HSS cutting insert, 56m/min,
and 0.065 mm/rev, and 0.2 mm was found. Finally, as the same conditions of
machining process and the same work piece, coated insert with triplex layers
compared to carbide cutting inserts then machining output with coated HSS inserts

were better, as its tool life was greater by (30-53)%.
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Chapter one Introduction

Chapter One
Introduction

1.1.General Review

Machining is one of the most widely used metal manufacturing procedures [1].
Additional operations are frequently required after casting, forming, and other
shaping procedures. To work properly and reliably over their specified service
lives, parts must be interchangeable in many technological applications; thus,
dimensional correctness and surface polish of the parts must be controlled during
manufacture. Machining is the process of removing some material from a
workpiece in order to produce a part of the designed geometry with the

required level of precision and surface quality [2].

In comparison to other manufacturing processes, machining process can
machine a wide range of geometric features and product shapes, as well as a
wide range of work piece materials (metals, ceramics, plastics, and plastic
composites), with a tighter surface finish (surface roughness around 1um) and
more accurate dimensions (machining tolerance less than 50um). Traditional
machining is the process of removing some material from a workpiece
(machining allowance) in order to produce a given geometry with a high level of
precision and surface quality. During this cold-working action, heat is invariably

generated as mechanical energy, which is absorbed [3].

Cutting tool has is normally subjected to extremely severe wear, plastic
deformation, fatigue crack, thermal crack, brittle crack, breakage, and built-up-
edge due to metal-to-metal contact (between the tool and the work piece) under
conditions of extremely high temperature, high stress, thermal shock in the

cutting area, high pressure, and high sliding velocity.
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Using the technology of hard coatings deposition on tools, the functional
features of the equipment tool used can be improved. Deposited hard coatings
used in order to provide a fully capable cutting tool to meet the growing demands
for excellent manufacturing quality, fast machining times, and increased
production rates in order to achieve the current machining idea in terms of cost.
A thin film produced or deposited on the surface of a component made of another
material that has good wear resistance and low friction is known as a coating [4,
5].

Tool wear is a significant occurrence in any metal cutting process, as it
impacts machining outputs such as machining forces, temperature generation,
machined surface integrity, tool life, and total production cost directly or
indirectly [4]. Combating wear in machining is difficult due to the hostile

environment of machine operations, particularly in dry machining [5].

In response to expanding demand for wear-resistant components and tools,
new coating materials with enhanced hardness, chemical stability, reduced
coefficient of friction, stronger oxidation resistance, and wear resistance have
been developed [6]. Surface modification enhancement is a rapidly emerging
field since it is less expensive than inventing and manufacturing a completely
new material and allows for the preservation of some of the original material's
characteristics, such as mechanical capabilities. Surface qualities such as
mechanical, biological, and chemical properties, as well as physical properties,
can be altered by applying nano- or submicro-coatings to the surface layer [5].
As cutting tool materials, ceramics have great wear resistance, high hot strength,
high hardness, and chemical stability, but their fracture toughness is limited by
their inherent qualities. With chemical inertness, good high-temperature

properties, and oxidation resistance, oxides are the oldest and most widespread
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form of ceramic material. Most oxides contain a lot of ionic bonding because
oxygen is the most electronegative divalent element. As a result, they have many
of the same properties as ionic crystals when they are pure, including optical
transparency, high electrical resistivity, poor thermal conductivity, diamagnetism
and chemical stability. The largest and fastest-growing category of ceramic tool
materials is Al,O3-based oxide tool materials [7]. Silicon dioxide (SiO,), often
known as silica, is a typical industrial product with a wide range of applications.
It is commonly produced via CVD, and has low thermal expansion and strong
thermal shock tolerance at ambient temperature. Silica resists oxidation and is

not affected by the majority of chemical reagents [8].

High-speed steel and cemented WC are the most popular substrates. The
popularity of coated tools, which make up a large majority of turning and milling
inserts, has been steadily increasing. TiC is one of the most common machine
tool coatings, and it's usually employed as a bond layer between other layers in a
multilayer coating to promote adhesion. Two multilayer coatings are
TiC/TICN/TiN and TiC/Al,Os/TiN [6].

In tribology, the properties of multilayer coating systems were investigated.
For multilayer coatings, material selection, layer number, individual layer
thickness, interlayer type, and layer microstructures. Coating acts as a heat
barrier due to its low thermal conductivity as compared to the thermal
conductivity of the substrate. Hence, the rate of frictional heat which evaluates in
the substrate is minimized and that leads to reduce the temperature of substrate
[4]. Thereby, uncoated tools have shorter tool life time compared with the coated
cutting tools [9]. The enhancement of the machining process is enabled by trends
toward machining of very chemically reactive and hard materials at high speeds,

single or multi-layer deposition on cutting tools [10]. The beneficial properties of
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the coating layer include: reducing in friction, generated heat, and cutting forces.
In this regard, higher feed rate and cutting speed are allowable to be used.
Coatings act as a rigorous diffusion barrier, which implies lowering in the
diffusion between the surface of the tool and the chip, specifically at higher
cutting speed. Also, by reducing tool wear, hard and thin coatings on the cutting

tool body cause an increasing of the productivity and tool life duration [11].

It is known that 40% of super-hard tools, 50% of HSS and 85% of carbide tools
used in industry are coated [12]. Because coating have a high resistance,
hardness, and chemical stability, they improve machining performance and tool
life[13].

1.2 Coatings Processes

The choice of a coating technique is a complicated process that is dependent
mostly on the component's capacity and cost restrictions. Surface engineering is
considered in modern design procedures from the beginning, allowing the technical
and economic feasibility of coating technologies, as well as the process's
compatibility with the substrate, to be carefully assessed. The most crucial element
to be considerd when choosing a coating is its purpose. Coating characteristics, as
well as genuine material properties (such as hardness and fracture toughness), may
have an impact on its function (such as thickness, surface roughness, residual stress
state, and bond strength). The process is subsequently selected based on its
technical viability and economic profitability. As a result, a number of process
characteristics, as well as process—work piece compatibility, must be studied [6].
As a result, new coating processes including chemical vapor deposition (CVD) and
physical vapor deposition (PVD), as well as new preparation procedures like laser

cladding, thermal spraying, and sol-gel, have been created [4]. Vacuum

4
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evaporation, sputtering, arc vapor deposition, and ion plating are examples of
physical vapor deposition technologies. The three main steps of deposition are
evaporation source emission, vapor transit through vacuum space, and vapor
deposition on the substrate's surface; however, the technical details of these

procedures differ [9].

Sol-Gel is a chemical solution deposition method in which precursor solutions
are highly controlled for the deposition of the films .Sol-Gel method involves
alkoxides where the macromolecular oxide network is obtained first through the
hydrolysis of the alkoxy group after these poly condensation reactions take
place[5]. The sol-gel process enables the deposition of solid materials as thin film,
at much lower temperature than by traditional methods of thin film deposition. The
sol-gel technique is the most effective in the production of O-IH materials due to
its specific ability to create a spacious network. Material that has been enhanced, as
well as the preparation of porous materials using templates. Industrial production
of nano powders large-scale, are easily to be performed and substrates with
different shapes and sizes can be coated with low thickness and high optical quality
[12]
1.3.Multilayer Coatings

The nano scale multilayer coating provides favorable transformation of thermal
mechanical stresses and eliminates superficial defects of the ceramic layer [14].

By comparing between monolayer and multilayers, multilayer coating is less
cutting force, stronger adhesion, and a lower friction coefficient. It is possible to
reduce the chance of brittle fracture of a tool by using nano-scale multilayer
coating. The orientation of the first crack can be considerably modified by the
interfaces between layers when a micro crack forms at the top of the coating. When

it penetrates deeper into the covering multilayer coatings with various topologies
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can be made more resistant to crack propagation. Two or more layers of various
materials comprise a multi-layer coating. These layers are composed of the same
material and are separated by a sublayer, or they can be built of different materials

and separated by an optional sublayer [12,15].
1.4. Factors Affecting Coating Properties

One requirement for a fixed coating design is thickness selection in order to
offer the edge a long enough life while preventing coating failure of adhesion due
to internal compressive stresses. The style of coating growth and the method of
coating growth cause internal tensions in coatings. A mismatch in coating and
substrate characteristics, as well as the microstructure of the coating, might create
residual stress. The nature and degree of residual stress are frequently influenced
by differences in thermal expansion coefficients. The method in which the coating
deforms can also be influenced by residual stresses, whether tensile or
compressive. Delamination and spalling are more likely in coatings with
significant residual compressive stresses, while surface cracking is more likely in
coatings with residual tensile stresses. The existence of microscopic defects in the
coating can further aid delamination processes. Excessive residual stress will result
in the coating being completely removed from the substrate [16].

Coating elements such as deposition process and parameters, composition,
thickness, hardness (indentation and scratch) and coating-to-substrate adhesion
must be assessed for tribological applications. Prior expertise with the coating (if
applicable) and the availability of suitable tribological data are additional
important considerations. For effective surface selection, knowledge of the heat
and stress distributions induced by the contact for both the coating and the
substrate is also essential. Both the coating and the substrate must have Young's

modulus, Poisson's ratio, coefficient of thermal expansion, thermal conductivity,



Chapter one Introduction

density, and specific gravity. Both materials' temperature and stress limits, as well
as any residual stress levels, must be known [12].

1.5. Difficulties of ceramic oxides deposition

Among the differences in physical properties between the metal alloy and
ceramics oxides is thermal expansion. Wettability for some metal alloy is poor
such as carbon steel [15]. The major limitations of sol-gel processing for coating
metals are delamination, crack ability, adhesion, thickness limit, weak bonding,
low wear resistance, and high permeability.

Uniform distribution of the coating on the substrate and thermal treatments
(drying) are crucial factors that achieve the quality of the coatings. Cracks effect
on barrier properties for the coating [16]. Apart from being a great synthesis route,
the sol-gel technique also has some serious drawbacks. The foremost ones being
the drying of gel and the extreme volume shrinkage at the time of gelation, the
elimination of the unwanted residuals (hydroxyls and organics) and the occurrence
of large amount of pores. Perhaps, deficient technical and precise knowledge about
the sol-gel process is the main disadvantage that creates wide range of

complexities in the process [45].

1.6. Application of HSS Tools:

The main use of H.S.S. continues to be in the manufacture of various cutting
tools for different machining processes: turning, drilling, milling, reaming,
broaching, sawing, etc. One or more of these processes is used to manufacture
industrial products of various engineering materials. For example, medium carbon
45 steel (a piece of A519-grade 1045 carbon), which is widely used in the
General company for the manufacture of cars and equipment. Shafts, gears, knives
and paint scrapers, spindles, and wheels axles include constant velocity axle, half —

shaft, solid shaft, Figure (1.1) shows some of the products made of this carbon

7
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steel. Such products are produced by various machining processes using H.S.S.
tools. Therefore, it is essential to modify these tools by their coating to increase

their performances.

Figure (1.1): Some industrial applications of 1045 carbon steel

1.7. Objectives of the Present Study

This research is aimed at modifying the performance of H.S.S cutting tools by
coating them with monolayer or multilayer ceramic oxide coatings, so that it
performs better than uncoated tool and a carbide insert in carbon steel (1045)
turning. In order to meet these goals, a variety of examinations and tests, such as
X-ray Diffraction, Field Emission-Scanning Electron Microscopy, Atomic force,
chemical composition, adhesion test, hardness test, wear rate and coefficient of
friction test, thermal conductivity, and thermal expansion coefficient, are
performed. This research included determining the best coating layers and
circumstances for the Sol-Gel technique coating procedure and optimum

machining conditions.
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Chapter two

Theoretical Part and Literature Review

2.1. Introduction:

This chapter describes the types of hard coatings used on cutting tools in
machining processes from a theoretical standpoint. The chapter is divided into
three sections, the first discusses the cutting tool's materials of wear resistance,
failure modes of cutting tools, tool life and machinability for the work-piece, and
wear. The second section discusses cutting tool coating, coating for high speed
steel tool, coating process, outlines the challenges of sol—gel deposition of ceramic
oxides on high-speed steel and analyzes various ceramic oxides properties. The
third section contains a literature review from several approaches for altering

cutting tools using ceramic material coatings.

2.2. Cutting Tool Materials

The choice of cutting tool is critical to the success of any cutting procedure.
Many factors influence the optimal cutting tool selection, including the material of
the work piece, the required surface finish, the type of machining process, and the
machine to be utilized. Cutting tool materials are extremely important in the
machining process since they determine the chip removal operation's continuously
Cutting tool materials also have an impact on the machining operation's quality and
quantity outputs, such as surface finish and dimensional accuracy. Toughness,

absence of affinity, red hardness, resistance to oxidation, and resistance to thermal
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shock are five attributes that must be found in cutting tools in order to have
excellent performance, which can be referred to as "perfect cutting tools" [17,18].

Toughness is important in cutting operations that are discontinuous or
intermittent. Shock loads and cutting forces are produced during machining;
toughness refers to the ability of the cutting tool's edge to endure the shock loads
and cutting forces. Lack of kinship Built Up Edge (BUE) formation is caused by
any interaction between the work piece and the tool. BUE (a material accumulation
against the rake face that seizes to the tool tip, separating it from the chip) causes
the work piece's surface finish to deteriorate due to higher forces generated and
weaker chip-breaking ability, which are induced by the change in tool geometry
caused by BUE formation. To avoid the affinity, any interaction between the tool
and the work piece, particularly between the work piece and the cutting edge, must
be halted (inert cutting edge).

The temperature rises during metal cutting operation, and the heat generation is
undesirable because it damages the tool. The ability of a tool to remain sharp and
maintain a consistent cutting edge while machining at a high temperature is
referred to as hot hardness. If the tool's hot hardness is insufficient, the tip becomes
worthless and rapidly declines. The oxidation is caused by machining at a high
temperature, tool wear processes are influenced by temperature. Then to reduce
the wear caused by oxidation, the cutting edge should have an oxidation resistance.
The condition cycle of cooling and heating causes thermal shock during intermitted
cutting in the turning process or during milling operations. If the cutting tool's
thermal shock resistance is low, rapid wear rates can be expected.

In the industrial business, a variety of materials are utilized as cutting tool
materials, ranging from high carbon steel through carbides and diamonds. There
are numerous distinctions between various tools, and it is critical to understand
these variances as well as the appropriate use for each tool material. Cutting tools
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come in a variety of numbers and names, and each has its own set of applications
[19].

Plain carbon steel, (H.S.S) tool, cobalt-base alloys, cemented carbides, ceramics,
cermet, polycrystalline cubic boron nitride (PCBN), polycrystalline diamond are
the primary eight kinds of cutting tool materials and diamond like carbon [19].
Figure (2.1) shows a comparison of the qualities of these tool materials and their
features. Metal cutting processes need tool materials that can endure against the
extreme cutting conditions, such as cutting tools face many problems. First
material used is the carbon steel; these tools contain 1% manganese and 0.9%
carbon, can be employed for aluminum sheet machining and are widely used for

wood working. These tools are rarely used for metal machining operations [20].
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and the temperature
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Figure (2.1): Cutting tool materials [20]
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In manufacturing processes, (HSS) is the most commonly used in cutting tool
material. It's especially crucial for applications with complex tool geometries, such
as taps, broaches, drills, and milling cutters. According to AISI, there are two types
of HSS tools: tungsten type (T-grades) and molybdenum type (M-grades). Such
tools are better suited to shock loading than brittle tools like ceramics and carbides.
Stellite tools are manufactured from a cobalt cast alloy containing 40 to 50 % Co,
14 to 19 % W, 27 to 32 % Cr, and 2 %C. Stellite tools are more wear resistant,
robust, and heat resistant than standard HSS tools.

After the development of sintered carbides, stellite cutting tools became useless
due to their limited grind ability [19]. In the history of cutting tool materials,
cemented carbides used in a revolution. Cemented carbides are tungsten carbide
(WC)-based hard tool materials using cobalt and nickel as a binder. Cemented
carbides cutting tools offer strong compressive strength, high thermal conductivity,
good wear resistance, high hardness, good red hardness, and high elastic modulus
as general characteristics. Carbides, on the other hand, are less tough than HSS.

Ceramic cutting tools are made of fine-grained Al,O3 that has been crushed and
sintered at high temperatures and pressured without the use of a binder. Cermets
are the most complicated material used in the tool business.

Cermets are made up of titanium nitride (TiN), titanium carbide (TiC), and
titanium carbonitride (TICN) with nickel and/or molybdenum as binders. Using
cermet cutting tools results in a better surface polish [22].

Cubic boron nitride is the second hardest substance after diamond (CBN). Steel
and nickel-based alloys are the most common materials to be machined with CBN.
Tools made of CBN and sintered polycrystalline diamond (SPD) are both costly.
SPD tools are made by sintering very fine-grained diamond crystals into suitable
shapes at high pressures and temperatures with little or no binder. Diamond tools
should not be used to cut steel, due to the carbon atoms react with iron to form iron
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carbide at higher temperatures. Nonferrous metal machining, high-speed
machining, and machining of nonmetals such as graphite and fiber glass are all
common SPD uses [19,21].

2.2.1. H.S.S Cutting Tools

Tool steel is widely used in manufacturing field, for a long service life of a tool
made of the tool steel, the tool steel should be sufficient in wear resistance, impact
toughness, bending strength and hardness.

Wear resistance of the tool steel depends on the substrate hardness, as well as
content, morphology and particle size distribution of the second hard phase in the
steel. The second hard phase in the steel comprises MgC, M,C, M»3Cs, M;C3 and
MX metal carbides, wherein macro-hardness of the MX carbides are higher than
other carbides, for providing better substrate protection during operation, thereby
reducing wear and improving the service life of molds [23].

Impact toughness and bending strength are key indicators of toughness. In order
to improve the toughness of the tool steel, it is important to reduce or refine the
carbides. In order to avoid plastic deformation, hardness of the tool steel is usually
required to be HRC60 or more [24].

In the conventional H.S.S, carbide segregation occurs and the MC type carbides
are large and irregularly shaped. While for both M¢C type and MC type carbides in
powder metallurgy high speed steel, a fine and uniform distribution is observed
[25].

Because the relatively insoluble primary carbides usually segregate as coarse
carbide networks that must be broken down by extensive hot working (after the
ingots have been machined) before the steel can be used, the carbides must be

present in the materials in cast ingots to produce the best properties in terms of
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wear resistance and resistance to impact or fatigue failure. Even after treatment,
carbide may remain in the form of stringers, which are localized areas of weakness
and thus possible tool failure locations. For this reason attempts have been made
recently to fabricate high speed steel by powder metallurgy[25, 17].

Alloy components are designed to prepare a high wear-resistant tool steel, which
Is sufficient in impact toughness , bending strength and hardness. By adding a large
amount of vanadium and carbon alloy elements, the MX carbide is formed, which
improves wear resistance. A mount of alloy elements such as chromium,
molybdenum and silicon is added for strengthening a matrix and increasing a

precipitation amount of the MX carbide [24].
2.2.1.1. The heat treatment of HSS cutting tools

The choice of quenching heating temperature depends on the content of main alloy
elements in HSS such as C and W, MO, Cr, V, which determines the temperature
range of quenching during final heat treatment of HSS. The final quenching
temperature is the most important parameter in the heat treatment process of
cutting tool. The proper quenching and heating temperature can ensure that the tool
has the necessary high hardness (including secondary hardening), high hardness
and good toughness to meet the needs of lathe and machined parts. Generally, HSS
with small balance carbon and high carbon saturation should be quenched at a
lower heating temperature. Through the study of M2 steel, it is found that each 1%
increase in carbon content, the temperature that grain boundary melting drops
11°C. On the other hand, if the carbon saturation is low, the temperature can chose
the temperature above the middle limit to heat and quench that the carbide can be
dissolved more fully, and obtain high thermal hardness and wear resistance. The
morphology and distribution, dissolution and precipitation of abundant alloy

carbides in HSS also affect the selection of quenching temperature. Under the
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conditions of more large grained carbide, serious carbide segregation, high level of

macrostructure and large segregation of components, it should be quenched below

the medium limit [23]. As shown Figure (2.2):
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Figure (2.2): Schematic illustration of the heat treatment procedure for the
HSS [24 ]
2.3. Failure Modes of Cutting Tools

In machining, a cutting tool can fail in one of three modes [27]: Fracture failure
occurs when the cutting force at the tool point becomes excessive, resulting in
brittle fracture failure. When the cutting temperature for the tool material is
extremely high, the material at the tool point softens, plastic deformation happens,
and the sharp edge is lost, wear and tear over time. This failure is comparable to
the temperature failure in that it reduces cutting efficiency, increases and
accelerates the tool wear, and causes the tool shape loss. Temperature and fracture
failures cause cutting tool loss prematurely, whereas progressive wear allows for
prolonged tool use. Gradual wear is unavoidable and cannot be prevented, but it

can be slowed to extend the tool's service life [28,29]. The following are some of
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the negative effects of tool failure during the process: increased power
consumption and high heating on the cutting tool, poor surface finish of the
machined material, low dimensions accuracy of the work piece, and the appearance
of a burnishing band on the work part surface. There are three types of tool
damage: mechanical, thermal, and adhesive. Chipping, abrasion, early fracture, and
fatigue are examples of mechanical damage. It is largely unaffected by
temperature. The factors that contribute to thermal damage are: heat diffusion,
plastic deformation, chemical reaction, and the temperature rise. It's important to
remember that heat damage isn't caused by chemical reactions or thermal diffusion.
Rather, they provide a weak tool surface so that mechanical shock, abrasion, or
adhesion can remove the material more quickly [30].

Wear is defined as a gradual deterioration of the solid surface caused by relative
motion with a contacting substance. Wear can be a severe industrial concern
because most machinery has moving parts or comes into contact with numerous
materials. In practically all machine applications, such as bearings, gears, and
cams, wear is undesirable. After a little amount of material has been removed or if

the surface has been overly roughened, components may need to be replaced [31].

2.4. Wear in the cutting tool

Wear, in general is the surface damage or removal of materials from one or both
side surfaces in sliding, rolling, or impact motion relative to one another. Tool
wear is detrimental phenomenon that influences net shape and the unity of
machined surfaces. Therefore, increasing the wear resistance of materials used in
cutting tools is a major issue in machining. Inhabiting wear in machining is
challenging due to the harsh environment of machine operations, especially in

machining without using coolant, i.e in dry machining[32].
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Cutting tool wear mechanisms are complicated, and they might comprise a
variety of interacting effects that are connected together in a complex way. The
tool's performance is primarily limited by nose wear, flank wear, crater wear, edge
chippings, or a combination of these factors, depending on cutting conditions,
work material, and tool material. Wear occurs gradually as a result of abrasive or
adhesive wear, plastic deformation, or more discrete material losses as a result of
discrete fracture mechanisms, or a combination of these. The enormous
mechanical, thermal, and chemical stresses generated could be the cause of these
effects. To find the best cutting variables, you'll need to be able to anticipate tool
wear. Tool failure, which can damage the workpiece surface and compromise
machine tool performance, must also be avoided [33].

Flank wear caused by the adhesive and abrasive actions between work piece and
cutting tool [34,34,36]. For a certain cutting tool, the major factors affecting the
flank wear are: feed rate, cutting speed, tool nose radius, machining time and depth

of cut.

2.5. Machinability

Machinability by definition, is a system property that indicates how easily
material can be machined at low cost. It may be described in terms of tool life,

ease of metal removal, and work piece quality or surface finish [37].

Only around 8%-10% of the total heat created in machining processes with fixed
tool geometries like turning, milling, and drilling goes to the tool, while the rest is
split between the work piece and the chip. This heat distribution is difficult to
predict and is influenced by the work material, tool material/geometry, and cutting

conditions, among other factors. However, because this heat raises the machining
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temperature and, in most circumstances, represents a severe concern for
productivity and component quality, it must be managed in some way. Reducing
the friction coefficient on the chip—-tool contact region, which is a practically
impenetrable zone, such as by incorporation of free machining elements in the
work material, is one technique to reduce heat and temperature. Another method is
to use a liquid or gaseous medium to operate as both a lubricant and a coolant at
the same time, with one of these features taking precedence over the other. To
avoid tool material softening, which leads to deformations and rapid wear, high
temperatures at the chip—tool interface must be avoided. Temperature causes large
increases in plastic deformation, seizure deformation, and oxidation [32].
Temperature also influences other wear mechanisms/processes such as attrition
(adhesion), notch wear, and abrasion. Aside from producing rapid wear, significant
heat generation has consequences for surface integrity. Thermal fatigue, phase
transition, recrystallization, and microhardness variation are all damaging effects at
high temperatures. In general, the machinability can be defined in terms of one or
more of the parameters :-required cutting force, quality of the machined surface,
tool life, rate of metal removal, required cutting energy, cutting temperature, and

types of the resulted chips and others [33].

Forming or material removal operations that modify the geometry of materials
with high mechanical characteristics demand more energy. This results in
significant plastic deformation and seizure, as well as a lot of heat generation,
which leads to higher temperatures. Other factors in the tribological system in
machining, such as high friction coefficients between the chip and the rake face of
the tool (secondary shear zone) and between the workpiece and the clearance face
of the tool (tertiary shear zone), contribute to increasing the seizure stress required

to cut the material, as shown in Figure (2.3). High friction coefficients increase

18



Chapter two Theoretical part

material flow resistance, which is reflected in stresses in the primary shear zone,
leading to an increase in shear stress. When the tool presents a reasonable amount
of wear, the process is further complicated, because the friction force is
proportionally increased. In machining, all of these phenomena acting together
cause significant problems, leading to the difficulty in machining cut of some

materials, like mould steels, rolling bearing steels [38].

a) Secondary shear zone b) Secondary shear zone

D
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one z0ne

—
e

Figure (2.3): Schematic of the cutting tool-workpiece material interaction for (a)
new and (b) worn cutting tools. Compare the tertiary shear zone (AA*) differences
in (@) and (b) (The wear on the tool crater is not depicted in the figures [38]

The selection of a 'better' tool material and geometry is not an easy task, and the
entire system must be carefully evaluated, among other things, in terms of work
material properties, required softening effect, possible chemical affinity with tool
material, surface integrity specified in the project, available machine tools, and
their rigidity [33].
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2.5.1. Surface roughness:
Surface roughness is defined as closely spaced, irregular deviations on a scale

smaller than that of waviness. Roughness may be superimposed on waviness . It is
expressed in terms of its height, its width, and its distance on the surface along
which it is measured [39]. Figure (2.4) shows the surface roughness profile.
Surface roughness is an important measure of product quality since it greatly
influences the performance of mechanical parts as well as production cost. Surface
roughness has an impact on the mechanical properties like fatigue behavior,
corrosion resistance, creep life, etc. It also affects other functional attributes of
parts like friction, wear, light reflection, heat transmission, lubrication, electrical
conductivity; etc. The surface finish produced in a machining operation usually
deteriorates as the tool wears. This is particularly true for a tool worn by

chipping and generally the case for a tool with flank-land wear [40].
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Figure (2.4): The Surface roughness profile [41].

2.6. Tool life

There is no single universally accepted definition of tool life, but in general
it can be defined as the length of time that a cutting tool can function properly
before it begins to fail, so it needs to be specified with regard to the process

aims. It is commonly the quantified by a certain level of the surface roughness
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or by putting a limit on the maximum acceptable width for the flank wear, (Vs
maximum). Mathematically, the tool life can be expressed in the following

Taylor's equation [42]:
VTt =C (2.1)

Where : V ( cutting speed in m / min ) ; T ( tool life in min) , and n ,C are
constant that may be found for specific workpiece, tool material and feed rate,
cutting depth experimentally. Taylor's equation induces the effect of cutting speed
only on the tool life, but there are so many modifications for this equation. Besides
the effect of the cutting speed, these modifications may introduce the effect on tool
life of such parameters as: feed rate, depth of cut, nose radius of the cutting tool,

cutting temperature...etc. [43,44].

2.7. Surface Engineering of Cutting Tools

there are many methods to modify the surface properties of a component and this
constitutes the field of ‘surface engineering’. The processes used in surface
engineering can be broadly classified into three groups.

1. Processes which apply a new material, a coating, to the surface, i.e. lead to the
formation of a different phase with a distinct boundary between itself and the
substrate.

2. Processes that modify the existing surface by inducing a change in composition
of the surface engineered layer. This in general leads to a more diffuse boundary
between the substrate and the reaction layer, e.g. as in carburizing.

3. Processes that modify the existing surface without a change in composition, e.g.
transformation hardening [6].
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The coating must be able to resist interaction with other parts or with process
media while the substrate material must have sufficient strength to be able to
support adequately the highly stressed coating, i.e. the properties of both the
coating and substrate must be considered in surface engineering. In addition the
coating must be sufficiently strongly bonded to the substrate so that service
stresses do not cause it to debond or spall [6].

Surface functionalization is a fast growing field since it is less expensive than
inventing and manufacturing a fully new material and allows for the preservation
of some of the original material's features, such as mechanical capabilities. Surface
properties (such as mechanical, biological, chemical, and physical) can be altered
by coating the surface layer with nano- or submicro-coatings. Because changes of
surface properties can have both beneficial and negative effects, the breadth of
such alterations should always be suited to the eventual requirements [6, 45].
Therefore the deposition of coatings is one of the surface modification techniques
which is predominantly adopted for improving the performance of cutting tools
[46]. Coating technique is one important aspect in modern cutting tool technology.
It reduces manufacturing cost, increases surface finish, decreases setup time,
maximizing tool life duration and increases productivity by minimizing tool wear,
cutting forces, stresses and temperature of the cutting tool due to their superior
wear resistance, great hardness and chemical stability [47].
the domain of producing surface layers has been treated in the form of groups of
related techniques, basing on such factors as their modernity, technique of
accomplishment, traditional classification and terminology , as shown Figure(2.5)
[26].
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Figure(2.5): Techniques surface engineering [26]

2.7.1. Effect of coating variables on performance of cutting tool

The substrate, the interface, and the coating layers are commonly included in a
coating system. Each of these factors has an impact on the system's performance in
real-world operations, both collectively and individually. Depending on the coating
system's qualities, cutting tool performance can be greatly improved. In order to
create a good surface coating layer, each of these constituents needs also have

specified qualities [48].
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2.7.1.1. Effect of coating thickness

Coating thickness has a considerable impact on cutting tool performance, and
there is always an ideal coating thickness for a coating at which the best
performance may be obtained. With increasing film thickness, the strain energy
and compressive stresses in the coating rise, making coatings more prone to
chipping, cracking, spalling, and eventually coating delamination [49]. Coating
thickness is a significant element impacting the machining performance of coated
cutting tools, but only few studies have been conducted to investigate its impact. In
addition, the fluctuation in residual stress with coating thickness is an essential
element which is going to be. The cutting tool with 3 um coating thickness tool
exhibited the best machining performance which also demonstrated the best

coating/substrate adhesion with minimal tool wear [46].

2.7.1.2. Coating structure

Cutting tool performance is greatly influenced by the coating structure.
However, there are just a few studies that compare the performance of coated tools
with mono-layer and multi-layer coating structures during machining operations.
[50].

The following are the characteristics of monolayer coatings: Microcrack
initiation happens at the coating surface and the coating-substrate interface at the
same time. In cross-section, propagation fracture owing to coalescence of local
micro-crack. The multilayer coatings have the following properties: laminar
manner micro-crack develop in vicinity of top surface and in turn the interfaces
between layers can substantially change the direction of initial crack when it

penetrates deep into the coating. multilayer have multiple structures can enhance
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the resistance of coating against crack propagation. lower cutting force, better

adhesion, and lower friction coefficient is comparison with monolayer [51].

2.7.1.3.Effect of nano-crystalline coatings

The present section deals with the studies that elaborate the performance of nano

composite coatings during turning processes [52,53]. As shown Figure (2.6).
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Figure (2.6): When grain size is reduced, no dislocations can propagate,
deformation is mostly caused by grain boundary sliding, and hardness is
significantly increased [53].
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2.7.2. Properties of hard coatings

In general, the properties of thin coatings can be divided into three groups [53]:
First group includes: properties of the structural and microstructural systems
(thickness, crystal structure, chemical composition, micro structure and texture,
surface topography, roughness).The second represents the chemical and the
physical characteristics (density, electrical properties, magnetic properties, thermal
properties, optical properties, corrosion and oxidation resistance), while the third
includes mechanical characteristics (hardness, adhesion, mechanical stresses,
fracture strength, wear, friction). From tribological view, properties of hard
coatings can be evaluated by thickness, Young’s modulus, microstructure,
roughness and friction coefficient, corrosion resistance, hardness, adhesion,
fracture strength internal stresses, and the thermal properties.

Hardness is defined as a material's resistance to permanent penetration by
another harder material. The substrate hardness is critical for tribological
applications, and this cannot be overstated. Because it cannot follow substrate
deformation, the thin less covering will fracture at relatively low contact stresses if
it is not adequately supported.

Coating developers frequently employ hardness measurements to assess coating
quality and anticipate coating performance in a variety of tribological applications;
nevertheless, the relevance of a high coating hardness should not be overstated. In
general, coating materials made of oxides and nitrides have hardness values
ranging from 1500 to 3000 HV, whereas carbides and borides have hardness values
ranging from 2000 to 3600 HV. When addressing wear characteristics, both
hardness and ductility should be considered. Tribological coating development

directed towards improved ductility, e.g., by introducing multiple layers or layers

26



Chapter two Theoretical part

with gradients in hardness and ductility, and towards improved chemical and
thermal stability.

It's also crucial to understand that hardness isn't a material constant. Coating
thickness, substrate hardness, indenter shape, and a variety of other test parameters
will all influence the recorded hardness result. Thin hard coatings' intrinsic
hardness values can't be assessed directly using traditional micro-hardness testing
because they're frequently heavily influenced by the substrate [49,50].

Adhesion is the interaction between the virtually continuous surfaces of
surrounding bodies, such as a film and a substrate. Adhesion is a state in which two
surfaces are held together by valence forces, mechanical anchoring, or both. This
can be seen in Figure ( 2.7) [53]. The detailed adhesion understanding to better
predict the behavior of the adhesion is to view its effect film quality, durability,

and environmental stability [49].

Figure (2.7): Four types of adhesion; (a)smooth transition, (b)compound layer,
(c)diffusion bond, (d)mechanical locking [53]

Adhesion of tribological coatings is routinely tested using the scratch test.From a
thermodynamic standpoint the work WA required to separate a unit area of two

phases forming an interface is expressed by equation (2.2) [53]
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WA = yf+ys + yfs. (2.2)

The quantities yf and vys are the specific surface energies of film and substrate,

and yfs is the interfacial energy. A positive WA denotes attraction (adhesion) and
a negative WA implies repulsion (de-adhesion). The work WA is largest when
materials of high surface energy come into contact such as metals with high
melting points. Conversely, WA is smallest when low-surface-energy materials
Young’s modulus is difficult to determine due to the low thickness of the coatings.
On the other hand, its value has a strong influence on the contact stress field,
coating delamination and detachment, coating fracture, residual stress state within
the coating, etc. Usually, thin hard coatings have a Young's modulus higher than
the substrate, and also often a lower coefficient of thermal expansion.
Coating wear often involve crack initiation and propagation processes. Hard
coatings, particularly those produced by PVD techniques, are usually brittle, i.e.,
their tensile strength is low compared with their yield stress in compression. This is
a result of their structure, with columnar grains often extending through the whole
coating thickness. Fracture strength is a critical parameter in situations where the
coating has to deform to accommodate substrate deformation. Therefore, in the
tribological contacts operating at high contact pressure, mechanical impact or rapid
heating, the fracture strength can be more important than the coating hardness. The
possible mechanisms of coating failure are illustrated in Figure (2.8).

In the case of a monolayer coating micro crack initiation occurs simultaneously
at the coating surface and the coating-substrate interface. Thus, coating fracture
develops through the entire cross-section as a result of the propagation and
coalescence of local microcracks. On the other hand, for multilayer coatings,
microcracks develop mainly in the vicinity of the top surface and, in turn, the
interfaces between layers can substantially change the direction of the initial crack
when it penetrates deep into the coating. This means that multilayer coatings fail in
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a laminar manner. In consequence, multilayer as well as multiple structures can

enhance the resistance of coatings against crack propagation [53].

Figure (2.8): Schematic representation of mechanical destruction of single layer
(a) and multilayer coatings (b). I—schematic coating structure; Il, Ill—successive
stages of failure [53].

2.8. Coating Processes & Coating Materials:

The choice of a coating technique is a complicated process that is dependent
mostly on the component's capacity and cost restrictions. Modern design
procedures take surface engineering into account from the start, allowing the
technical and economic feasibility of coating technologies, as well as the process'
compatibility with the substrate, to be properly weighed. Coating a component, on
the other hand, is still frequently used to improve its qualities when it has already
been discovered to fail at an unacceptable rate [6].
2.8.1.Chemical vapor deposition (CVD):

The substrate is heated to the appropriate temperature in the reactor, which is
frequently at or below atmospheric pressure (760 torr). Either a hot-wall or a cold-
wall reactor can be used. The chamber walls of a hot-wall reactor are normally
heated by resistive heating or radiation from heating devices comprised of high-
temperature materials like graphite. The substrates in a cold-wall reactor are

typically heated using inductive coupling, electrical resistance, or infrared heating.



Chapter two Theoretical part

Precursor gases are injected into the reactor during deposition, sometimes with a
carrier gas such as hydrogen or argon, where they are transferred to the substrate
and then breakdown and/or react to produce a coating on the substrate's surface.
The decomposition is usually thermally induced, although this can also be
accomplished by other energy sources such as microwave plasma. See Figure
(2.9)[6].

For wear resistant hard coatings refractory borides, carbides, nitrides, and
oxides. CVD coatings can be used on parts that require wear resistance, oxidation
resistance, corrosion resistance, and electrical, optical and tribological properties,
Hard coatings for wear resistance such as refractory borides, carbides, nitrides,
and oxides. [54]
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Figure (2.9): Schematic diagram of the CVD process [7].

2.8.2.Physical vapor deposition (PVD):

PVD is a vaporization-based technology for depositing solid material on a pure

material or alloy in a controlled environment [6]. The PVD coating technique
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involves atom-by-atom deposition of the coating from the vapour phase. There are
four stages to this: physical creation of the vapor flux (evaporation or sputtering),
gas-phase transport of coating atoms from target to components, deposition of
coating elements on component surfaces, and incorporation of coating atoms into
the layer [6]. A schematic design is shown in Figure (2.10)[54]. Application of
PVD in Nano-coating prepared an adaptive Nano-multilayer coating a significantly
lower coefficient of friction at elevated temperatures. Physical vapor deposition
was first applied to tools and molds. By depositing TiC coating, the life of the
mold can be extended; depositing coatings on high-speed steel tools can improve
the wear resistance, chip resistance and cutting speed of the tools. At the same
time, the coated tools also have high hardness, high chemical stability, high

toughness and low friction coefficient [54].
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Figure(2.10):Schematic diagram of physical vapor deposition (PVD) sputtering
coating methods [4].
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2.8.3.Laser coating:

Laser cladding is a process in which the cladding material is melted on the
surface of a component using a high power laser beam. The molten material
solidifies forming a metallurgical bond with the component, cladding can be
described as covering one material with another, within surface engineering,
cladding involves the creation of a new surface layer having a different
microstructure and /or composition than that of the base material. Laser cladding
can be used to improve the hardness, wear resistance, corrosion resistance or it
should be considered as a coating process [55]. As shown Figure (2.11) [56].

Laser coatings are used to produce surfaces which are resistant against abrasive ,
erosive, and adhesive wear, wet corrosion, high temperature oxidation and

corrosion [55, 56].
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Figure (2.11): Schematic diagram of the laser cladding process [56].
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2.8.4. Thermal spray:

Thermal spray is a generic term used to describe a group of processes including
flame spraying, plasma spraying, arc metallization, detonation gun, high velocity
oxyfuel, and cold spray, that can be used to apply a variety of different coating

materials, Figure (2.12) shows High Velocity Oxyfual process .

Coating}

[ I—J
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Oxygen + fuel + powder

Figure (2.12): High Velocity Oxyfual HVOF [58]

Although these processes encompass a wide range of equipment needs, costs,
materials selection and application, they can all be treated belonging to the same
family since the processing variables that are being altered are temperature and
particle velocity, nature of the material that is used to form the coating [58]. The
main disadvantage of thermal spraying is that their inherent high temperature
inevitably leads to changes in the microstructure of the coating, resulting in oxide
inclusions, which can affect the hardness and wear resistance of the coating [54].
nanostructures have a qualitative leap in wear resistance, corrosion resistance and
thermal barrier performance compared with micron level coatings, and their

service life can be extended by 3-5 times [57].

33



Chapter two Theoretical part

2.8.5. Sol- Gel:

The sol-gel process is a wet-chemical technique for the fabrication of materials,
employing low temperature, starting either from a chemical solution or colloidal
particles (sol for solution or nano-scale particle) to produce an integrated network
(gel). In general, sol-gel process can be regarded as the preparation of the sol,
gelation of the sol and removal of the solvent. The overall sol-gel process can be
represented by the sequence of transformations, which includes [59]: Precursor —
Sol— Gel — Product.

Precursors are starting materials, in which the essential basic entities for further
network formation are stoichiometry. Typical precursors are metal alkoxides, metal
chlorides, metal nitrate etc. Sol is a colloidal suspension of particles in a liquid, the
particles typically ranging from 1-100 nm in diameter. The solid particles in the
colloidal phase are stable due to short-range forces such as Van der Waals
attraction and surface charges.

Conditions for sol-gel synthesis:- PH of the hydrolysis, rate of addition of water,
temperature of gelation, aging of gels, drying control chemical agents (DCCAS),
calcination temperature [59].

Sol-gel method includes the formation of a colloidal suspension —sol — followed
by polymerization leading to the formation of three-dimensional structure
dispersed in a solvent—gel. The gel can be modified with a large number of dopants
leading to products with single properties. When drying takes place, under
conditions of pressure and temperature. The resulting dry gel is generally referred
as xerogel and can be reduced in volume between five to ten times when compared
with the initial wet gel.

Sol-Gel process has more advantages than other methods for film deposition

those discussed above. These advantages are:
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e Low temperature is required in sol-gel method.

e Sol-Gel technique is an economical method.

e Coating of large surface using sol gel method is very easy.

e Capable of making small thickness films, it provides high optical and quality
films.

e Sol gel method can produce thick coating to provide the corrosion protection
performance.

e Sol-Gel can easily shape material into the complex geometries in the gel
state.

e Sol-Gel method has the ability to precisely control the microstructure of the
deposited film like surface area, volume & size of the pores.

Materials prepared by sol-gel synthesis is high homogeneity, high purity.

The sol-gel method consists of three steps that are as follows: a) The desired
colloidal particles once dispersed in a liquid to form a sol. b) The deposition of sol
solution produces the coatings on the substrates by spraying or dipping or spinning.
The particles in the sol are polymerized through the removal of establishing
components and produce a gel in a state of a continuous network. c) The final heat
treatments pyrolysis the remaining organic or in organic components and form an
amorphous which can be change into crystalline by the use of annealing method
[45], as shown in Figure (2.13).
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Figure (2.13): Steps involved in controlling the absolute morphology of the desired
material [45].
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2.85.1. Thin Film

The sol gel method of synthesis of thin films offers potential advantages over
traditional techniques. First, it is a low-temperature process that avoids
decomposition both the coating and substrate material and also allows the
introduction of thermally sensitive molecules if needed. It is important that the
process is relatively cost-effective, easy to perform, and substrates with different
shapes and sizes can be coated. It is cost effective because of the small amount of
material required for the coating procedure. Coatings with low thickness and high
optical quality can be obtained by carefully controlled conditions during the film
deposition process. Sol gel is a chemical method in which reagents are mixed at an
atomic scale resulting in a homogeneous material[5].

Thin films are types of layers ranging in thickness from fraction of nanometers
to fraction of micrometers. This process is used to modify the reflectance,

absorption or transmitting quality of an optical object. The use of sol-gel protective
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coating could be performed on either metals or glasses. Composite sol-gel
compounds are getting attention in cases that reinforced structure or matrix is
needed. Another application of sol-gel process could be preparing powders, grains
and spheres that might be expensive or difficult to prepare while using some other
hi-tech processes. Ceramic powders are used in catalysts, pigments, abrasive
applications and fillers in electric or magnetic devices and mechanism [45].
parameters’ influence on properties for nano-coating layer by sol- gel: type
precursor, PH, temperature, molar ratio of reactants, solvents composition,
sequence of added precursors, catalyst (acid or alkaline) [5, 16].

Thin films are prepared by depositing precursor solutions onto various
substrates. The amorphous gel films are pyrolysis at relatively low temperatures
(300°C to 700°C) to form amorphous or crystalline oxides followed by annealing
at relatively high temperature to allow crystallization. A sol gel coating can be
applied to a substrate through various techniques, such as dip coating, spin coating,

spray coating, flow coating, capillary coating, and roll coating [12].

2.8.5.2 Dip Coating:

It is the most straightforward process for producing thin films from chemical
solutions at a high rate and with the greatest degree of control. This approach can
be utilized to deposit coatings on big surfaces in specialized high-tech instances.
The basic premise is to extract the substrate at a steady speed after it has been
dipped in a solution. The joint impact of capillary rise and viscous pull causes the
solution to stretch evenly and naturally on the plane of the material (substrate) at
this stage of the dipping process. The final coat is then solidified by evaporation,
either naturally or artificially.

A fine adjustment of the evaporation conditions (relative vapour pressure and
temperature) and withdrawal speed is necessary to perfectly control the

37



Chapter two Theoretical part

characteristics of the film which includes the thickness of the film and the inner
structure. Amid all accessible methods used for this function, dip coating provides
the exceptional prospect to precisely direct the vital parameters, see Figure (2.14)
[14,1].

Que
eve DIP-COATING STEPS

-1

it

(2)

Coated tool
(CNMA 120408)

’
(3)

Figure (2.14): Dip coating steps [1]

Advantages: Fast production, cost effective, no need for skilled operator ,and high

operating speed [14].

2.8.5.3. The material coating by sol gel

Oxides are the oldest and most common type of ceramic material, with chemical
inertness, good high-temperature characteristics, and oxidation resistance. Because
oxygen is the most electronegative divalent element, most oxides have a lot of
ionic bonding. This material's properties include transparency, high electrical
resistivity, poor thermal conductivity, diamagnetism, and chemical stability. The
largest and fastest-growing group of ceramic tool materials is Al,O3-based oxide
tool materials [60 ].
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2.8.5.3.1. Alumina ( Properties& structure)

The main reasons to use alumina as a coating tool its presents a high relatively
high hardness at elevated temperatures, and good mechanical anti- corrosive
properties [1]. Chemical and thermal stability, relatively good strength, thermal
and electrical insulation characteristics combined with availability in abundance
have made aluminum oxide Al,O3 or alumina, attractive for engineering
applications. Alumina has several allotropic forms. Alumina has a melting
temperature of about 2040 °C. It has Elastic modulus about 300GPa. Engineering
grade polycrystalline alumina products are usually made by sintering alumina
powder at high temperature 1300°C. Alumina is graded into two main groups, the
first of high-alumina grades with at least 99% Al,O; and the second of alumina
grades between 80%and 99% Al,O5. The difference between the grades is mainly
in the amount of impurities and some deliberate alloying agents such as sintering
[60].

The only thermodynamically stable crystallographic modification of alumina is
a-Al,O;. The ions O, are arranged in close hexagonal arrangement, with the

cations AP

occupying two-thirds of the octahedral interstitial positions. Except for
the thermodynamically stable a modification, there exist also numerous metastable
modifications, denoted v,5, 6. These modifications are often used as supports for
catalysts. All metastable modifications have a partially deformed closely packed
hexagonal oxygen sub lattice with various configurations of interstitial aluminum
atoms. On approaching the equilibrium, the crystal lattice becomes more ordered
until the stable a modification is formed. The type of metastable polymorph
influences the morphology of the formed a-Al,O; particles, as shown Figure (2.15)

[63,64].
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CORUNDUM: A|203

Figure (2.15)Crystal structure of, (a): a-Al,O3, (b) y-Al,O [64].

2.8.5.3.2. Titania (Properties and structure)

The existing and promising applications of TiO, nanomaterials include paint,
toothpaste, UV protection, photocatalysis, photovoltaics, sensing, and
electrochromics as well as photochromics. TiO, nanomaterials normally have
electronic band gaps larger than 3.0 eV and high absorption in the UV region. TiO,
nanomaterials are very stable, nontoxic, and cheap. The continuing breakthroughs
in the synthesis and modifications of TiO, nanomaterials have brought new
properties and new applications with improved performance. Accompanied by the
progress in the synthesis of TiO, nanoparticles are new findings in the synthesis of
TiO, nanorods, nanotubes, nanowires, as well as mesoporous and photonic
structures. It has an extremely high melting point of 1843°C and boiling
temperature of 2972°C. TiO; is insoluble in water, and it is also insulater. Thermal
expansion coefficient for TiO, is 9.943 *10° K™ [61].

Titanium oxide forms three polymorphs: rutile, brookite, and anatase : Rutile is
a tetragonal mineral usually of prismatic habit, often twinned. Each titanium atom
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Is surrounded by an approximate octahedron of oxygen atoms, and each oxygen
atom is surrounded by an approximate equilateral triangle of titanium atoms.

Anatase is a tetragonal mineral of octahedral habit.

Anatase and brookite are metastable phases, and their exothermic and
irreversible conversion to rutile at high temperatures has been widely investigated.
Both, ultrafine anatase and brookite transform upon coarsening to rutile when they
reach a certain particle size. Once rutile has been formed, it grows much faster than
anatase. The thermodynamic analysis of this phase stability indicates that anatase
becomes more stable than rutile for particle sizes <14 nm, as shown Figure ( 2.16)
[63, 64].

Figure (2.16): Crystal structures of, (a): rutile,(b): anatase, (c):and brookite [64]

2.8.5.3.3. Zirconia ( properties &structure)

Zirconium oxide (ZrO,) has a very high melting point (2680°C) chemical
durability and is hard and strong; because of these properties, it has long been
used for refractory containers and as an abrasive medium. At temperatures above
1200°C it becomes electrically conductive and is used for heating elements in

furnaces operating with oxidizing atmospheres. Zirconia-based materials have
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similar thermal expansion characteristics to metallic alloys and can be usefully
integrated with metallic components in heat engines. In addition to these
established applications, it has been found practicable the structural transitions of
zirconia, thereby reducing notch-sensitivity and raising fracture toughness values
thus providing a new class of toughened ceramics. This approach is an alternative
to increasing the toughness of a ceramic by either adding filaments or introducing
micro cracks that will blunt the tip of a propagating crack.
Zirconia is known to exist as three, well-defined polymorphs, namely monoclinic,
tetragonal, and cubic, although the existence of a high-pressure orthorhombic form
has also been reported . Monoclinic zirconia consists of a sevenfold coordinated
Zr** cation, such that the oxygen ions with O'* coordination are almost tetrahedral,
but with one angle in the structure differing significantly from the tetrahedral
value. zirconia contains the eightfold-coordinated Zr** cation with four oxygen
ions placed at a distance of 2.065 A in the form of a flattened tetrahedron, and four
at 2.455 A in an elongated tetrahedron rotated through 90 The high temperature
cubic polymorph has a face-centered CaF, structure with an eight fold coordinated
Zr** atom with oxygen ions arranged in two equal tetrahedral [63, 64]. As shown
Figure (2.17).
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Figure (2.17): Crystal structures of (a) monoclinic, (b) tetragonal, and (c) high-
temperature cubic ZrO, polymorphs [64].

Ceramic oxides (such as, alumina and zirconia thin coatings) have been
deposited on metal alloys via sol gel- due to their excellent mechanical and
chemical resilience, high hardness, and corrosion resistance. These coatings are
widely used as protective layers in the optical, electrical, and car industries, as well
as aerospace applications, and good performance demonstrating high wear

resistance. These deposition processes were discovered to be multi-difficult [63].

2.9. Design of Experiments

It specifies the techniques for designing, assessing, and organizing experiments
so that objective and valid results can be drawn effectively and sufficiently. It is
necessary to integrate sophisticated and simple statistical methodologies to the
experimental design approach in order to obtain statistical findings from an
experiment. Planning, precise design selection, and statistical data analysis are all
necessary for the successful implementation of any industrially planned
experiment. The Taguchi approach is a useful tool for optimizing the design of

high-quality systems [60, 61]

2.9.1. Taguchi Method

Dr. Genchi Taguchi (a Japanese scientist) created a powerful technique for
creating and improving product quality by parameterizing performance attributes.
This method was developed using typical design of experiment, DOE. The Taguchi
technique will separate the factors that affect the products into two categories:
control factors and noise factors. The noise factors are used to identify all factors
that produce deviations, whereas the control factors are used to determine the best

production or design stability conditions. DOE is used in conjunction with other
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methods to investigate the effects of many variables. Taguchi's approach is a type
of DOE with a unique set of applications. Taguchi found that the manufacturing
process stage and the product design stage are the optimal time periods for
minimizing variation. As a result, the Taguchi rule for production has three stages
[65,66]: system layout (conceptual level); parameter design (also known as ™
robustification™); design for tolerance. Taguchi's technique [67] relies on the
orthogonal array, signal-to-noise ratio, and analysis of variances (ANOVA). By
achieving performance consistency, quality can be improved by eliminating
deviations around the target. Experiment design is a method for influencing both of

these performance qualities. [68].

2.9.2.0ptimization by Grey relational Analysis

The Taguchi system can be combined with Deng Julong's suggested Grey
Relational Analysis (GRA). GRA converts a multi-response problem into a single-
response problem, and then evaluates the best solutions. Using Grey relational
grades, this approach is a trial and error method for estimating the degree of
approximation among the sequences (GRG). The GRG is utilized to optimize
method factors, and the Taguchi technique can be used to evaluate the optimum
method factors setting using GRG as a performance index [69]. The following
phases are included in the Grey Relational method based on Taguchi technique:
1st step: The signal to noise (S/N) ratio is used to measure the quality and identify
the variables. A greater S/N ratio indicates that the factor is performing better. Egs.
(2.3) and (2.4) can be used to calculate the S/N ratio. When a response maximum
Is desired, equation (2.3) represents the higher-better S/N ratio type, whereas
equation (2.4) represents the lower-better type [70].

SIN ratio (Xy) =-10 Log 1of ()(Z=15) ] (2.3)
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SIN ratio (Xy)=-10Logso[()( 7= X°) (24)

Where, n = number of repetitions; X;; = the response, i =1, 2. .. n;
n is the number of the test in the orthogonal array; j =1, 2,. .., m. mis the
number of the process response.
Step 2: The second step of GRA is to normalize S/N ratio, in the range
between 0 and 1, using formulations (2.5) and (2.6) to maximize and
minimize the quality properties respectively [71].

(Xij)—Min(Xij)

K= Max (X5 —Min (Xip (2.5)

_ Max(Xij)—(Xij)
™ Max (Xij)—Min (Xij

(2.6)
Step 3: Calculation of deviation utilizing the formula, A = 1 — Xij, where
xij = Normalized S/N ratio.

Step 4: After treating the results, Grey Relation Coefficient (GRC) for

the jth response in the ith experiment can be stated as follows:

Amin.+yAmax

GRC= 2.7)

A+yAmax.

Where A is the deviation of the response; A min is the minimum value of

A; Amax is the maximum value of A; vy is the distinguishing factor (0.5 is
widely accepted) [71].

Step 5: After computing GRC, Grey Relational Grade (GRG) can be calculated

via the next formulation:

GRG =%ZimzlGRC (2.8)

The number of responses is represented by m. For each experiment, the GRC and
GRG have been determined. The maximum value of GRG for optimal technique

factors is close to the product quality. The maximum GRG value is given an order

of 1, and the rankings are done in decreasing order [71].
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Step 6: ANOVA is used to classify the significant variables. The analysis of
variance's major goal is to find out why things are the way they are. The
application of a statistical method to determine the influence of individual
components is known as ANOVA. The effect of each element on the method
results can be determined very clearly using ANOVA results. The total number of
squared deviations, the sum of the squared deviations due to each technique
element and the sum of the squared error are the two sources of total sum of
squared. The percentage contribution of each method factor to the total sum of
squared deviations SST can be used to assess the impact of method-factor changes
on performance attributes. When the F value is high, changing the method factor

usually has a significant impact on the performance characteristic [72].

2.10. Literature Review

A preview of the recent studies about using coating to modify the cutting tool

will be discussed in this item.

In (2004) Pakula et al. [73] investigated good properties of the multi layer CVD
on substrate from SizN, nitride ceramics. The SizN, inserts were multi layer coated
in the high —temperature CVD process with a combination of the TiC, Ti(C,N),
Al,Oz;, and TiN layers. The adhesion test found double layer coatings of the
Ti(C,N)+TiN and TiC+TiN types are very good adhesion to substrate, the highest
value of the critical load Lc=83N, at which beginning of spalling was observed the
double layer TiN+Al,Oscoating.The highest hardness of 32.57GPaof all coating
put down demonstrates the double —layer TiN+Al,Ozone. The highest value of the
roughness parameters was Ra=0.6um for the substrate with the
TiN+AIl,O3+TiN+AIL,O;+TiN coating and lowest value of the roughness was

Ra=0.06pm for the tool uncoated.
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In (2005) Dobrzanski and J.Mikula [74] studied the structure and properties
of the coatings deposited with the PVD and CVD techniques on cutting inserts
made from the Al203+TiC oxide tool ceramic to grey cast iron machining. The
Al,O; + TiC ceramics microhardness is 1970MPa and grows significantly after
deposition of the PVD and CVD coatings, except the TiCN + TiN coating. The
maximum microhardness of HV0.07 = 40.3 GPa was observed in case of the TiN+
multi TIAISIN + TiN coating deposited onto the Al,O; + TiC ceramics substrate .
The roughness parameter values for the Al203 + TiC ceramics substrate is Ra =
0.07 and depositing the TiAIN and TiCN + TiN coatings on to the examined
substrate does not cause increase of the roughness parameter. Depositing other
PVD and CVD coatings on to the examined substrate causes increase of the
roughness parameter from Ra = 0.21um for the TiN coating to 0.37umfor the TiN+
TiAISIN + TiN coating. Comparison of the approximated values of the VB wear
of the Al203 + TiC based ceramics: uncoated and coated with the PVVD and CVD
coatings, depending on machining time. From all the investigated materials, the
minimum roughness of Ra = 2.23um at the final machining stage was revealed in
case of the TiN+ multiTiAISIN + TiN coating deposited onto the Al,O; + TiC
ceramics substrate.

In (2011) Hakim et al. [75] study the performance of four cutting tools in the
machining of medium hardened HSS : polycrystallinec-BN (c-BN+TiN), TiN
coated polycrystalline c-BN(c-BN+TiN), ceramic mixed alumina (Al,O5+TiC),
and coated tungsten carbide (TiN coated over a multilayer coating
(TiC/TiCN/AI,O3). For each of the four cutting tools tested. Increasing the cutting
speed from 100 to 200 m/min reduced the tool life about 60%. Cutting test soft the
HSS were carried out with four different cutting tools. Mixed alumina ceramic and

coated carbide tool materials can see longer tool life than cBN tools when
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machining the selected workpiece material. Both ¢ BN tools showed poor behavior
with this HSS at higher cutting speeds.

In (2012) Grigoriev et al. [76] provided the raised toughness, oxidation
resistance, high hardness, and strength of tool material by made of layered
composite ceramics LCC coating with nano-scale. These results also testify to
higher cutting properties of LCC inserts with NMC, especially at cutting of hard
to- machining Ni-alloy. The LCC-NMC tool life exceeds that of standard coated
carbide tools and standard coated ceramic tools about 2.5-8.0 times. The developed
coated LCC tools allows for increase of cutting productivity in 1.2-1.5 times not
only in comparison with the coated carbide tools, but also in comparison with the
coated ceramic tools.

In (2013) Cadena et al.[77] studied a thin nanocomposite film (AICrN)
coating to enhance tribological properties of tungsten carbide tool for Ti6AI4V
machining. Monolayer coating of AICrN-T was deposited on a tungsten carbide by
cathodic arc (PVD)and used nitrogen atmosphere. It can be observed that the
coating very homogeneously with a thickness a round 3.8 um. The energy
dispersive spectroscopy EDX analysis indicates that the chemical composition
resulted in at%: Al 32.31, Cr27.85, N39.84. XRD shows two structures of the
coating CrN and AIN. By contrast, the flank wear decreases dramatically when Vc
of 100 m/min and feed per tooth fz of 0.04 mm are used. It is also important to
note the productivity reached by the operation with the lower levels of cutting
speed Vc and fz. The machinability study with the coated carbide tool and a
workpiece of titanium alloy presented improved results.

In (2015) AL-Dulaimi et.al.[ 78] investigated the coated inserts are a coating
layer of TiC on a tungsten cemented carbide using PVD, substrate lower surface
roughness comparing the uncoated carbide insert by (41-53)% through turning
AISI1020 steel. An optimum machining conditions for minimum surface
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roughness are spindle speed =315 rpm, feed =0.2mm/rev and depth of cut =0.7mm
for coated insert, while spindle speed =500 rpm, feed =0.4 mm/rev, and depth of
cut=0.6mmfor uncoated insert.

In (2017) Thamir et al. [79] studied the Ti-B-C-N coatings doped with Al
which have been deposited on the H.S.S tools by using a mixed gas phase
deposition process technique (PVD and CVD) as a new route for the hard film
deposition. Multicomponent hard coatings (Ti-B-C-N) were deposited on a
molybdenum high-speed tool steels (AISI M52). The investigations indicate an
increase in the film thickness from 1.9 to 3 um for samples deposited at 550 °C, to
~5 um for samples deposited at 650 °C, 9 um for samples deposited at 750 °C, 12-
13 pm for samples deposited at 850 °C, and 20 pum for samples deposited at 950
°C. A better thermal stability during the process of the wear test than the uncoated
H.S.S samples, with a great enhancement in the wear resistance values for this
coating film.

In (2017) Puneeth and Smitha [80] studied characteristics of HSS drill bit
with Titanium Nitride (TiN) and Titanium Aluminium Nitride (TiAIN) coated by
PVD on HSS for machining of EN8 material under dry machining condition and
compare between them. Tool life was calculated theoretically using Taylor’s tool
life equation and compared with the experimental work. It was found
experimentally that TiAIN coated HSS twist drill had greater tool life of 110 holes
compared to TiN coated HSS of 80 holes and uncoated HSS of 20 holes twist drill.
The results showed that the maximum thrust force of 126 kgf was developed in
TiAIN coated HSS compared to TiN coated and uncoated HSS of 47 kgf and of 90
kgf, whereas the torque produced in all the twist drills were at an average of 0.5
Kgm.

In (2017) Hu et al. [81] investigated effects and working mechanisms of
fluorinated surfactants-based coatings on HSS-Co-E for titanium cutting (Ti-6Al-
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4V). Coating process was performed by sol-gel dipping. Finish milling tests were
carried out on CNC machining center with maximum speed 120rpm. The average
roughness of coated pin is 4.75nm, while the one of uncoated pin is 0.87nm. At
room temperature, coefficient of friction of coated pin is about 0.4 while COF of
uncoated pin is about 0.55. After entering the normal wear stage, flank wear of
coated tool is slightly lower than that of uncoated tool. However, un- coated tool
enters into rapid wear stage at 70min,while coated tool is still in normal wear
stage. Eventually, uncoated fails at 91min,while coated one is still in normal wear
stage. Tool life of coated tool is almost 50% longer than uncoated one.

In (2017) Rabio et al. [82] studies the drilling of a sandwich composite
material consisting of aluminium and polyethylene core (PEALL). The drilling
tests were carried out using a TiO,-coated high-speed steel drills (HSS drills)
deposited by sol-gel process. The results underline that the TiO,-coated tool
exhibits the best performance and improves the hole quality. Thus, the sol-gel
method is a promising technique to coat the complex geometries of the HSS tools.

In (2018) Zheng et al. [83] discussed the effect of cutting parameters on tool
wear behavior and surface roughness in high-speed turning of 300M high-strength
steel is conducted with coated carbide tool. 300M (40CrNi2SiMoVA) is used as
work piece material which is low alloy medium carbon martensitic steel. In
general, the resultant cutting force is not very large in the initial cutting stage,
which is about 130 N-240 N. The smaller resultant cutting force of the coating tool
for high-speed turning of 300M can be obtained at a low level of cutting speed and
feed rate. The tool flank wear is accelerated as the cutting parameters increase. v,
has the greatest effect on the tool surface wear, followed by f. A longer tool life
can be obtained at v.=300-500 m/min, f/=0.10-0.25 mm/rev and d =0.10-0.25
mm. The major failure type of the coating tool is wear, and the flank wear is
uniform. As the average flank wear increases, Ra has a tendency to rise. In
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particular, Ra increases rapidly after the average flank wear over 0.25 mm
exhibited on the rake face at v.=600 m/min, such as peeling off, micro-chipping.

In (2019) Rezende et al. [1] investigated of the effect multilayer coatings
Ti0,/Al,Oz0n tribological conditions, by sol-gel . The carbide tungsten tools were
K10 class for cast iron machining. The test of scratch with a Rockwell indenter, the
failures start close to 25 N for the Al,O3; coating, and for the multilayer coating
between 30 and 40 N. Therefore the adhesion of the multilayer coating is higher
than the one of the Al,O; coating. The coated tools presented lower friction
coefficients up to 100 m. The ANOVA showed that the main parameter that
influenced the resulting cutting force was the feed. The tool and cutting speed have
minor influences.

In (2019) Pereira [84] investigated the new coating consists in a silicon
dioxide (SiO,) deposited on HSS by sol-gel process, and its performance was
studied by means of drilling tests in nodular cast iron. Four outputs were
investigated: thrust force, hole average surface roughness, hole average diameter
(DA), and tool wear (VB gmax). The results indicated that the SiO, coating achieved
performances significantly superior to the uncoated tools. The “number of
holes/maximum flank wear (VB gma” ratios were calculated, indicating a
performance 315% better for the SiO,-coated tool when compared to the uncoated
one.

In (2019) Al-Ethari et al.[85] evaluated tool life for individual cutting
circumstances for an uncoated P10 carbide tool and one coated with titanium
carbide by PVD to machine low carbon steel. The results show that the wear width
on the lateral surface (VB) for an uncoated tool is two to three times higher than
for coated tools. Coated tools have a four-fold longer life than non-coated tools,
but as spindle speed, feed rate, and cutting depth increase, their life decreases.
When using uncoated tools, surface roughness Ra is higher than when using coated

51



Chapter two Theoretical part

tools. The surface temperature of a TiC-coated P10 insert is higher than that of an
untreated P10.

In(2020) Liborio et al. [86] described the improvement in surface hardness of
high speed steel through titanium nitride coating using cathodic cage plasma and
solid lubrication (molybdenum disulfide) coating to reduce friction coefficient
using magnetron sputtering. Hardness test shows highest hardness with TiN
(1371HV)coating while the sample with TiN and MoS2 layers decrease in
hardness and friction coefficient. AFM shows decrease the number of the particles
on surface and increase their size with multiple layer. Surface roughness
increasing with number of layer increased. As well as for the substrate steel
without coating, friction coefficient was raised and changed rapidly that refers to
wear and reduce in hardness. Monolayer for each coating MoS2, TiN decrease in
coefficient of friction due to lubricating MoS2 coating. The results obtained in this
study clearly reveal that the cathodic cage plasma deposition can be used
effectively for hardness improvement and magnetron sputtering for the
combination of solid lubrication/ hard coating. Therefore, using this combination
of treatment, the friction coefficients and thus failure to coatings can be minimized.

In (2020) Manivannan et al. [87] investigated the improvement in the surface
properties of H.S.S rod by PVD multilayer coating. The PVD coating process was
carried out by sputtering and thermal evaporation technique to coat thin films of
Al203, SIC, and B4C. The maximum coating thickness attained by this process is
1.9 um. The wear test was performed on three coated samples of coating thickness
1.1, 1.7, and 1.9um. The wear test results show that uncoated material has a wear
rate of 441um and as the coating thickness increases from 1.1 to 1.9 um, the wear
rate reduces from 24 to 20 um. The maximum frictional force reduces 19.8 to 12.2
N for uncoated to the coating layer thickness increase from 1.1 to 1.9 um. the
frictional force in 1.9 pm coated was 50% lesser as compared to uncoated
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specimen. Minimum coefficient of friction of 0.371 was attained for 1.9 um coated

specimen and maximum coefficient of friction of 0.452 for uncoated specimen.

The hardness value was obtained from the Vickers indentation, the highest

hardness of 37.2 GPa for 1.9um coated material. Thermal stress for the coated

specimen is 25 times better than uncoated specimen. As compared to uncoated
specimen the cutting tool life of HSS coated with Al,O;. SiC. and B,C using PVD

coating process could be increased about 7 times.

2.10.1. Summary for the Literature Review

Study Machining Coating type Thickness of Coating process Improve The
process, Cutting layer machining
tool, performance for the
cutting tool
Rezende Carbide tungsten | TiO,, Al,O;3 5um Sol-gel Lower friction , good
et.al.[1] (2019) K10 for cast iron adhesion, and higher
machining hardness with
through turning multilayer coating
process
D.Pakula Si3N4 TiC, Ti(C,N), Al,O;, | 1.7-9.5um CVvD Highest adhesion with
et.al.[73] (2004) TiN double layer
(Ti(C,N)+TiN and
TiC+TiN
While highest
hardness with double
layer TiIN+AI,O4
R.Manirannan HSS, AISIM2 Al,O;+SiC+B,C 1.9um PVD Wear rate was
et.al. [87], 2020 reduced by 20-24% ,
frictional force in
1.9um coated 50%
lesser compared
uncoated, highest
hardness with
1.9um,tool life for
HSS increase 7 times
Coefficient of friction
was 0.371
L.A.Dobrzanski | Al,O;+TiC oxide | TiN+TiAISIN+TiN 1.1-5.8um PVD+CVD Microhardness max
and J. Mikula tool ceramic for | TICN+TIiN with TIN+TIAISIN
[74] 2005 machining  grey | TiAIN coating layer
cast iron
L.Cadenaet WC to machine AICIN 1.97—13.7pm Cathodic arc PVD | Improve
al.[77], 2013 Ti6Al4V through machinability
milling process condition
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Natalia HSS to machine | SiO, For SiO, nano | Sol-gel With coated reduce
Fernanda cast iron through thickness layer each of thurst force,
Santos Pereira drilling process coefficient of friction,
[84], 2019 width wear

Juan Carlos HSS to drill TiO2 Nano thickness Sol-gel Reduce coefficient
Campos Rabio sandwich layer friction, improve hole
et.al. [82],2017 | composite Al/PE quality

The tool life of a

Meng Hu et al. | HSS-Co-E for fluorinated Sol-gel coated tool is over
[81], 2017 titanium cutting surfactants 50% longer than that
(Ti-6Al-4V of an untreated tool.

According to the literature review, the sol-gel coating approach has been
successfully used to improve machining responses: tool life, surface roughness,
and temperature, mechanical properties such as: hardness, wear rate, and
coefficient of friction, as well as various physical properties: thermal conductivity
for cutting tool. Few studies employed the sol gel technique to coat HSS cutting
inserts with ceramic oxides monolayer. Several studies have also looked into the
effect of multilayer coating on machining results for HSS tools, carbide inserts,
and ceramic inserts utilizing a different coating technique (PVD, CVD). There has
been no research into the effect of a multilayer coating by sol-gel on HSS tool
through traditional machining.

2.11. Research Originality

This research investigated the ideal conditions for coating HSS inserts with
ceramic oxides (TiO,/Al,O3/ ZrO,) utilizing the sol-gel process, as well as the
majority of its characteristics. These conditions involved viscosity, aging time, and
PH, for each coating precursor. Addition, deposition conditions such as immersion
time, number of coating cycles, dry temperature and calcination temperature to

obtain nano structure of coating layers.

Then, Deposited multilayer of ceramic oxides on HSS insert with thickness

layer don’t exceed 5-6 um at low temperature.
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Chapter Three
Experimental part

3.1 Introduction

The current study's program is described in this chapter.Techniques,
experimental setup, equipment, and preparation method of coating precursor for
coating processes. It also contains several tests such as: physical and mechanical
tests, and the machining experiment schedule. The preparation for uncoated insert
and mechanical tests for coated and uncoated inserts such as, wear test, coefficient
of friction, micro hardness were carried out at the laboratories of the Metallurgical
Engineering Department/College of Materials Engineering at the University of
Babylon. All samples were sorted and drilled and then machining tests were
carried out at the Training and Workshop Center/ University of Technology.
Metallography was carried out by Field Emission Scanning Electron Microscope
(FESEM) at the Nclher Land, at Nano Lab, in Al-khora Company.

3.2. Program of the present study

Figure (3.1) shows the experimental program of the present work.
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Experimental Part

\Work pieces preparation

Cutting insert preparation

Preparation coating process by sol-gel

Work pieces Test

H.S.S tool

Precursor+ Solvent+ Catalyst

HyIironsis to product sol solution

—IChemical composition

Chemical composition

_| Hardness Test |

Microstructure

XRD analysis

Dividing into inserts,
Drilling, grinding

SEM, AFM, Hardness Test

\Wear test, Coefficient of friction
Thermal conductivity

Preparation for machining Tests

Machining Test

Dip coating

Monolayer coating,
Multilayer coating

calcination of coated insert

SEM,EDS, XRD,AFM

Wear test, Adhesion

Tool life, Surface
Roughness, Temperature of
Tool, SEM+AFM

Hardness Test Thermal
Conductivity, Coefficient

of thermal expansion

Figure (3.1):Experimental program of the present study
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3.3. Materials and their tests:

3.3.1 Cutting tool preparation:

A single point AISI M3 high speed steel tool having a length of 200mm and a
square cross section with side of 12.75 mm was used to prepare the cutting inserts
for turning purpose. Wire cut machining was used to divide this tool into 5mm
thick parts, then a spark machine was used to drill a 5mm diameter central hole in
each part. obtained cutting insert was a rake angle (o) equal to zero and a flank

angle (y) equal to zero also. Figure (3.2) shows the prepared cutting insert.

A—12.75mm—~
g
12.75
J bson s
mm
Ve 12.75mMmM—y

Figure (3.2): AISI M3 HSS cutting insert

The grinding was carried out at the laboratories of the Metallurgical Engineering
Department/College Materials Engineering at the University of Babylon.
Conventional grinding was used to prepare the surfaces of the cutting insert
specimen began at grade 220 and progressed to 600 in phases. The grinding was
performed for all specimen to a achieve a uniform roughness for all of its surfaces.
To eliminate adherent contaminations, the specimens were first washed in an
ultrasonic acetone bath for 15 minutes and then trichloroethane for 10 minutes
before being dried in air. Grinding and polishing were achieved via the device type
(Metallographic lapping/ polishing machine, MTI Corporation, model UNI POL-
820).
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3.3.1.1. SEM and EDS analysis

Following the fabrication of the cutting inserts, several emery paper grades (300,
400, 600, 800, 1000, 1500, and 2000) were used to grind the surface of the
specimen to an adequate fineness, and it was then rinsed with water. The HSS
insert was polished using a diamond paste with a grain size of (0.1-0.3)um.
MAX3, was carried out at ALKHORA with the use of a Field Emission Scanning
Electron Microscope (inspect F50) with an Electron Dispersive Spectroscopy EDS
detector. The SEM morphology of the uncoated HSS implant is depicted in Figure
(3.3).

Figure (3.3): Microstructure image for HSS cutting insert
3.3.1.2. Chemical composition

The chemical composition analysis for the HSS tool was carried out at the General
Company for Inspection and Engineering Rehabilitation-Baghdad. The analyse
shows that the HSS is of AISI M3 classl high speed steel-UNST11223[88]. Table
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(3.1) demonstrates the standard composition and the result of the performed

analyze see appendix Al.

Table (3.1): Chemical composition of the H.S.S tool [88]

Element wt% C% | Cr% | Mo% | Mn% V% P% W% | S% Si% | Ni% Cu% Fe%
Standard [88] | 1.06- | 3.75- | 4.8 - | 0.1500- | 2.25- | 0-0.03 | 5- 0-0.03 | 0.2- | 0-0.3 0-0.25 | Bal
ASTM 1.10 | 45 6.500 | 0.400 2.275 6.8 0.45

AB00M3Classl

A 1.03 | 4.03 |53 0.308 1.99 | 0.0292 | 6.8 | 0.0129 | 0.271 | 0.136 | 0.0927 | Bal
600M3Classl

3.3.1.3.Hardness Test:

The specimen of uncoated insert had been appropriately ground and polished

prior to the hardness test. The test was performed on a United Manufacturer

Rockwell hardness gadget type at the General Company for Inspection and
Engineering Rehabilitation in Baghdad (TRU-BLUEL1).The hardness test was
achieved for uncoated insert using a Rockwell hardness device type (TRU-
BLUE11) with a load (150kg) HRC and a tip (120)degree for 10 seconds. The

resultant hardness of the HSS tool is shown in Table (3.2), with the standard value

for this parameter, see appendix A2-A3.

3.3.2. Work piece Preparation:

Table (3.2): Mechanical properties for HSS[88].

Material Tensile strength | Hardness
MPa HRC

Standard[88] 2180 66

A600M3Classl

A600M3Class1 |  --—---- 65.7

The machining experiments were conducted on a work piece of medium carbon

steel , having a length of 225 mm and a diameter of 50mm. ASTM A519- grade
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1045 is unalloyed medium carbon steel. It may be machined in any condition and
has a wide acceptance in engineering applications. The work piece was divided

into regions as shown in Figure (3.4).

i
- r I . ~r \ e » M Z += —*‘\
|~ S UG U SNCINIES § ISEUONE § SISO | S N N— Attt *%A_A_,-'..A_»_..‘. i
) sE )

Figure (3.4): Work piece regions

3.3.2.1.0ptical microscope

The specimen was prepared for microstructure examination which involves the
following steps. Sample was cut to the cross-section area for easier handling and
wet grinding process was carried out by exposing the sample surface to rotary disk
with using emery papers of (SiC) with different grades in sequence ( 180, 400, 800,
1000, 1200, 1500, 2000) ). Then the sample washed by water and dried by hot air.
Polishing process was carried out, this process continues until the sample surface
becomes as mirror, and then it is washed by the water and alcohol and dried by hot
air. Etching process was doing by immersion the sample for 30 s with Nital (2ml
Nitric acide+98 ml Ethanol) [89]. Figure (3.5) illustrates the optical microscope

examination of the work piece.
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ferrite

Perlite (ferrite
@ +cementite)

Figure (3.5): Microstructure image 800X for work piece

3.3.2.2.Chemical composition

The work piece was examined using a spectral analysis device at the General
Company for Inspection and Engineering Rehabilitation-Baghdad. Table (3.3)
shows the resulted chemical analysis of the work piece and its standard

composition [88]. See appendix A4

Table (3.3): Chemical composition of the work piece [88]

Element ) (Si) (S) (Mn) (P) (Mo) (Ni) | (Cr) (Fe)
wit%

Standard 0.43- 0.17- 0.05% 0.50- 0.04% 0.0153% 0.4% | 0.4% Bal.
[88] 0.50% 0.37 0.80%

Ab519

-1045

A519-1045 | 0.505% 0.304% | 0.0432% | 0.610% | 0.030% 0.0097% 0.13 | 0.128% | Bal.

5%

3.3.2.3.Hardness &Tensile strength Tests:

Before the test, the specimen was properly ground and polished. The test was
performed on the work piece according to ASTM E384 standard. The test was
carried out at the General Company for Inspection and Engineering Rehabilitation-
Baghdad, on a United Manufacturer Rockwell hardness device type (TRU-
BLUEL1), using load of (100kg) HRB with (0.0625mm) diameter. While in Brinell
hardness device, using load 62.5Kpa with 2.5mm diameter at 10 sec. Table (3.4)
shows the resulted hardness and the tensile strength of the work piece with the
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standard values of these properties [88]. The tensile test was performed on the
to (ASTM A519) [88]. The test was carried out at the
General Company for Inspection and Engineering Rehabilitation-Baghdad, via a
tensile test device typeWDW- 200 E. Figure (3.6) shows a sketch with the

dimensions for the used specimen and the specimen before and after the test, see

workpiece according

appendix A5-AB.

and (c): after the test

Table (3.4): Mechanical Properties of 45-steel carbon steel [88]

I
{-1=)
-~ 201

a b
Figure(3.6): The work piece (a): sketch with the dimensions, (b): before the test,

Experimental Part

Material

Tensile strength
MPa

Hardness HRB

Hardness HB

Standard ASTM A519- 620 94 201
Grade 1045 [88]
ASTM A519-Grade 611 93 195

1045

3.3.4. Carbide tool

Tungsten cemented carbide tips were used to compare with coated HSS cutting
inserts. All the inserts have identical geometry designated by the American
National Standard Institute (AISI) as [TNMG 160408], as shown Figure (3.7).
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Chemical analysis for the carbide insert was carried out in Faculty of sciences X-
Ray Lab, Tarbiat Modarres Univesity/lran. Instrument (XRFPW2404) Calibrate
with Philips Analytical X-Ray B.V.standards. Table (3.5) shows the chemical

compositions of the used carbide inserts.

Figure(3.7): Carbide inserts used in the present work

Table (3.5): Chemical composition for carbide tool

Tool Material | Co W C Ti
carbide

% 9 65 12 14

For carbide cutting tool, use a load (150 kg) HRC with a tip (120)degree at 10sec.
The average of three measurements was used to calculate the hardness value. The

value of hardness is equivalent to (60 HRC), see appendix A7 .

3.4. Sol-Gel Coatings Preparation
Table (3.6) shows all chemical materials which need for precursor preparation

Table (3.6): Chemical materials for each precursor preparation

Type Source catalyst Solvent Dispersion
precursor materials
Titania titanium 0.7NHCI | isopropanol | Triethanolamine

tetra-
isopropoxide

Alumina aluminum HNO, H,O Triethanolamine
isopropoxide
IPA

Zirconia Zirconium Glacial Deionized | Ethylene
70 percent | acetic acid | water glycol+glycerol
n-propoxide
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3.4.1. TiO, coatings

The coating was prepared using the methods outlined in Figure (3.8). The
Ti(OH), precursor was prepared utilizing titanium tetra-isopropoxide (TTIP),as the
titanium source precursor from SIGMA-ALORICH CHEMIE GmbH, product of
USA Group, 0.7N-hydrochloric acid (HCI) as a catalyst, and isopropanol IP as a
solvent. It had a molar ratio of TTIP: IP: 0.7NHCI= 1:26.5; 1.5 in its usual
composition. After 30 minutes of stirring in a closed system, the solution TTIP+IP
was added to triethanolamine TEOA at a molar ratio of TTIP:TEOA= 1:2 and

stirred for one hour.

In a closed system, solution of IP+0.7NHCI was mixed with a magnetic stirrer
for one hour at room temperature. 0.7NHCI +IP was added to the TTIP +IP
solutions, and the mixture was stirred continuously for another hour at room

temperature with a withdrawal speed of 10cm/min.

The PH and viscosity of the produced Ti(OH), precursor were measured and
recorded as 6.46 and 8.74cPs, respectively. The Ti(OH), coating was achieved
after 5 seconds of immersion time for each cutting insert specimen, at a continuous
withdrawal speed of 10 cm/min then dried at 335°C for one hour, and calcinated at
500 °C for 2 hours.

After the dip coating step, this technique produces a thin film that has strong
adherence to the substrate and reduces residual stress, reaction (3.1) was

represented about titania precursor preparation.

C12 H2804Ti +4C3 H7OH+4HC1—>T1(OH)4+4C3H7C I +C12 H24+4H20 ............. (3 . l)
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Titanium tetra- isopropoxide 0.7N-Hydrochloric acid (HCI)

TTIP+ Isopropanol IP sol A +Isopropanol IP sol B

Stirring fgr 30 min Stirring far 1 hour

Triethanolamine added

\7
Sol A add to Sol B Magnetic stirring for 30 min

Aging time 6 hour

Dipping 5sec

Drying at 335°C for two hour

Calcination at 500 °C for two hours
|

Film densification on a metal substrate

Figure (3.8): Experimental procedure for coating with TiO, layer

3.4.2. Al,O3 coating

The Al,O; coating films were created by dipping cutting inserts in alumina
hydroxide (AL,(OH)) sol, which was prepared by combining aluminum
isopropoxide IPA with using deionized water H,O, and nitric acid (HNO3). In
XRD results of IPA, peaks of 31.8958° 29.4008°, and 22.5604°, are matching
well with the JCPDS No. 12-0472 for AI(NO3).9H,0, as shown Figure (3.9) and
appendix A8.
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Figure (3.9): XRD for aluminum isopropoxide

The IPA:H,O:HNO; molar ratio was 1:60:0.1. The temperature was raised to
85°C and, 0.63 g of HNO; was added after one hour stirring of IPA+H,O solution.
The solution mixture was stirred continuously for two hours at 85°C with a
withdrawal speed of 5cm/min. The produced aluminum hydroxide precursor had a
PH of 5 and a viscosity of 8.11 cPs. In order for the hydrolysis to proceed, the sol-
gel precursor has to be aged for at least 12 hours. The Al,O5 layer was applied to
the insert in multiple layers by dip coating, at a constant withdrawal speed of 6
cm/min. Time immersion was used as (10, 30, 60,90)sec. After the immersion the
coating were dried at 355°C for one hour to reach the required film thickness, with
a 6°C/min temperature increase. The insert were then calcinated in a furnace for
two hours at 500 °C to achieve densification of the sol-gel layers. Figure (3.10)
explains the procedure for prepare coating and reaction (2) revealed into precursor

alumina preparation.

AI(NOg).9H20+2HN03+H20—>A1203+H2+02+N2 ......... (32)
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Aluminum isopropoxide H20
IPA
Stirring for one hour
Hydrolysis
Triethanolamine Heating Catalyst (HNO3)

Stirring for 90 min

Precursor

Aging time 12 hour

Coating of HSS inserts by dip

For 10 sec

Drying at 355 °Cfor one hour

Calcination at 500 °Cfor two hours

Film densification on the substrate

Figure (3.10): Experimental procedure for Al,O5 layer preparation and deposition.

A furnace of a maximum temperature of 1800°C, and a quartz tube with a
37mm internal diameter was employed in calcination process to give protection
under the argon gas. Figure (3.11) shows the dip coating device, while Figure

(3.12) shows the furnace used in this process.
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Figure (3.12): The furnace used in the calcination process

3.4.3. ZrO, coating

Zirconium 70 percent n-propoxide (Zr(OC3H7)4) as the zr source precursor
from, glacial acetic acid, ethylene glycol, and glycerol were used to prepare the
mixture. n-propanol was utilized to dissolve a 2.23 solution of zirconium(IV)
npropoxide as a Zr precursor. At a 1:1.7 v/v ratio, glacial acetic acid was added to
the precursor solution and agitated. In an ice bath, the solution was ultrasonically
sonicated for 25 minutes. Deionized water was added to the solution after 20
minutes of sonication. According to mechanical and high temperature testing, the
new ultrasonic aided sol-gel technique is an efficient way to create thin, well-
adhered ZrO, layers on the substrate. The resulting sol was chilled and matured for
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one day before rapidly spinning in the ethylene glycol and glycerol. The volume
ratio of H,O/CH,COOH was 1:2.5, while the volume ratio of
H,0/(CH,OH),/C3H5(OH); was 25.

To slow down hydrolysis and solvent evaporation, ethylene glycol and glycerol

were utilized. Impurities were removed from the support samples using an alkaline
solution of n-propanol, acetone, and distilled water. To promote adhesion between
the tool HSS surface and the deposited material, the samples were treated with
alumina, a thin alumina coating .
At a continuous withdrawal speed of 3 cm/min, the samples were dip-coated in the
sonocatalyzed zirconium sol solution. The coated HSS supports were then dried in
80°C vented oven. The method of dip-coating in zirconium sol was repeated three
times .

Then, using rate of heating of 6 °C/min, calcination for 2 hour at 500 °C. Figure
(3.13) demonstrates the steps at experimental procedure for coating with ZrO,

layer. Reaction (3) gives Zr precursor preparation.

C12H260,Zr+4CH;COOH+H,0—Zr(OH) 4+ Cy,H5+4CH;COOH+OH +4CH;COO
+4H,0........(3.3)
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Glacial acetic acid Zirconium (IV) Propoxide

The precursor was ultrasonically
sonicated for 25 minutes.

Sol was cooled

I
H,0 +Ethylene glycol+glycerol stirring at 90 min
25:1:1 volume ratio

l

Age one day

Dip coating
15sec

Dried at 80 °C

Calcination at 500 °C for 2hour|

film densification on the substrate

Figure (3.13): Experimental procedure for ZrO, layer preparation and deposition

Properties of the coating (TiO,, Al,Os, ZrO,), are demonstrated in Table (3.7)
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Table (3.7) :Physical properties of the substrate and coatings materials ASTM-

[91].

Properties HSS AlL,O; | TiO, ZrO,
Melting point 1620 2072 | 1843 2680
(°0)
Thermal 26 29 11.8 5
Conductivity
(W/m.k)
Thermal 11-14 4.5 8.4 9.7
expansion

1078/K

3.4.4. Viscosity and contact angle measurements

The viscosity of precursor was measured at room temperature with a
viscometer(LVmodel) having a rotating drum. Cone-plate viscometer BROOK
FIEID. Contact angle for each precursor was measured.

These are the function of the precursor viscosity [62]. After (10, 30, 60, and 90)
sec of immersion in low viscosity of each sol, the wettability of the HSS tool in
each (aluminum and zirconium) hydroxide sol solution was measured, while the
time immersion in titanium hydroxide was measured (5sec or 10sec).Vino for
Contact Angle Meter-CHINA Manufacturer was used. These tests were carried out
at the University of Babylon’s/ College of Materials Engineering.

3.4.5. Conditions of coating

The coating condition studied on the quality and thickness of the coating layer is
shown in Table (3.8).

Table (3.8): Coating conditions

Number of Coating layer | Immersion
layer type time (sec)
Monolayer Al,O3 10
Monolayer Al,O3 30
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Monolayer Al,O4 60

Monolayer Al,O4 90
Double layers | Al,O3+TiO, 10
Double layers | Al,O3+TiO; 30
Double layers | Al,O3+TiO, 60
Double layers | Al,03+TiO; 90

Triple layers ZrO,+Al,03+TiO, | 30

Triple layers ZrO,+Al,05+TiO, | 60

Monolayer ZrO, 30

3.5.Tests and measurements of coatings :

3.5.1. X-Ray Diffraction

X-ray diffraction XRD was used to identify the for the uncoated HSS substrate
,HSS coated with Al,O,, TiO,, ZrO, layer at a speed of 5 degrees per minute HSS
and 3 degrees per minute for each thin layer. When compared to the diffraction
data card (060696), XRD of the substrate HSS with the help of EDX analysis
reveals the elemental distribution to estimate the phases. X-Ray instrument type
(XRD), Shemadzu manufacturer, XRD dfractometer-XRD-7000, volt 40 kV,
current 30mAmp, tube Cu, at Irag Geological Survey was used. The detector was

moved during an angles of 26 = 10 to 90° degrees.

3.5.2. SEM-EDS Analysis

The microstructure analysis and the thickness measurement of coatings were
performed. Using FESEM, inspect F50, made in Nclher Land, at Nano Lab. In Al-
khora Company. The FESEM was equipped with an Electron Dispersive
Spectroscopy EDS detector to indicate Al, Ti, O, and Zr elements and other

elements.
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3.5.3 Atomic Force Microscopy Test

The goal of using this technique is to determine the integrity of HSS inserts both
uncoated and coated. The surface morphology of uncoated and coated HSS inserts
was studied and assessed before machining. Because of the tip's vertical mobility,
it creates a topographical image of the surface with an accuracy of a few um or
less. AFM was performed using Advanced angstrom (AA3000) Model made in
USA at the department of Chemical Science / College of Science /University of
Baghdad.

3.5.4. Hardness Test:

The hardness of the coatings was examined according to ASTM E384 standard
by using Vickers hardness with a load of (50g) for 10sec. A micro Vickers
hardness gadget with a diamond pyramid and square base, type Digital
MicroVickers hardness tester TH717, was used to conduct the hardness test. The
test was performed at the University of Babylon/ College of Materials
Engineering. For each specimen, the hardness value was recorded as the average of

three measurements.

3.5.5. Wear test and coefficient of friction

Pin-on-disc technique was used to conduct this test according to ASTMG9 .
Type MT4003 version 10.0 control and data collecting software for friction and
wear testing. The experiment was carried out at room temperature (32°C), for an
intervals of 15min and a load of 15N. The sliding velocity was(65m/min) and the
distance of sliding was (95m). The pin was a ball that is pressed against the
revolving disc. Martensitic steel ball with a hardness of (990 HV.) was used for
wear testing the cutting insert. The coated and uncoated inserts were subjected to
the wear tests. Weighing the specimens by a sensitive scale with an accuracy of
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before and after the test to calculate the weight loss was done. The wear rate of the

specimen is calculated according to the following equation [90]:

RW=Aw/2mrmt...................... (3.1)

Where:-

R.W:- wear rate (gm/mm)

AW:- weight lost (gm) which is the difference in weight of the samples before and
after the test.

t:- Sliding time (min.).

r:- The radius of the sample to the center of the disc (4mm).

n:- Disk rotational speed (250 rev/min).

3.5.6. Adhesion and scratch test for the coated inserts

The basic pull-off test to measure bond strength in accordance with ASTM
C633-79 [91] is the simplest test procedure in concept. In this tests a stud is
adhered to the coating using adhesive and ripped off using a force-recording
mechanical testing device in this test. The problem with this test is that the
maximum adhesive strength that can be measured. Surface tension of high-
performance adhesives is typically less than 100 MPa. In order to achieve this
amount of stress in a practical test, careful approaches must be used to increase
coating adherence and keep the force direction perpendicular to the sample. The
test was performed at the University of Babylon /college of materials engineering
via the adhesion test device Posi Test AT-M adhesion device, manufactured by
Defelsko Corporation (Figure 3.14) [6].Adhesion tests were performed for all types
of the prepared the coated inserts.
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Figure (3.14): Adhesion device ASTM D4541 pull-off test

A scratch test apparatus type, having a silicon carbide indenter, was used to
evaluate the moving indenter along the inspected specimen's surface. The test was
carried out with a continuously rising force to investigate coating adhesion to the
insert. The test was performed at the University of Babylon /college of materials
engineering. The test was performed according to ASTM D4541, the following
parameters were used in the tests: The penetrator travels at a speed of 1mm/s and a
distance of 4mm, with a load range of 5-30N [92]. Equation (3.2) was used to get
the scratch hardness. [16].

_4qw

Where q is a quality factor for ceramics and metals, and 2 is a dimensionless

variable. w: Newton's normal force, d: scratch width in millimeter.

3.5.7.Coefficient of thermal conductivity

The Hot Disk Thermal Constants Analyzer is a transient plane source (TPS)
thermal characterization tool. The Hot Disk sensor used is a heat source and a
dynamic temperature sensor in one. The measurement was carried out by passing
an electrical current through the sensor to raise its temperature by several degrees,
and then recording the increase as a function of time. The experiment was
conducted with the Hot-Disk TPS 500 model, Sweden. The device's specifications
are shown in Table (3.9). The following equation depicts heat transfer by
conduction [93].
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d
Qeona = —KAZ (3.3)

K=mc ip (2hp+ Rp)/(2Rp + 2hp) (3—:) (3.4)

7 (RB)2(v1-v2)
K: thermal conductivity coefficient (w/m.k).

m: mass of copper plate (0.824 kg).

C: specific heat capacity of copper plate.

hp, Rp: thickness and radius of copper plate.
Rg: cross section of specimen is 12.75mm.
v1,v2: voltage of thermocouple 1,2 at heating.
Av: difference in voltage at cooling.

At : difference in time at cooling.

Table (3.9): Specifications of the Hot Disk TPS500

Hot-Disk TPS500

0.03 to 100 W/m/K using standard isotropic method. 5 to 200 W/m/K

Thermal Conductivity using slab or one-dimensional methods

Measurement time 2.5 2560 seconds
Accuracy Better than 5% (thermal conductivity)
Temperature range -100 °C to 300 °C

The samples were prepared in a (12.75 * 12.75) mm? squire shape. The sensor
5501 TPS having a radius of 6.4 mm was used during the measurements. Hot-Disk
TPS 500 analyzer was used to measure the thermal conductivity for the sample.
The test was performed at room temperature (21 °C). Figure (3.15) shows the Hot-
Disk TPS and the sample. This test was performed at University of Anbar/ College
of Science / Department of Chemical Science .
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Figure (3.15): (a):Hot-Disk TPS 500, (b): sample coated HSS steel were used in
this test .

3.5.8. Coefficient of thermal expansion measurement (o)

Dilatometery is a technique for measuring a substance's dimensional change as a
function of temperature while it is subjected to a controlled temperature program.
This approach and the exact procedure are described in ASTM D 3386.
Dilatometer 101 is a bench top system that includes a furnace (for a wide range of
temperatures, including sub-ambient); a sample holder system (fused silica or high
alumina); a control / sample thermocouple; a sample displacement measuring
system (probe rod and LVDT sensor); and a furnace controller data acquisition
system (stores temperature and displacement data). Dil 101 is an excellent tool for
calculating thermal expansion coefficients (CTE). The test was performed at the
Unit 01, No. 8, 9th Andishe St, Andishe St, Motahari Ave / Iran. Figure (3.16)
shows the device and the HSS specimen. The dimension of sample 50mm in length

and the area of the cross section in 2.5 *2.5 mm?, as shown (3.16)-b.
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Figure (3.16): (a): the device of thermal expansition measurement, (b) the HSS

sample of test

3.6 Machining Test

The topic of this study requires initial requirements which contain three aspects :

e Measurement of the cutting tool wear due to the cutting operation.
e Measurement of the surface roughness of the machined work piece.

e Measurement of the temperature during machining

3.6.1 Machining Program

In this work, external longitudinal turning operation was used. The machining
experiments were performed via a turning machine type (MDAENb 1A616),
spindle speed 45-1800rpm, feed 0.065-0.91 mm/rev, total power 2.2KW at the
Training and workshop center/ University of Technology. The dry cutting
condition was used in all of the machining trials. For each of the three feed rates
(0.065, 0.165, and 0.265 mm/rev), three spindle speeds (355, 560, and 710 rpm)
were used. With the above spindle speeds and feed, three values for the depth of
cut (0.2,0.5,0.7 mm) were employed. The machining program was carried out
using coated and uncoated high speed steel inserts. The inserts used were rigidly

mounted on a tool holder type (TAK Holder) as shown in Figure (3.17). During
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the machining operations, measurements related to the width of the flank wear,

surface roughness, and machining temperature were recorded.

Figure (3.17): Tool holder type tak holder

3.6.2 Flank Wear Measurement

Cutting tool wear mechanisms are complex, involving a variety of interacting
variables that are connected together in a convoluted manner. Because flank wear
Is the most common type of wear, the width of the flank wear Vg was the primary
parameter examined in this study. According to ISO 3685 for carbide tools, a
maximum width of 0.3mm was utilized as a flank wear criterion for it’s tool life
[94]. Moreover, according to 1SO 3685:1993 for HSS insert, the maximum width
of 0.3-1 mm was utilized as a flank wear criterion [95]. The tool life was
determined using a one-minute time test. In this method the cutting conditions will
be continued for one minute, then the operation will be stopped to measure the
width of the flank wear. The process will be repeated under the same cutting
conditions and using the same cutting edge until the width of the flank wear
reaches its criterion limit. FESEM type (inspect F50) was used to determine the

flank wear.

3.6.3 Surface Roughness Measurement

For each cutting operation under the required cutting conditions, the surface
roughness of the coated, uncoated, and the carbide inserts were measured. Using
surface roughness tester type (TR200 hand-held roughness tester,
model TA620Stan and Co, by time group Inc.). All measurements were carried out

after the first minute of machining. In each case the sample was mounted on a flat
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base then the distance to be tested was appointed and the probe of the measuring
instruments was attached by special lever to the surface of the sample, after that the
instrument was switched on with continuous movement of the probe into front and
behind. The instrument registration board gives the roughness value (Ra) directly

and the maximum reading was recorded.

3.6.4 Machining Temperature Measurement

The machining temperature is a key factor that limits the productivity and
cutting speed and accelerates the cutting tool wear. The effect of machining
conditions on machining temperature was investigated. An infrared thermal
Imaging camera model Ti32 has been used during the machining operation to
measure the tip temperature of the tool to make better understanding of the
machining zone and coating effect. Temperature is measured at one spot, namely
tool-work piece contact area. Figure(3.19) shows the setup of the temperature

measuring process.

Figure (3.19): Set up of Temperature measurement
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3.6.5 Design of Experiments:

Design of Experiments (DOE) is an essential tool for engineers and scientists. The
wide range of (DOE) has improved the performance of processes and the
development of the new process. Taguchi orthogonal array of Program (Minitab
17) was used to investigate statistically the combined effect of machining variables
(cutting speed, feed, depth of cut) on the flank wear, surface roughness of the
workpiece, and the machining temperature. The designed experiments were

performed for each type of the prepared cutting inserts.
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Chapter Four

Results and Discussions

4.1 Introduction

This chapter presents and discusses all the results obtained from several tests
(physical, mechanical and machining tests of the coated and uncoated cutting
inserts) that were conducted throughout this work. This chapter can be divided into
three parts, The first part contains the best conditions for coating HSS with ceramic
oxides using the sol-gel process and to determine the majority of its qualities. The
second part reveals the characterization, mechanical, and physical examinations of
coating layers under ideal coating conditions. Finally, the third part points to dry
turning tests for coated HSS cutting inserts, after which Grey Relational Analysis
(GRA), based on the Taguchi Method, is used to determine the best machining

conditions.

4.2. Coating Conditions

This section, reveals the best conditions for coating HSS with ceramic oxides
using the sol-gel process and determines the majority of its qualities. These
conditions involved :viscosity, PH, and the aging period of the precursor, the
number of coating cycles, dispersions materials, immersion time, calcination
temperature, and dry temperature which have an effect on the layer thickness,

adhesion, surface roughness, and homogeneity for coating layer.

4.2.1. Dispersion type Effect

The FE-SEM surface morphology of the TiO, coating is shown in Figure (4.1).
The topographical features of the top coating surface at 500°C calcination
temperature, with a reasonable amount of ethanolamine added via hydrolysis
process, are shown in Figure(4.1)-a. The agglomeration nanocrystalline formations
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with cavities that developed from the segregation duplex in this image characterize
the surface during the condensation reactions. Figure (4.1)-b illustrates a more
uniform coating with no apparent cavities or agglomeration as a result of adding
the appropriate amount of triethanolamine TEOA during the hydrolysis process
and condensation condition (slow reaction). TEOA must have contributed to the

stability of the metal hydroxide gel in some way.

As a result, under typical conditions, uniform ceramic oxide particles were
generated. TEOA appeared to boost the pH influence on nucleation rate, resulting
in a wide range of size control. TEOA functions as a stabilizer of M ion against
hydrolysis to M in the alkaline range (OH). TEOA, on the other hand, is a term that
refers to the process of converting one thing into another. The conversion of
M(OH) to MO is inhibited. Third, TEOA controls the form of metal oxide. TEOA
has a lower PH than ethanolamine, which has a PH of 11.6 and a PH of 14.6.

TEOA also has a particle size that is larger than ethanolamine's particle size [96].

Figure (4.1): SEM image (a) TiO, coating with agglomeration,(b)TiO, coating

uniformity
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4.2.2. Viscosity Effect

Each coating precursor's effective dynamic viscosity (Titania, Alumina, and
Zirconia) was determined using a conventional method ( ASTM D7945-21). All of
the measurements in this investigation were done at room temperature, 31°C.The
coating was also non-uniform on the substrate steel, as shown in Figure (4.2). Non-
uniformity of the coating layer is due to a rise in precursor viscosity to 12 cPs. The
contact angle increases with increasing viscosity, although it plateaus at roughly 75
degrees above 10cPs. When the contact angle is less than 90 degrees, good wetting

occurs [97].

Figure (4.2): FE-SEM image of the non-uniformity of Al,O3 coating insert with a
viscosity of coating precursor 12cPs

The enhanced wettability behavior of the coating precursor can be explained by
the production of OH groups in precursor, which lead to bonding with the substrate
surface during hydrolysis [98]. The wettability of aluminum hydroxide precursor
on the substrate HSS was good in this study, with the viscosity of aluminum
hydroxide coating measured at 8.11 cPs after, as shown in Figure (4.3).
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Figure (4.3): FE-SEM image of HSS coated with good homogeneity coating insert
with viscosity 8.11 cPs of Al,O3 and 8.74cPs of TiO, precursors.

The magnitude of viscosity is selected for each precursor in the test when the
shear rate is more than (10) 1/sec and the speed is employed in the dip coating
procedure. As shown Figure (4.4). At speed 10cm/min in dip coating process, for
titania precursor, viscosity 8.74cPs, 72.66 1/sec shear rate. At speed 6cm/min in
dip coating for alumina precursor, 40.00 1/sec shear rate , equal 8.11 cP. Finally, at
speed 3 cm/min in dip coating zirconia precursor, 20 1/sec shear rate , 7.94cPs, see

appendix BL1.
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Figure (4.4):Relation between shear rate and viscosity for each precursor

Figure (4.5) revealed PH for each precursor dependent on value of viscosity for
each one. From obvious values of viscosity and PH for each precursor, coating

good distribution on HSS, can be obtained s shown in Figure (4.6).
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Zirconia Alumina Titania
precursor precursor precursor

Figure(4.5): PH of coatings precursors

Figure(4.6): Triplex layers TiO,/Al,O3/ZrO, coated HSS cutting inserts
4.2.3. Number of Coating Cycles Effect

The thickness of the layer grows with less homogeneity when four number of
coating cycles are run, resulting in the formation of cracks in the coating film on

the substrate, as shown in Figure (4.7).
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Figure (4.7): (a) FESEM image of TiO,/Al,Oscoating on HSS insert with three
numbers of coating cycles, (b) FESEM Image of a multilayer coating on HSS
insert with four numbers of coating cycles
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On the nano scale, atomic force microscopy allowed the preservation of surface
morphology. The AFM images of sol-gel coated cutting insert with multiple
coatings, Figure (4.8-a) has two coating cycles at 5 sec immersion time, while
Figure (4.8-b) has three coating cycles at the same time. According to Cadena et al.
[99], as the number of coating cycles grows, the number of particles on the

substrate's surface reduces while their size increases.
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Figure (4.8): AFM for multilayer coating (a) AFM topography of two number of
coating cycle, (b) AFM topography of three number of coating cycles

Figure (4.9)-a-b-c-d shows a distinct rise in surface roughness from 1.2 to 1.8

pum as the number of coating cycles grows, the distribution's homogeneity declines.
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Figure (4.9): (a) Average of surface roughness of coating with two numbers of
coating cycles, (b) Surface roughness of coating with three of coating cycles, (c)
degree of uniformity in distribution for two numbers of cycles, (d) degree of
uniformity in distribution of three numbers of cycles.

Figures (4.10) show FESEM micrographs of cross sections of TiO,/ Al,Os films
deposited on the HSS substrate. As shown in Figure (4.10)-b, coatings with the
four numbers of coating cycles having more cracks, non-homogeneous, and

higher thickness than those of three numbers of coating cycles. The number of
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coating cycles has greater impact on the thickness of the film than viscosity; this

agrees with previous study[97].

Figur (4.10) () Effect of two number of coatig ccles on coating Iyer, (b)
Effect of four number of coating cycles on coating layer

4.2.4. Aging Time Effect

As indicated in Figure (4.11), after 15 hours of aging for each coating precursor,
the thickness of the coating layer has increased, making it unsuitable for machining

operations, which reveals the effect of aging time for precursor.

coatinglay

Figure (4.11): Thlckness of multllayerAcoatmg T|02/AI203 after 15 days aging time
of the coating precursor.
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While the TiO,/Al,O3 layers were obtained with varied thicknesses (3.6, 5.2,
8.6) um at varied aging times for coating precursor ( 12 hours, 3 days, 7 days )
using two immersions each lasting 30 seconds, as shown in Figures (4.12), 3days

with a layer thickness of 5.2 um were deemed better acceptable for HSS machining
Processes.

Figure (4.12): Thickness of TiO,/Al,O; Douple coatings (a) after 12 hours aging
time, (b) 3 days aging time, (c) 7 days aging time
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4.2.5. Wettability Effect

After 5-60 seconds, contact angle tests are undertaken to determine precursors
wetting compatibility. Because of the differences in interfacial energy between
H.S.S substrate and precursor, evaluating their interactions is important. When the
contact angles of various drops for each precursor coating on HSS substrate and
another ceramic coating layer on HSS were measured, the titania precursor has

strong wetting ability on HSS with a contact angle of 27.266 after 5 sec.

After five sec, alumina precursor, exhibits poor wetting ability on HSS at a
contact angle of 90.0400. The wettability of the alumina precursor improved on the
titania layer coating that was deposited on HSS, and the contact angle reached
38.7750.

Also, wettability of zirconia precursor on alumina layer higher comparing
wettability of it on HSS. When contact angle between zirconia precursor and HSS
59.395and contact angle between zirconia precursor and coated HSS with alumina

35.038 at five sec immersion time , see Figure (4.13).

93



Chapter Four Result and Discussions

Alumina
precursor on HSS

Titania precursor on HSS

Alumina precursor Zirconia precursor
on coated HSS on HSS
with titania

Zirconia precursor
on coated HSS with
_alumina

Figure (4.13): Contact angles between substrates and coating precursors

At the same immersion time (5sec ), it can be noticed that the difference in
wettability among five types of specimen, that related to particle size, homogeneity
for each coating precursor added compatibility degree to the material of substrate

and coating precursor, as shown in Figure (4.14).
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The good wettability behavior of the coating solution can be explained by the
production of OH groups in solutions leading to bonding with the surface of the
substrate during the hydrolysis . The occurrence of cracks and separation in the
coating film may be attributed to reduction of OH group which required for

bonding with the substrate in accordance with the hydrolysis reactions[97].
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Figure (4.14): Contact angle® with different coating precursors

It is possible to investigate that the contact angle increases for each drop
precursor on HSS as immersion time in sec increases. This means that as the
Immersion period increases, the wetting ability between the precursor and the

substrate decreases. Figure (4.15) and Table (4.1) show this behavior.
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Figure (4.15):The relation between contact angle and immersion time for different
precursors on the HSS substrates

Table (4.1): Immersion time and contact angle for each precursor on HSS

Time sec | Titania Alumina | Zirconia
0 0 0 0
5 27.26604 90.04 59.395
10 43.93106 | 113.1379 | 65.889
30 60.86903 89.668
60 87.60409

4.2.6. Titania layer Effect

The scratch test shows that the monolayer Al,O3 coating fail at around 15 N with
a line of scratch width of 102 um, whereas the multilayer coating fails at 25 N with
a line of scratch width of 63.5 um, in agreement with Rezende et al. [1]. As a
result, the (douple layers TiO,/Al,O3) multilayer coating appears to have better
adhesion than the monolayer Al,Oslayer,which is consistent with D.Pakula et
al.[73]. Figure (4.16) show the scratch width for monolayer and multilayer coating.
To obtain a comparable coating adhesion value, multiply the normal force at the
time of coating detachment by the scratch hardness values to obtain the critical
load that near [100]. Table (4.2) shows that multilayer coatings have a higher
scratch hardness than monolayer layer.
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Figure (4.16): (a)FE SEM image of the scratched Al,Osmonolayer (b)
FESEM image of the scratched TiO,/Al,O; multilayers, (c) EDS spectrum from the
point one in (b), and (d) EDS spectrum from the point two in (b)
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Table (4.2): Mechanical and functional properties of uncoated and coated
monolayers, multilayers.

Coating layer Microhardness HV  Critical load Lc (N)  Scratch hardness GPa
| |

Monolayer 1046.1 15 0.374

Multilayer 1393.3 25 1.010

With suitable hardness

4.2.7. Adhesion test

The adhesive strength of the polymer utilized in the pull off test was at 94.78
MPa. Table (4.3) shows the results of the adhesion test and the coating thicknesses,
Figure (4.18) shows FESEM for coating at different time immersion with the
thicknesses. Figure (4.17) provides surface tension values for coating and failure

position.

Table (4.3): Coating conditions

Layer number Coating layer Immersion time (sec) for each Adhesive Thickness
type coating precursor Strength MPa layer um

Titania Alumina Zirconia

precursor | precursor precursor
MAS Al203 5 10.65 2.707
MA30 Al203 30 1.14 6.165
MAGO0 Al203 60 0.94 11.6
DAT10 Al,O3+TiO; 5 5 21.31 3.666
DAT 30 Al,03+TiO, 5 25 86.59 5.027
DAT 60 Al,O3+TiO; 5 55 23.55 17.006
DAT90 Al,03+TiO, 5 85 18.71 22.985
TZAT30 ZrOx+AlO3+TiO2 | 5 10 15 93.60 6.350
TZAT60 ZrO,+Al,03+TiO; 5 25 30 24.29 11.613
TZAT90 ZrOz+Al;03+TiO; 5 40 45 19.47 19.433
MZ10 ZrO; 10 11.12 4.577
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Maximium adhesive strength was recorded for multilayer deposition, as marked
in Table (4.3), appropriate for achieving good adhesion with thickness layers of
6.350 um. Increasing immersion duration resulted in decreasing of adhesion and
increasing of layer thickness. This is attributed to wettability, which decreased as
Immersion time increased indicated by the rise in contact angle [101]. With out
layer, the monolayer alumina layer has the lowest adhesive strength. When
compared to another specimen with similar wettability on HSS, Al,Os; has the

lowest adhesive strength (0.94), at 60 sec immersion time.

Al203, 30 'sec

Two layér , 10 sec

>/
Two lay€rs, 60:secg#

Three'layers, 30/sec

Three layers, 90
sec

Figure (4.17): Adhesion test
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Figure (4.18):FE SEM images of different coatings
The wettability of the Al,Osprecursor was improved on the TiOlayer coating
that was deposited on HSS, and that effected by an immersion time. At 30 sec
total immersion time, the wettability of the alumina precursor improved on the
titania layer coating that was deposited on HSS , when the contact angle reached
38.77°, shows Figure (4.19). While at the immersion time 90 sec, the TiO,layer
had poor distribution on HSS, as shown in Figure (4.20).
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Figure (4.19): Coated HSS at specify of use conditions of coating

Figure (4.20) Immersion time effect on adhesive and homogeneity coating layer

From the aforemtioned results, can be found that the best conditions for coating
of HSS with ceramic oxides using the sol-gel process, to obtain thickness of
multilayer good adhesion without exceeding 5-6 pm that acceptable in machining,
the inserts were calcinated for two hours at 500 °C with a 6°C/min temperature
increase of the furnace, are shown in Table (4.4).
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Table (4.4): Ideal coating conditions for coating of HSS cutting insert with ceramic
oxides by sol-gel process

Type of Viscosity | Aging PH Number | Immersion | Dry Dispersion
coating cPs time of time (sec) | temperature | type
precursor Hour coating
cycles
Titania 8.74 6 6.46 | 1-2 5 100-355 °C TEOA
precursor triethanoami
ne
Alumina 8.11 12 583 |2 10 100-355°C TEOA
precursor triethanoami
ne
Zirconia 7.9 24-48 487 | 2-3 15 195—290 °C | ethylene
precursor glycol and
glycerol

4.3. Characterization of the Coatings:

In this section, metallurgical examination, physical and mechanical tests were
performed on the best multilayer coating (two and three layers) which have good
adhesive strength (89.56, 93.60) MPa with acceptable thickness in machining (5-
6)um. Furthermore, it was investigated the attributes of each monolayer coating:
Al;Os layer, ZrO, layer with highest adhesive strength (10.65,11.15) MPa. All of

this is based on mentioned conditions of coating in Table (4.4).

4.3.1.Metallurgical Examination
4.3.1. 1. HSS

Figure (4.21) depicts the morphology of the substrate, which contains many
precipitates in the matrix to provide high strength for this type of the H.S.S tool.
Figure (4.22) reveals peaks associated with Fe, W, Mo, C and O that are mostly

visible in the substrate region.
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Figure (4.21): FE-SEM image for the surface of uncoated insert

Spectrum: Acquisition 4998

El 2N Series umn. C nomm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Fe 26 I-series 45.86 66.66 51.25 5.27
O 8 K-series 5.47 7.95 21.34 0.74
Cr 24 L-series 4.06 5.91 4.88 0.67
W 74 M-series 3.57 5.19 1.21 0.21
Mo 42 L-series 3.43 4.99 2.23 0.22
C 6 K-series 2.68 3.90 13.93 0.41
Tl 81 M-series 1.67 2.42 0.51 0.13
S5i 14 K-series 1.11 1.61 2.47 0.09
Al 13 K-series 0.94 1.37 2.18 0.08

Total: ©8.80 100.00 100.00

Figure (4.22): EDS spectrum from the substrate region of the insert
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4.3.1.2.TiO2

Figure (4-23)-a shows the nano-layer of titania with high adherence on the
substrate, titania achieves good adhesion on the substrate and ignore mismatch
between the substrate and the alumina + zirconia layer that agree with the study
of Rezende et.al, [1]. Cross section of the TiO, thin coatings deposited on substrate,

Is shown in Figure (4.23) -b.

(a)

Figure (4.23):FE SEM image of TiO, coating after calcination for two hour at
500 °C, (a): for surface, (b): for cross —section

Figure(4.24)-a shows a FESEM image of a TiO; layer which formed after two
immersions for 5 sec. Peaks of Ti and O may be seen in the coating zone,

indicating that the TiO; coating has been applied in Figure (4.2 4) -b-c.
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HSS substrate

Titania layer

cps/eV

“kev

Spectrnan: Acguisition 4486

El AN Series wm. C norm. C Atom. C Error (1 Sigma)

[wt .%] [wt .%] [at.%] [wt.%]
O § K-scries ©69.55 €9.55 87.24 13.47
Ti 22 Irseries 30.45 30.45 12.76 10.41

Total: 100.00 100.00 100.00

Figure (4.24): (a)FE SEM image of the TiO; layer (b)cross section of coated insert
(c) EDS spectrum from the TiO, coated region of the insert.
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4.3.1.3.Al203

After 500°C calcination for two hours, the Al,Oslayer is shown in Figure (4.25)-
. Figure (4.25)-b shows that the alumina layer is deposited unevenly with cracks. a
layer of alumina just with many cracks due to the layer's lack of adhesion and

mismatch in physical attributes with the substrate.

Figure (4.25):FESEM of Al,O3 after calcination for two hour at 500 °C(a-b): for
surface, (c): for cross —sectional
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FESEM image of the Al,O3 layer which formed after three immersions for 15sec
Is shown in Figure (4.26)-a . Peaks associated with Al and O are mostly visible in
the coated region, showing that the substrate tool is coated with alumina. See

Figure (4.26)-b-c.

b
alumina lay

-
A
N

01 cps/eV.

50+

0.5 1.0 1.5 2.0 2.5 3.0
kev

Spectrum: Acouisition 4007

Bl AN Series urm. C norm. C Atom. C Erxrror (1 Sigma)

[wt.%] [wt-%] [at.%] [wt -%]
O 8 K-series 20.44 72.75 83.39 a.64
Al 13 K-series 6.12 21.79 14.81 0.4a7
Fe 26 K—series 1.4s8 5.26 1.73 0.71
Ti 22 K-series 0.06 0.20 0.08 0.09

Total = 28.09 100.00 100.00

Figure (4.26): (a) SEM image of the Al,O; coating (b)cross section of coated
insert, and (c) EDS spectrum from the Al,O; coated region of the insert
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4.3.1.4.ZrO>

Figure (4.27) shows the morphology for the surfaces of the coated insert
monolayer ZrO, at 500 °C for two hours shows growth of agglomeration circular
particles. Comparing between the present study and S.K.Tiwari image of ZrO,
layer heated at 500 °C for two hours from povious study [102] is also presented in
Figure (4.27)-d .

P o LG 5 SRR b GA . . st LY
8/1/2021 HV [magO WD |[mode spot ——10pm
3:01:14 PM 30.00kV| 7000x 148 mm| SE 35 Inspect F 50 FE-SEM

i ¢ T — e —

Fir.): Smicrf ZrO,based coatings for two hours at 500
°C (a-b):for surfaces, (c) : for cross-section, (d): ZrO; layer in previous study
[102].
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FESEM image of the ZrO, layer. After two immersions for 10 sec, the

ZrO,layer was formed as shown in Figure (4.28). Peaks associated with Zr and O

are mostly visible in the coated region.

Spectrum: Acquisition 4440

El AN Series um. C noxm. C Atom. C Error (1 Sigma)

[wt .%] [wt .%] [at.%] [wt .%]
O 8 K—series 91.47 o1.47 98.39 AB.d2
Zxr 40 L—series 8.53 B.53 1.61 0.89

Total: 100.00 100.00 100.00

Figure (4.28): EDS spectrum from the ZrO,coated region of the insert surface
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4.3.1.5. Multi- layer coating
4.3.1.5.1. Douple layers
The FE-SEM image of the multilayer (TiO,/Al,O3) coatings on the HSS insert

Is shown in Figure (4.29). The coating thickness was also measured of 4.5-5.5 um

using a FESEM, this thickness is acceptable for machining with high-speed steel
according the research [103]

-4,

51212 T HV mag O] WD
11:12:10 AM |30.00 kV| 8 000 x | 9.1 m

Alumina layer Titania layer

HSS substrate

1
mode spot
SE 3.0

Figure (4.29): FE-SEM images of the douple layers coating, (a): for surface, (b):
for cross —section
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The EDS spectra of the substrate and coated portions of the tool are exhibited
in detail from the coating region. The peaks of Ti and O confirm the deposition of
TiO, directly on the substrate in the titania layer region, the peaks of Al and O
demonstrate the deposition of Al,O; Figure (4.30)-a-b. In Figure (4.30)-c, the
maxima of Al, O, and Ti at the interface between two layers, indicating that Al,O3
and TiO, layers were deposited and the diffusion occurred between them,

respectively. Figure (4.30)-d shows the elements of W, Cr, and Fe in HSS in the
substrate region.

Spectnan: Acguisition 4451

El AN Series um. C©C norx¥m. C Atom. C Error (1 Sigma)
[wt.%] (wt.%] [at.%] [wt.%]

Fe 26 IL—s=eries 41.42 41 .42 24.12 11.62
O 8 K-series 27.70 27.70 56.31 > €.96
Ti 22 L—se . 18.18 18.18 12.35 8.54
Lo
w

“r 24 Lese = 11.086 11.06 5.92 5.72
74 M-series 1.63 1.63 0.29 0.46

Total: 100.00 100.00 100.00 a

Figure(4.30): EDS spectra from the coated regions in the cross section of the
insert, (a) region of TiO.layer, (b) region of Al,Oslayer, (c) region of the interface
between two layers, (d) region of substrate HSS
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cps/eV

1.0

0.5 1.0 1.5 2.0
keVv

2.5 3.0 3.5 4.0

Spectrum: Acquisition 4496

El AN Series um. C norm. C Atom. C Error (1 Sigma)

[Wwt.®] [wt.®] [at.%] [wt.%]
O 8 K-series 95.81 95.81 97.47 19.37
Al 13 K—series 4.19 4.19 2.53 0. 71

Total: 100.00 100.00 100.00

Continue Figure (4.30)
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cps/eV

0.5 1.0 1.5 2.0

) 25 3.0 35 4.0
keV

El AN Series um. C normm. C Atom. C Error (1 Sigma)

[wt.5] [wt.%] [at.%] [wt.%]
O 8 K-series 66.50 66.50 84.97 16.87
Ti 22 I-series 31.29 31.29 13.36 16.82
Al 13 K-series 2.20 2.20 1.67 0.56

Total: 100.00 100.00 100.00
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ey

Speotrun! Aocpadisition 4453

El AN Saries uumn. C noem. C Atom. C Ervrrror (1 Siggmm)

[WE.%] [Wt.%] [At.%] [Wt.%]
Fo 26 Leseriea 81.67 81.67 67.28 17.80
O B Kesariss 9.34 9_.34 26.85 3.27
Cr 24 leoeries 5.71 .71 5.085 3.61
W 74 M-sories 3.29 3.29 0.8z 0.70

Total: 100,00 100,00 100,00

Alumina layer

~ .

Continue Figure(4.30)

Relevant peaks of the chemical elements C, Cr, and CO, as well as additional
peaks characteristic of the Ti, Al, and O elements, related to the multilayer coating

chemistries, can be seen in the EDS collected from the multilayer coated portion

117



Chapter Four Result and Discussions

of the insert, as shown in Figure (4.31)-a-b. Peaks of Ti, Al, and O are found in the
coating region, confirming the presence of TiO, and Al,O; layers on the tool's
surface.

x 0.001 cps/eV

250

150 1 '
g

3.0 3.5

Spectrum: Acquisition 4083

ElL AN Series um. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt .%]
O 8 K-series 94.87 o4.87 97.00 17.25
Al 13 K-series a.70 a4.70 2.85 0.53
Ti 22 K-series 0.43 0.43 0.15 0.29

Total: 100.00 100.00 100.00

Figure (4.31): (a) SEM image of douple layers coating top surface; (b) EDS
spectrum of douple layers-coated tool region
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Figures (4.32) a-b show FESEM image of a multilayer coating applied on an HSS
substrate, as well as EDS spectra taken in the cross section of coated insert areas.
The coating had good adherence to the HSS substrate. Diffusion and chemical
bonding are most likely the bonding mechanisms between the Al,Osand the

substrate according obvious research [97].

The EDS spectra of the substrate and coated portions of the tool are shown in
detail, from the coating region, peaks of Al ,O and Ti, O are present, confirming

the deposition of Al,O3 layer and TiO, layer respectively.
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Caoting two layers

Ti
Map data 212
MAG: 708x HV: 10kV WD: 16.3mm

Figure(4.32): (a) EDS spectra from the douple layers coated regions of the cross
section of the insert,(b) SEM picture of the douple layers coating
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4.3.1.5.2. Triplex layers

Figure (4.33) shows the image of TiO,, Al,O3, and ZrO, triplex coating

respectively, that confirmed good adhesion of the layers and a low porosity

: na‘nc\rlayer with less crack
and good distribution

~

Figure (4.33): FE-SEM images of the triplex coating, (a): SEM cross —sectional
image (b): Image of surface for TiO,/Al,Os/ ZrO,, (c): Surface SEM image for
Zirconia microstructure
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The EDS spectra of the substrate and coated portions of the tool are exhibited in
detail from the coating region. The peaks of Ti and O confirm the deposition of
TiO, directly on the substrate in the titania layer region, the peaks of Al and O
demonstrate the deposition of Al,Os, as shown in Figure (4.34)-a. In Figure (4.34)b
shows the maxima of Al, O, Zr and Ti at the interface between two layers Al,O3—
TiO,, Al,O3-ZrO, indicating that ZrO,, Al,Osz and TiO, layers were deposited and
the diffusion occurred between them, respectively. Figure (4.34)-c shows the peaks

of Zr and O confirm the deposition of ZrO, directly on the alumina layer in the

zirconia layer region.

Spectrum: Acquisition 4498

El AN Series umn. C nom. C Atom. C Error (1 Sigma)

[wt.%] [wt.%3] [at.%] [wt.%]
O 8 K-series 9.77 94.77 96.83 22.20
Al 13 K-series 5.23 5.23 3.17 0.99

Total: 100.00 100.00 100.00

Figure(4.34): EDS spectra from the coated region of the cross section of the insert,
(a) region of Al,Oslayer, (b) region of the interface between TiO,-Al,O3 layers and
region of the interface between Al,Os—ZrOslayers, (c) region of ZrO.layer
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Spectrum: Aoqrisition 4505

EL AV Series um, Cnom. C Atom, C Brror (1 Siqe)
(b5 [£.5] [at.4) [v.4]

It 4 Irseries 2,78 6059 27,97 1.3
08 Koertes 812 260 56,06 182
L2 Iseries 6017 1640 142 249
AL Koeries 043 141 217 0.09

Total: 37,60 100,00 20000

Spectrum: Acguisition 4497

El AN Series umn. C nomm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

Zr 40 L-series 18.32 64.26 23.97 .
O 8 K-series 10.19 35.74 76.03 2.57

Total: 28.52 100.00 100.00

Continue Figure (4.34).
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To determine the elemental distribution of cross sectional image for the three
layers, EDS mapping were performed. The results were summarized in Figure

(4.35), which shows the spatial distribution of Zr, O in ZrO, layer, Ti, Al, and O

diffusion between the three layers.

selfos= = M B =

Figure(4.35): EDS mapping of prepared cross sectional sample triplex layers
coated insert
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4.4.X-Ray Diffraction

X-ray diffraction (XRD) analysis was used to identify the phases for the
substrate, at speed 5 degree per minute. XRD pattern of the substrate with the help
of EDX analysis reveals the elemental distribution of the phases. Figure (4.36)
shows the XRD pattern of standard tool steel substrate (Fe base, 4%Cr, 6.8%W,
5.3%Mo, 1.03% C). The mean strong peaks at 22.3°, 44.8" and 64.9° are matching
with the standard JCPDS No. 00-041-1224 of chromium iron (Cr-Fe). While the
other diffraction peaks are excellent matches with the standard JCPDS No. 01-078-
1990 of Iron Tungsten Carbide (FesWsC). These results are in close agreement
with the results of the other work[104, 105]. See appendix B2

4000

] + A FesWsC
3500 - ¢+ Cr-Fe
3000 -
— 2500 -
X
= 2000
7
=
£ 1500 —
1000
] A
500 - A 5
4 2 A A A i & A
0+ = - ~ T - T e T - T - 1
20 30 40 50 60 70 80
20(°)

Figure(4.36). XRD pattern of tool steel HSS.

Figure(4.37)-a-b shows the XRD pattern of TiO, coating layer on a tool steel
substrate, at speed 3 degree per minute. From the figure, it can be seen that most of
the diffraction peaks of the tool steel substrate sample appeared. With addition
diffraction peaks at diffraction angles of 27.69°, 36.43°, 42.67°, 54.45°, 62.8° and
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70.03°. Those results are excellent matches with the standard JCPDS No. 01-078-
1510 of the rutile TiO, phase[106]. Figure (4.37)-a shows a two-hour calcination

at 650°C, while Figure (4.35)-b shows a two-hour calcination at 500°C. As shown
appendix B3

‘ ZU
Rutile TiO2 .
35004 a & ® FeiWiC b A& Tice
‘{'r-]":‘
3000 - ® Te3Wad
150

2500 & & CrFe
g 32
>2000{ & £
W wn 100
c . s
£ 1500 € ®
- . . - &

1000 50 .

a ’ 4a
500 - a® A
M X
04 ‘ 0 T T
20 30 40 10 20 30 4 50 80 70 80
26(°) 26(°)

Figure (4.37): XRD of TiO, coating , (a): calcinated at 650 °Cfor one hour,(b):
calcinated at 500 °Cfor two hours

Figure(4.38) shows coated specimens the XRD analysis of Al,Os. The intensity
peaks were observed in the pattern matched with FesW5C and Fe-Cr composite and
agree with the JCPDS No. reference pattern file of them. The X-ray diffraction
peaks of 24.3°, 33.3°, and 49.6°, are matching well with the JCPDS No. 00-034-
0412 for Iron Chromium Oxide. The results showed the presence of one peak of -
Al,O; at a diffraction angle of 37.6°, 44.8°, and 66.7° and this result corresponds to
JCPDS No. 00-29-0063[107]. See appendix B4
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Figure(4.38):XRD of Al,O3; coating,(a): calcinated at 650 °C for one hour,(b):
calcinated at 500 °Cfor two hour

Figure (4.39) shows the XRD pattern of ZrO, coated specimen . The results
show that most of the diffraction peaks are due to Fe-Cr oxide with high diffraction
intensity at angles. This behavior is repeated in most Al,O3 coating due to the
presence of an abundance of iron in the alloy, each layer that was deposited on the

substrate was extremely thin (2 um).

The results indicate that multi diffraction peaks appear at angles 27.5°, 35.1°,
and 42.8° matches with the standard JCPDS No. 00-041-0017 of cubic ZrO;
[108]. At 650°C calcination temperature, the iron Chromium Oxide appeared with
peaks of 24.3°, 33.3°, and 49.6°, these are matching well with the JCPDS No. 00-
034-0412. See appendix B5.

127



Chapter Four Result and Discussions

8500 - ® . - 3500
FelCr

6000 - A . Rz b

5500 a ®FeIW3C 3000 -

#&FeCr oxide F A 702

A& FeCr

5000
4500 @ FeW3C
£ 4000
2 3500
@ 3000
7]
E 2500 a
2000 < ‘ A ‘

1500 4 ° @
Fy
1000 4 as A » 500 ] & & [ ]
500 - L ® . ‘ bt e

0 0

T T T T T T 1

20 30 40 50 60 70 80 80 20 30 40 50 60 70 80 20
26(°) 26(°)

Intensity%

Figure(4.39): XRD of ZrO, coatings, (a): calcinated at 650 °Cfor two hour,(b):

calcinated at 500 °Cfor two hour

4.5. Surface Roughness

Figure (4.40) shows the AFM maps of the structured surfaces. Table (4-5) shows
the surface roughness and the average of the particle size for each coating layer,
see appendix B6-B8. In Al,O3; coated monolayer insert, the resulting layer is
nanoparticles and some uncovered areas can be noticed in Figure 4.40 -a. The
image (4.40)-c shows how the deposition of a double layer reduces the existence of
unprotected areas. For coated inserts with triplex TiO,/Al,Os/ ZrO, the image
displays high homogeneity and good distribution, as well as minimal surface
roughness compared with another inserts. The surface roughness for the coated

two layers insert has less value 15.5nm, see Figure 4.40 -d.
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Table (4.5): Surface roughness and average of the size for monolayer, multilayer
coated, and uncoated cutting insert.

Type of tool Surface Average
roughness Ra particle size
(nm) (nm)

Monolayer coated/ 48.4 89.38

A|203

Monolayer coated 23.3 69.73

TiO;

Monolayer coated 18.5 84.36

ZI'Oz

Douple layers coated/ | 15.5 72.31

TiO/Al,O3

Triplex layers coated/ | 14 71.36

TiO2/Al03/ZrO;

Uncoated insert 37.6 90.86

agglomeration Incompleted
- particales

Figure (4.40): AFM (a): for (Al,O3), (b): (TiOy) (c): for (Al,03/TiO,), (d):
for TiIO,/AlL,O3/ ZrOy, (f): for (ZrOy) (e): for HSS
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Continue Figure (4.40)

In Figure (4.41)-e describs the distribution for the deposition particles on
the substrate HSS insert. When compared to another layer put on the substrate,

Ti0,/AlL,03/ZrO, was deposited on the cutting insert with a high distribution.

Granularity Cumulation Distribution Chart
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Figure (4.41): Degree of uniformity in distribution, (a): for TiO2/Al,03 ZrO,(b)
for TiO,, (c) for Al,O3
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Continue Figure (4.41)

4.6. Physical tests

4.6.1. Coefficient of thermal conductivity

Thermal conductivity of the ceramic coatings was measured using the
transient plane source (TPS). Generally, thermal conductivity of the ceramic
coating are significantly lower than that of the bulk HSS. Triplex layer
(TiO4/Al,04/ZrO;) coating has the lowest thermal conductivity and thermal
diffusivity ( measured at 21°C at room temperature ( 10.53W/m.k, 2.799 mm”"?/sec

respectively).

Thermal conductivity and thermal diffusivity of Al,O3; and TiO, coating
layer at room temperature was measured to be (13.99W/m.k, 5.376mm~?/sec for
alumina and 11.47 W/m.k, 4.932mm~?/sec for titania respectively ) which was
higher than that of monolayer ZrO, (9.640W/m.k, and 0.1866mm”\?/sec).

Although pores could be counted as defects and have deteriorating effect on
hardness, a certain quantity of pores are required to enhance the thermal resistivity
and mechanical compatibility of coatings[109]. Andi M.Limarge et.al. referred into

Al,O3 exhibits lower level interconnected porosity compared to ZrO,. Therefore
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thermal conductivity for mono layer ZrO, coated insert less than multilayer coated
insert, see Figure (4.42). This result near the Andi M.Limarge et.al. [108]
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Figure (4.42): (a)Transient graph of thermal conductivity; (b) Thermal
conductivity of specimens.
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4.6.2. Coefficient of thermal expansion

Figure (4.43)-a-b demonstrated that the average thermal expansion
coefficient of the titania ceramic coating is generally quite close to the thermal
expansion coefficient of the bulk HSS (11*10°, 13 *10° 1/K) approximately.
While alumina ceramic coating and zirconia ceramic coating have (3.652*10° ,
3.752*10° 1/K ). That confirming titania coating in significantly eliminate the
mismatch in physical properties between the metal alloy HSS and another ceramic

coating which deposited on it.
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Figure (4.43): Coefficient of thermal expansion,(a): for HSS, (b): forTiO, (c):
forAl,Os3, (d): for ZrO,
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Continue Figure (4.43)
4.7. Mechanical test
4.7.1.Micro-hardness

The results from surface micro hardness of the substrate and coated inserts are
shown in Figure (4.44) at 40X. Three layers coated inserts have the ability to
improve a surface's micro hardness. These results can be attributed to the good
adherence and uniform distribution of ceramic oxides deposited on the cutting
insert. The hardness of the (monolayer Al,O3) cutting insert is lower than those of

douple or triplex coating.
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Figure (4.44): Hardness test and results 40X

4.7.2. Wear rate and coefficient of friction

The effect of the multilayer on the wear rate was studied at load (15N)for a
period of 15 minutes. Due to high hardness of zirconia and alumina coatings
(1160, 1046 HV respectively), and their good adhesion on HSS substrate, and
highest hardness (1534 HV) of titania coating, coated inserts with three layers
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essentially have the lowest rate of wear compared to uncoated, monolayer, and two
layers coated inserts. Figure (4.45) shows that wear rate of uncoated insert is
maximum but as douple and triplex layers coated insert wear rate is drastically
reduced and it further drops down.
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Figure (4.45): Wear rate test for uncoated insert and coated insert

Figure (4.46) shows a deep and wide wear track; the lamellar debris of uncoated
insert that delamination happens through wear tests. In contrast coated insert could
have less wear rate due to prevent the generation of excessive heat through the
wear test; thus, a smooth surface along without plastic deformation and with fine
grooves can be observed in the SEM image.
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Figure (4.46): SEM micrographs of wear track of coated and uncoated inserts

The behavior of the coefficient of friction (i) for uncoated and coated inserts
versus sliding distance is shown in Figure (4.47).

The multilayer coated HSS has slightly lower initial friction coefficients
than those of uncoated HSS. The friction coefficient for an uncoated insert was
0.59, while they were 0.12 and 0.25 for coated inserts with three layers and two
layers, respectively. This mutation has been linked to a high level of chemical
inertness [1]. In addition, the ceramic coatings have a decreased thermal
conductivity, a good adhesion test for triplex and douple layers (93.6 and 89.56
Mpa, respectively), and a minimum surface roughness of 14,15.5 nm from obvious

examination.
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Monolayer Al,O5; layer, on the other hand, has the highest friction value
when compared to an uncoated insert, which is associated with weak adhesion of
10.65 MPa and non-homogeneous surface roughness of 48 nm.

Despite having a minimum adhesive strength of 11.15MPa, ZrO, has a friction
coefficient of 0.46, which is lower than monolayer Al,O3; and uncoated inserts due
to their low surface roughness of 18 nm. The behavior of the coefficient of friction
(u) for uncoated, Al,O3; TiO, and multilayer coating cutting insert (TiO, /Al,03),
(Ti02/Al,03/Zr0,) versus sliding distance is shown in Appendix B9.
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Figure (4.47): Coefficient of friction versus sliding distance.
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Figure (4.48) shows the coefficients of friction at 15 min for uncoated and

coated inserts that agree with the study of Rezende [1].
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Figure (4.48): Coefficients of friction for cutting inserts
4.8. Machining Test
Three cutting velocities (56, 88, and 112 m/min) for each of which three feeds
0.065, 0.165 and 0.265 mm/rev were used with the three depths of cut (0.2, 0.5,
and 0.7mm) as shown in Table (4.6).

Table (4.6): The cutting parameters and their levels for coated and uncoated
cutting inserts

Parameters Coded/Actual levels
1 2 3
Cutting velocity (m/min) v 56 88 112
Feed (mm/rev) f 0.065 0.165 0.265
Depth of cut (mm) t 0.2 0.5 0.7

The experiment was planned by considering three levels for each of the three input
process parameters. The selected responses were the tool life, the surface

roughness, and the cutting temperature.
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The machining experiments were designed for each cutting insert(uncoated, coated
monolayer Al,O3; with 10.65 Mpa adhesive strength at 5 sec immersion time,
TiO,/Al,O; coated insert at 30 sec immersion time with 89 MPa in adhesive
strength, and TiO; /Al,O3; /ZrO, coated insert at immersion time 30 sec with 93
MPa adhesive strength ), based on Taguchi L9 orthogonal array via Mintab 17
software.

Then, to determine the degree of improvement achieved for coated HSS inserts,
it compared to carbide inserts under the same machining conditions. The maximum
wear width of carbide cutting insert was (0.3 mm) utilized as a flank wear criterion
ISO 3685.

4.8.1.Tool life

Field emission scanning electron microscope type (inspect F50)was used to
measure the width of the flank wear. The tool life was measured according to the
flank wear criterion. A maximum flank wear width of 0.4mm was considered as
the criterion of the tool life [95].

Figure (4.49) is evident which depicts FE-SEM of the machining zone that
excess in width of wear with uncoated HSS insert and monolayer coated insert
compared with multilayer coated HSS insert at the final minute which exceed

0.4mm flank wear.
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Figure (4.49): The evaluation of maximum flank wear at failure minute during
machining
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Continue Figure (4.49)
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Figure (4.50)represents examples for the method used for estimating the tool life
according to used machining conditions. The results showed that the maximum
tool life was recorded for the multilayer (triplex) coated HSS insert. This is
attributed to the good chemical inertness, low friction coefficient (0.12) and good
adhesive strength 93.60 MPa, good wear resistance, high hardness (1534.6) HVand
lower thermal conductivity of the ceramic coating ( 10.53 W/m.K) [109].
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Figure (4.50): Estimation results of the tool life for the coated and uncoated HSS

cutting inserts
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Table (4.7) demonstrates the width of the flank wear through the machining time
up to the criterion width. Also, the estimated tool life of each tested tools were
recorded. It is clear that the minimum wear can be noticed for the triplex layer
coated insert while the highest at the monolayer coated insert considered for all of
the machining conditions. The increase in cutting velocity and feed leads to an

increase in wear width along the lateral surface.

For machining with monolayer coated inserts the time to reach VB = 0.4 mm
was 2.6 min or less depending on the cutting speed. For uncoated insert, the time to
reach VB=0.4mm was about 2.9 min or less depending on machining parameters.
But for the two and three layer coated insert, the machining time increases to

approximately 5.1 and 5.8 min respectively.

Monolayer coated HSS inserts have the minimum tool life compared with the

other inserts at the same condition. This is due to it is high coefficient of friction
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(0.69), less homogenous in coating particles and in distribution, lack adhered for

monolayer on substrate.

Flank wear was caused by friction between the flank face of the cutting insert
and the machined surfaces. When the surface of the HSS cutting inserts was coated
with ceramic oxides which had a low friction coefficient and anti-adhering
property, low thermal conductivity, high hardness, low wear rate, lead the
adhesion of workpiece on the cutting edge can be suppressed therefore decreasing
cutting resistance.

Reduced formation of built-up edge led to maintain the sharpness of the edge,
and thus improve the machinability and the quality of the work materials. Coated
HSS insert perform better than uncoated HSS insert due to the reduction in friction,
In generation heat, and in cutting forces, also reduction in the diffusion between the
chip and the surface of the tool, especially at higher speeds (the coating acts as a

diffusion barrier).
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Table (4.7 ) Wear width and tool life of cutting inserts

Wear width um Wear width um
Ex uncoated insert monolayer

Wear width pm Douple layers Wear width um Triple layers Tool life (F) min

91.03 235.7 402.2 159.6 314.8 4264 | 48.83 53.03 | 108.8 201.1 555.2 | 48.96 97.63 148.1 265.2

7 313.9 800.9 - 353 903.5 - 125.3 2345 | 4376 - - - 96.31 161 239 486 11 11 2.7 3.2

9 390.4 | 859.7 - 399.2 | 7513 - 1732 | 386.1 | 520.3 113.2 209.6 287.1 656 - 1 0.9 2 3.1
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For each cutting insert, the wear width increased at machining time increased as
shown Appendix(C1-C27). Figure (4.51) shows the effect of the machining
conditions on the tool life of the tested inserts. All types of the cutting inserts are
impacted by parameter (v), (f), and (t) in the same way. The results indicate that a
higher cutting speed and feed causes a higher value of VB, due to the
accompanying increase in cutting temperature, which causes the increase in width
of wear on tool cutting edge, also it may soften a very thin surface layer of the tool
cutting edge. In addition to that a higher cutting speed means a higher repeated
contact between the machined surface and the flank surface which increases the
scratching action of machined material. The significant decrease in tool life for

coated HSS insert at higher depth of cut can be attributed to increasing temperature

[44,103].
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Figure (4. 51): Main effect plot of tool life for cutting inserts
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4.8.2. Surface roughness

The values of surface roughness for cutting inserts after first minute machining
can be noticed in Table (4.8).

Table (4.8): Surface roughness after first minute machining for cutting inserts

Exp.No. Machining conditions Surface Roughness (um)
cutting feed Depth of | Uncoated Triplex Monolayer Douple
velocity (mmf/rev) | cut(mm) | insert layers layers
(m/min)
1 56 0.065 0.2 1.49 0.933 1.737 0.99
2 56 0.165 0.5 2.49 1.769 2.929 1.882
3 56 0.265 0.7 3.827 2.652 391 2.98
4 88 0.065 0.5 0.986 0.45 1.15 0.579
5 88 0.165 0.7 2.882 1.104 3.41 1.254
6 88 0.265 0.2 0.706 0.124 0.925 0.462
7 112 0.065 0.7 0.991 0.544 1.605 0.579
8 112 0.165 0.2 0.462 0.018 0.882 0.11
9 112 0.265 0.5 1.077 0.7 1.482 1.04

It is obvious that douple and triplex multilayer coated HSS insert exhibited a
better surface finish compared with the uncoated and monolayer coated HSS

insert.

The triplex layer coated HSS inserts with the limit thermal conductivity and lower
the friction coefficient (0.12), roughness(14)nm, and strong adhesive strength
(93)MPa showed the minimum surface roughness. Monolayer coated inserts
exhibited the highest surface roughness because they have the highest coefficient
of friction (0.69), roughness (48)nm, minimum adhesive strength (10.65)MPa and

poor homogeneity.

Figure (4.52) plots the relationship between the roughness parameter Ra and
cutting parameters. Analysis of the results showed that the lowest surface

roughness is achieved at the lowest feed, depth of cut, and maximum cutting speed.
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This effect can be explained as follows. Due to the higher cutting speed, the
material removal rate is very high. The tool is in contact with the work piece for a
very short period of time, and this contributes to a low roughness value. In
addition, the higher cutting speed reduces edge chipping and thus improves the

surface quality.

The low feed results in a shorter peak-to-rough distance, which helps to achieve
a lower surface roughness. Another important issue is machine vibrations. A lower
cutting speed also contributes to vibration in the machine, which in turn adds
height to uneven peaks and troughs and deteriorates the quality of the machined

surface. The above results are similar to those presented in[109].

When depth of cut (t) increases, the roughness of the work piece also increases,

due to high plastic deformation appeared on the work piece surface.

The maximum surface roughness at the largest value for coated inserts with douple

and triplex layers is (J).

Main Effects Plot for Means Main Effects Plot for Means
Data Means Data Means

cutting speed feed rate depth of cut cutting speed feed rate depthof ait
30

25

(=

Mean of Means

Mean of Means

&

-

10

Figure (4.50): Estimation results of the tool life for the coated and uncoated
HSS cutting inserts

162



Chapter Four Result and Discussions

Main Effects Plot for Means Main Effects Plot for Means

Data Means Data Means
cutting speed feed rate depth of cut cutting speed feed rate depth of cut
200
175
175
150
Z £ 150
S 15 3
= =
s s 125
g 100 5
g g 100
075
075
0.50
0.50
1 2 3 1 2 3 1 2 3 1 2 3 1 2 B 1 2 B
Surface roughness of triplex layers Surface roughness of douple layers

Continue Figure (4.52):

4.8.3. Temperature

The two main heat sources during machining are plastic deformation of the
workpiece and friction of the workpiece—tool contact zone [111,2]. The thermal
conductivities for the HSS insert and three layer coating are 22 W/m.k and
10.53(W/m K), respectively, which are different. This means that the coating is a

thermal barrier and the heat flux is not transferred to the bulk of the insert.

Also it depends on the fact that coating insert leads to decrease of the tool-work
piece contact area, decrease of the thickness of the secondary shear zone and of the
temperature at this interface, which leads to a decrease of the heat flux transmitted
to the cutting insert , since the flux transmitted depends on the contact area and the
heat created at this interface (heat flux density) [85]. The lower amount of the
generated heat was recorded during machining with douple and triple layers
coated inserts respectively, Table (4.9) reveals temperature at failure minute which
wear width reached into 0.4mm for each H.H.S insert. For triple layers coated
inserts, the temperature at failure minute was reduced by 2-8% in comparing to

that of uncoated insert.
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Table (4.9): Temperature °Cat failure minute through machining process

Temperature °Cat failure minute

ﬁ)ép Machining time (min) Machining time (min) Machining time (min) Machining time (min) Douple layer
uncoated insert Triplex layer Monolayer
1 2 3 1 2 3 4 5 6 1 2 3 4 1 2 I 3 4 5 6
1 69. 75 | 77.88 61 64.5 | 66.5 68 | 73.27 | 77.72 | 75.05 | 75.55 | 79.83 67.8 76.1 83.8 90.8 gl 96
2 81 83 86.4 | 63.5 65.6 | 68.3 | 69.72 | 79.55 84.88 | 88.71 756 | 82 86.3 93.8 | 104.3
3 89.9 | 100 104 81 | 85.38 | 89.9 91.4 | 97.85 90 105 78.5 89.3 96.9 116
4 100 | 107 112 | 71.6 76.3 | 80.3 82.3 | 84.16 102 | 108.4 93 106.9 109 | 1185
5 115 | 126 | 135.2 | 101 109 | 118 | 1235 129. | 131.1 110 112.7 136.
6 117 | 132 108 116 | 124 | 1341 1243 | 131.6 1143 | 1164 1412.
7 129 135 119 124 | 127 | 130.3 135 127.7 | 138.3 121 125.1 142
8 135 | 149 125 126 | 130 | 1338 137.7 | 146.5 113.7 119.3 155
9 140 | 153 112 125 | 135 | 138.1 149.2 133.9 159

Figures (4.53) it is easy to understand differences in heating generation for

uncoated cutting insert and coated triple layers inserts with increase machining

time, see appendixes D1-D8 .

Temperture
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56 m/min, 0.065mm/rev, 0.2mm

._.".’.'.'.'.'.'.'.'.'."'. ARy - SO “SPPPPPR e
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e coated insertTriplex

cutting time min)

3 4 5 6

Figure (4.53): Temperature change °Cfor triple layer coated and uncoated inserts
at the same machining conditions
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The temperature distributions during cutting process were recorded by IR camera
to measure the temperature in F° at insert —machined surface contact. Figure (4.54)
shows examples of the thermal images resulted at the failure minute ( tool life
finished).
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Figure (4.54): Recorded temperature in Fahrenheit degree at the contact
point between the insert tip and work piece at failure minute at different
machining conditions using different HSS inserts
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Continue Figure (4.54)
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N
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Continue Figure (4.54)

The monolayer inserts had higher temperature in comparing to uncoated due to
rise coefficient of friction and lack layer adherence. Two layer had good results
about temperature at failure minute comparing uncoated insert and less than coated
insert three layer that related zirconia layer which has minimum thermal

conductivity, low coefficient of friction that reduce temperature generation at

contact region between tool and work piece. As shown appendix D1-D14.

Despite the fact that monolayer coated inserts have a lower thermal
conductivity than uncoated inserts, monolayer coated inserts have a higher
temperature at failure minute than uncoated inserts due to a higher coefficient of
friction than uncoated, which is related to a lack of adhesion on HSS and poor

layer deposition distribution.

Generating of the heat and temperature of the cutting insert at the contact region
between work piece and insert is affected by v, [, and t. When (v) increases, the
temperature of each cutting insert increases due to plastic deformation for work
piece and friction coefficient. Besides, the use of high ( f) led to a rise in the
temperature compared with using lower value of (f ). The minimum temperature of

the cutting insert for each type is achieved by (medium t) due to 0.5 mm of cutting
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depth is more suitable for turning medium carbon steel with less temperature

generation. As shown in Figure (4.55).

Main Effects Plot for Means

Main Effects Plot for Means Data Means

Data Means

cutting speed feed rate depth of cut w0 cutting speed feed rate depth of cut
i Z.

Temperature of uncoated Temperature monolayer

Main Effects Plot for Means Main Effects Plot for Means
Data Means Data Means
o cutting speed feed rate depth of cut cutting speed feedrate depth of cut
g \/ g o / _\'/_
g 100 é 120
Temperature of triplex layers Temperature douple layers

Figure (4. 55): Main effect plot for temperature for each cutting insert

Table (4.10) abbreviates the variation of mechanical, physical and machining
““properties investigated in this study.
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Table (4.10): Variation in mechanical, physical and machining properties of coated
inserts comparing with uncoated HSS insert

Tested property

Enhancement (%)

Coated with Coated with Coated with

triplex layer douple layer monolayer

(TIOA/ALL,O3/Zr0;) | (TiO/AlO5) (Al,03)
Coefficient of 80% 58% 17%
friction l l t

Wear rate (gm/cm) l 71% l 57% l 30%

Hardness HV t 57% t 34% t 7%

?(;Jrr:‘zgzric?;?:)ness l 63% l 59% t 29%
conducty Y TG T
%‘V:én.ifi ()min) " (85-183)% 1(40-75)% l(10-37)%
;Ijempe_rature ft 1 (11-13)% 1(4-16)% 1(9)%

irst minute (°C)

Temperature at
failure minute (°0)

l (2-8)%

Surface roughness
of workpiece at

l (30-96)%

1 (22-76)%

1(18-61)%

first minute (um)

For more satisfied evaluation of the coating process, the tool life and the
machining temperature of the coated HSS inserts were compared with those of

carbide inserts.

All experiments for douple layers coated insert, showed an increase in tool life
of by (3-32%) compared to the carbide inserts. While triplex layers coated HSS
was increased by (30-53)% compared to carbide inserts.

Figure (4.56)represents examples for the method used for estimating the tool life
according to the used machining conditions. All of the estimations are
demonstrated in appendix E1-E3.
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Figure (4.56): Estimation of the tool life for the coated HSS and carbide and

uncoated HSS cutting inserts
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Continue Figure (4.56)
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In comparison between carbide insert and coated HSS insert, three cutting
velocity (56, 88, and 112 m/min) for each of which three feeds (0.065, 0.165 and
0.265 mm/rev) were used with the depth of cut (0.2, 0.5, and 0.7mm). The
experiment is planned by considering three levels for each of the three input
process parameters as shown in Table (4.11). The selected responses were the tool

life and the cutting temperature.

At the same machining conditions, the carbide insert has a greater wear width
at the region of contact with the work piece (ASTM A519- grade 1045) at the end

of the machining minute, as shown Figures (4.57).

The cutting temperature of carbide inserts and coated HSS inserts were
compared using three distinct experimental numbers (3, 4, and 9) under various
conditions. Figure (4.58) shows that at the end of the machining minute, the
carbide insert has a higher temperature in the region in contact with the work piece
(failure minute). This is due to the thermal barrier coating on coated HSS inserts,
which reduces the temperature generated at the region between work piece and
insert-tip contact region during the turning process due to an increase in

temperature distribution.
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Table (4.11):Revealed into the tool life, and the wear width for cutting inserts: ( uncoated HSS, coated HSS, and
carbide insert)

Width of flank wear (um) Tool Life (min)
Exp. Uncoated HSS Carbide insert Coated Douple layers HSS Coated Triple layers HSS Douple Triple
No. 1 2 3 1 2 3 4 5 1 2 3 4 5 6 1 2 3 4 5 6 Uncoated Carbide Iayer X
(min) (min) (min) (min) Layer
1 91.03 235.7 402.2 101 139 257 300 48.83 53.03 108.8 201.1 381 555.2 48.96 59.9 97.63 148.1 265.2 424 2.9 4 5.1 5.8
2 | 104.9 | 271.4 | 462.1 | 115 157 297 | 428 | 74.75 | 106.5 | 206.2 | 299.2 | 646.9 | | | 65.57 | 87.43 | 1056 | 145.3 | 414 | | 2.7 3 4.4 5
3 201.1 360.4 567 138 250 315 96.31 161 239 486 89.92 126.7 200 268.5 443.3 2 2.8 3.8 4.7
4 | 148.1 ‘ 315.1 ‘ 778.3 l 145 240 303 ‘ ‘ 92.37 ‘ 130.8 281.9 ‘ 390.4 ‘ 751.3 ‘ ‘ - ‘ 91.84 ‘ 112.2 173.2 ‘ 250.8 ‘ 403 ‘ | 2.2 3 4 5
5 250.2 707 134 243 393 179.8 280.1 471 -- - 104.3 166.1 236.2 402.4 13 2.3 24 4
6 | 150 ‘ 382.9 ‘ 634.8 l 171 288 428 ‘ ‘ 136.6 ‘ 297.3 444.9 ‘ - ‘ - ‘ ‘ - ‘ 117.1 ‘ 218.6 288 ‘ 331.9 ‘ 490.4 ‘ | 2 21 2.8 45
7 313.9 800.9 230 327 125.3 2345 437.6 - - 96.31 161 239 486 11 2 2.7 3.2
8 | 239.4 | 823.1 | | 200 | 289 | 405 | | 150 | 267.3 | 4449 | - | - | | | 121 | 240 348.5 | 564.1 | - | | 12 22 2.8 34
9 390.4 859.7 233 457. 173.2 386.1 520.3 113.2 209.6 287.1 656 1 1.4 2 31
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Figure (4.57) is evident which depicts FE-SEM of the machining zone that excess
in width of wear of the uncoated HSS, triple layer coated HSS, and the carbide
inserts at the failure minute.

o N
7 R

A

Six minute 424.4 micro

. Four minute 300.2 micro
Three-layer coategi insert )

Three minute 402.2 micro s
carbide insert

uncoated insert

(a) 56m/min, 0.065 mm/rev, 0.2

Four minute 428.2 micro
] 3 Carbide insert
Three minute 462.1 micro
uncoated insert

Three minute 597 micro
uncoated insert

Five minute 443 micron
Three layer coated insert

f
\

~
A

(c)56m/min, 0.265 mm/rev, 0.7mm

Figure (4.57): The evaluation of maximum flank wear at failure minute
during machining using different HSS and carbide inserts
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2 g Three minute 405.4 micro
Four minute 564.1 micro e e

Three-layer coated insert

Two minute 859.7 micro Two minute457.5 micro
uncoated insert carbide insert/?‘

(k)112m/min, 0.265mm/rev, 0.5mm
Continue Figure (4.57)

At the same machining circumstances, the temperature at failure minute for
triplex layers coated HSS was decreased by 4-14% comparing with carbide insert,
as illustrated in Figure(4-58).

Carbide Coated insert

insert at three three layers at
minute five minute

183@

(2)-56m/min, 0.265mm/rev, 0.7mm

Figure (4.58): Recorded temperature (F°) at the contact point between the
insert tip and work piece at different machining conditions forHSS coated
aand carbide insert
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(b)-88m/min, 0.065 mm/rev, 0.5 mm

Coated insert three
layers at four minute

Carbide insert at
two minute

l 300,3'

(c)-112m/min, 0.265mm/rev, 0.5mm
Continue Figure (4.58)

4.9. Modeling of the Result &Adequacy Checking of Model

An effective approach to determine the optimum parameters of a process for the
multiple performance features, by the integration of the theory of grey relation with
Taguchi technique was debated. Experiments were executed to find out the effect
of process parameters (cutting velocity (v), feed (f) and depth of cut(t)) on the
responses (tool life (F), temperature (T), and surface roughness (Ra)) of each
cutting insert uncoated and coated with monolayer, two layers, and three layers.

The results of the experiments are given in Table (4.12) for each cutting insert.
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Table (4.12): Observed values for performance characteristics

EXP The Responses
.NO.
Machining conditions Uncoated insert Coated insert triple layers Coated insert monolayer Coated Iinser‘c douple
ayers
) () (t) F(m | T (°0 Ra F(min | T(°Q | Ra F (min) | T(°0 Ra (u) F T(°O | Ra
m/min | mm/r | mm in) () ) (1) (min) (1))
ev
1 1 1 2.9 77.8 1.49 5.8 77.72 | 0.933 2.6 79.83 1.737 5.1 96 0.99
- 1 2 2 2.7 86.4 2.49 5 79.55 | 1.769 1.7 88.71 2.929 44 104.3 | 1.882
? 1 3 3 2.1 104 3.827 4.7 97.85 | 2.652 14 105.1 391 38 116 2.98
: 2 1 2 2.2 112 0.986 5 84.16 0.45 1.7 108.4 1.15 4 1185 | 0.579
. 2 2 3 1.3 135.27 2.882 4 124.1 1.104 1.2 131.1 341 24 136.2 1.254
: 2 3 1 2 132,94 | 0.706 45 123 0.124 1.7 131.6 0.925 28 1415 | 0.462
s 3 1 3 11 138.7 0.991 3.2 135 0.544 11 138.33 1.605 2.7 1433 | 0.579
! 3 2 1 1.2 149.1 0.462 34 133.8 | 0.018 1.2 146.5 0.882 2.8 155.2 0.11
° 3 3 2 1 153.9 1.077 31 138.1 0.7 0.9 149.2 1.482 2 159 1.04

By using Data Fit ver. 9.1 software,

regression models were developed for

predicting the tool life ,surface roughness, and temperature for each cutting insert.

Table (4.14) shows the predicted regression models for calculating the output (tool

life, temperature , and surface roughness). The equations of output are developed

with 95% confidence levels.

The coefficient of determination (R? ) is another measure that is familiarly utilized

to explain adequacy of the predicted regression models. For the present resulted

models, the values of the computed (R?) for tool life, temperature, and surface

roughness of the inserts, are shown in Table (4.13). Such values exhibit the quite

adequacy of regression models.
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Responses Uncoated insert Coated insert of triplex layer

Equations for Predicted regression model R? Equations for Predicted regression model R?
Tool life (min)

Tool life=-2.6013*102v-1.83333[-t+4.8223....cceueevuernnennnn. 4.1) 93.72 | Tool life = -3.3783*102 v-2.8333f-1.1578t +8.1907.....(4.4) 91.64
Temperature (°C)

Temperature =1.0394v+103.766667+10.4149t+10.4474........ 4.2) | 974 | Temperature =0.8974v+103.45f+10.9035t+11.6211.....(4.5) 87.2
Surface
roughness (m) Surface roughness = -3.1533*102 v+3.5716+3.2621t+2.2359..(4.3) 90.7 Roughness =-2.5110*102 v+2.58166f+2.1420t+1.6387.....(4.6) 91.39
Responses Coated insert monolayer Coated insert of douple layer

Equations for Predicted regression model R? Equations for Predicted regression model R?
Tool life (min)

Tool life=-1.4695*102v-2.3333f-1.2105t+3.7039...... 4.7) 93.44 | Tool life =-3.4966*102v-5.3333f-1.1315t +7.7125.. (4.10) 93.48
Temperature (°C)

Temperature=0.9579 v+98.8999§+9.1736 t+17.5167.....(4.8) 97.3 Temperature=0.8400 v +0.7631f+ 0.7631t+41.8184.... (4.11) 98.69
Surface
roughness (um) Roughness= "2.7 680*102 v+3.0416+3.4810t+2.2390.....(4.9) 86.83 | Roughness=-2.5217*1072 v+3.89f+2.1663t+1.5964..... (4.12) 93.25
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Adequacy of the developed models is then checked via employing the Analysis
of Variance (ANOVA). Utilizing such method, one can notice that, as illustrated in
Table (4.14), all the quadratic regression models are significant (0 < p-value <
0.05), except (t) on the uncoated insert's temperature responses, which have a less
effect when compared to other machining conditions. Due to the narrow range
levels for this condition, ( f) was added to the surface roughness of the uncoated
insert. In addition, the (f) & (t) have a less effect on the temperature of the coated
insert with three layer due to the (v) greater effect when compared to other
conditions. In coated inserts with two-layer, tool life response is unaffected by (t),
whereas other machining variables have a greater impact. Finally, the (p-value of [
> 0.05) on the surface roughness of the coated insert with three layer because that
factor has a limited range of levels, and so all models effectively represent the
experimental data. In general, the feed is less influenced due to the narrow range

for the value selected.

Table (4.14): The ANOVA for the fitted tool life for coated and uncoated cutting
insert

Response |DF | AdjSS | AdjMS | F-value | P-value
Tool life of uncoated insert
v(m/min) 1 3.2267 3.22667 87.21 0.000
J (mml/rev) 1 0.2017 0.20167 5.45 0.067
t (mm) 1 0.4267 0.42667 11.53 0.019
Residual error 5 0.1850 0.03700
Total 8 4.0400
Temperature of uncoated insert
vm/min) 2 5158.71 2579.36 329.03 0.003
J(mm/rev) 2 658.20 329.10 41.98 0.023
t (mm) 2 110.80 55.40 7.07 0.124
Residual error 2 15.68 7.84
Total 8 5943.39
Surface roughness of uncoated insert
vm/min) 1 4.6411 4.6411 27.29 0.003
J(mm/rev) 1 0.7654 0.7654 4.50 0.087
t (mm 1 4.2370 42 70 24.91 0.004
Residual error 5 0.8504 0.1701
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Total | 8 | 104939 | | [
Tool Life of coated insert monolayer
vm/min) 2 1.04667 0.52333 39.25 0.025
J(mm/rev) 2 0.40667 0.20333 15.25 0.062
t (mm) 2 0.56000 0.28000 21.00 0.045
Residual error 2 0.02667 0.01333
Total 8 2.04000
Temperature of coated insert monolayer
vm/min) 2 4353.73 2176.87 9588.31 0.000
J(mm/rev) 2 609.45 304.73 1342.21 0.001
t (mm) 2 134.11 67.05 295.34 0.003
Residual error 2 0.45 0.23
Total 8 5097.74
Surface roughness of coated insert monolayer
vm/min) 2 4.24744 2.12372 106.14 0.009
J(mm/rev) 2 0.70325 0.35163 17.57 0.054
t (mm) 2 3.20555 1.60277 80.10 0.012
Residual error 2 0.04002 0.02001
Total 2 8.19626
Tool life for coated insert douple layer
vm/min) 1 5.6067 5.6067 40.83 0.001
J(mm/rev) 1 1.7067 1.7067 12.43 0.017
t (mm) 1 0.5400 0.5400 3.93 0.104
Residual error 5 0.6867 0.1373
Total 8 8.5400
Temperature of coated insert douple layer
vm/min) 2 3342.13 1671.06 4284.78 0.000
J(mm/rev) 2 590.53 295.26 757.09 0.001
t (mm) 2 34.93 17.46 44.78 0.022
Residual error 2 0.78 0.39
Total 8 3968.36
Surface roughness of coated insert douple layer
vm/min) 1 2.8332 2.8332 23.12 0.005
J(mm/rev) 1 0.9079 0.9079 7.41 0.042
t (mm) 1 1.7615 0.1225 14.38 0.013
Residual error 5 0.6127 0.1225
Total 8 |6.1153
Tool life of coated insert triplex layer
v (m/min) 2 5.78667 2.89333 217.00 0.005
J(mm/rev) 0.60667 0.30333 22.75 0.042
t(mm) 2 0.56000 0.28000 21.00 0.045
Residual error 2 0.02667 0.01333
Total 8 6.98000
Temperature of coated insert triplex layer
v (m/min) | 2 | 38395 [ 191977 | 3261 | 0.030
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J(mm/rev) 2 662.3 331.16 5.63 0.151
t (mm) 2 512.6 256.30 4.35 0.187
Residual error 2 117.7 58.86
Total 8 5132.2
Surface roughness of coated insert triplex layer
v (m/min) 2 3.38117 1.69058 43.28 0.023
J(mm/rev) 2 0.40788 0.20394 5.22 0.161
t(mm) 2 1.74535 0.87267 22.34 0.043
Residual error 2 0.07813 0.03907
Total 8 5.61252

Figures (4.59) shows the 3D surface plot of output parameters tool life,
temperature, surface roughness for each uncoated and coated insert with three
layers varying to the level of input parameters (v) and (t). The tool life decreased
with increased (v and t) and temperature increased with increased (v and t). While
the surface roughness decreased with increased (v) and decreased (t) for each
coated with three-layer and uncoated inserts. According to ANOVA, these
parameters had a greater impact on responses, hence they were chosen to

demonstrate behavior.
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Tool life min
2.900
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2145
1.808
1471
1134
0.7970

0.4600

(a) uncoated insert

Figure (4.59): Effects of cutting speed and depth of cut on tool life, surface
roughness, temperature for,(a):uncoated and (b):coated three layers inserts
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(b)Coated insert with three layers

Continue Figure (4.59)

4.9.1. Determination of optimal machining parameters in Gray
Relation Analysis GRA

Here, the employment of Taguchi orthogonal array (OA) and (GRA) to determine
the optimum values for the process parameters is explained in sequence. The
optimum parameters of process with consideration of multiple performance

features are determined and proved.
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Pre-processing of data

In Gray relation analysis, pre-processing of data is needed because the range and a
unit in the order of a single data may be unlike the others. Preprocessing of data is
also inevitable if the scatter range of order is very big, or if the goal directions in
the order are unlike. It is a transferring process of the initial order to a comparable
order. For such intention, the results of experiments are normalized in the range (0-
1). Based upon the data order features, there exist different techniques of pre-
processing of data being used for the gray relation analysis. Response or output can
be converted into the comparative series X;*ky according to equations 2.5, 2.6, for

“the larger, the better”, “the smaller, the better” characteristics.

Table (4.14) lists the normalized values for the tool life , temperature and surface
roughness, where the tool life is for the larger the better while temperature and
surface roughness are for the smaller the better. Then, the deviation sequence of
the reference sequence xo*x) and the comparability sequence x;*y), for experiment
numbers 1 to 9 can be calculated by application equation (2.7) the results are

presented in below Table.

After data pre-processing is carried out, a grey relational coefficient can be
calculated with the pre-processed sequence. It expresses the relationship between
the ideal and actual normalized experimental results. The grey relational

coefficient and grey relational grade are defined based on equations 2.8.

After obtaining the grey relational coefficient, the grey relational grade is
computed by averaging the grey relational coefficient corresponding to each
performance characteristic. The overall evaluation of the multiple characteristics is
based on the grey relational grade. Table (4.15) shows the grey relational grade for

each experiment using Ly OA. The higher grey relational grade represents that the
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corresponding experimental result is closer to the ideally normalized value.
Experiment 9 has the best multiple performance characteristics among eight
experiments because it has the highest grey relational grade. It can be seen that in
the present study, the optimization of the complicated multiple performance

characteristics of machining process has been converted into optimization of a grey

relational grade.

Table (4.15): Normalized Deviation sequences, GRC and the rank of each
experiment for uncoated and coated insert

Uncoated cutting insert

Exp. Tool life Temperature Surface roughness Grey  relational | Rank
No. grade
Deviation GRC ¢i (1) Deviation GRC ¢&i (2) Deviation | GRC ¢i (3) yi (k)= %(fi L)+
Sequences Sequences Sequences (2 +£i (3)
1 0 1 0 1 0.305498 0.540661 0.846887 1
2 0.105263 0.818182 0.112076 0.806934 0.602675 0.373687 0.666268 2
& 0.421053 0.529412 0.343594 0.576867 1 0.264481 0.45692 7
4 0.368421 0.5625 0.448829 0.510684 0.155721 0.697809 0.590331 3
5) 0.842105 0.36 0.754933 0.382903 0.719168 0.333333 0.358746 9
6 0.473684 0.5 0.724283 0.392743 0.072511 0.832187 0.574977 4
7 0.947368 0.333333 0.800053 0.369283 0.157207 0.695802 0.46614 6
8 0.894737 0.346154 0.936859 0.333333 0 1 0.559829 5
9 1 0.321429 1 0.319 0.182764 0.663014 0.434481 8
Coated cutting insert ( monolayer)
Exp. Tool life Temperature Surface rough)ness Grey relational | Rank
No. grade
Deviation GRC ¢i (1) Deviation GRC ¢i (2) Deviation GRC §i(2) | yi (k)= i({i 1)+
Sequences Sequences Sequences & (2) + & (3)
1 0 1 0 1 0.282365 0.596508 0.865503 1
2 0.529412 0.454545 0.128009 0.789648 0.676024 0.381758 0.541984 5
3 0.705882 0.384615 0.364279 0.568808 1 0.294501 0.415975 8
4 0.529412 0.454545 0.41185 0.538486 0.088507 0.825065 0.606032 2
5 0.823529 0.348837 0.73908 0.394007 0.834875 0.333333 0.358726 9
6 0.823529 0.454545 0.746288 0.391693 0.014201 0.9671 0.604446 3
7 0.882353 0.333333 0.843304 0.362988 0.238771 0.636135 0.444152 6
8 0.823529 0.348837 0.961078 0.333333 0 1 0.560724 4
9 1 0.306122 1 0.32457 0.198151 0.678112 0.436268 7

Coated cutting insert (douple layers)
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EXP. Tool life Temperature Surface roughness Grey relational | Rank
No. Deviation GRC ¢&i (1) Deviation GRC ¢&i (2) Deviation GRC ¢i(3) grade yi (k)=
Sequences Sequences Sequences i(fi D)+ & (2) +
§i(3)
1 0 1 0 1 0.30662 0.501699 0.8339 1
2 0.225806 0.658537 0.131746 0.781003 0.617422 0.333333 0.590958 3
3] 0.419355 0.509434 0.31746 0.596774 1 0.235889 0.447366 8
4 0.354839 1.227273 0.357143 0.568138 0.163415 0.653875 0.816428 2
5 0.870968 0.5 0.638095 0.424069 0.398606 0.436453 0.453507 7
6 0.741935 0.369863 0.722222 0.394141 0.122648 0.71567 0.493225 5
7 0.774194 0.36 0.750794 0.384915 0.163415 0.653875 0.466263 6
8 0.741935 0.369863 0.939683 0.333333 0 1 0.567732 4
9 1 0.303371 1 0.319654 0.324042 0.487885 0.370304 9
Coated cutting insert (triplex layers)
Exp.No Tool life Temperature Surface roughness Grey  relational | Rank
grade
Deviation GRC ¢i (1) Deviation GRC ¢i (2) Deviation | GRC &i(3) yi (k)= %(fi L)+
Sequences Sequences Sequences & (2) + £i(3))
1 0 1 0 1 0.34738 0.48897 0.829657 1
2 0.296296 0.6 0.030308 0.939941 0.34738 0.333333 0.624425 3
8 0.407407 0.521739 0.333389 0.587246 1 0.249466 0.452817 6
4 0.296296 0.6 0.106658 0.81642 0.164009 0.669598 0.695339 2
5 0.666667 0.4 0.768135 0.381765 0.412301 0.446342 0.409369 8
6 0.481481 0.48 0.749917 0.387446 0.040243 0.892002 0.586483 4
7 0.962963 0.315789 0.948658 0.333333 0.199696 0.624688 0.424604 7
8 0.888889 0.333333 0.928784 0.338055 0 1 0.557129 5
9 1 0.307692 1 0.321725 0.258922 0.562119 0.397179 9

Since the experimental design is orthogonal, it is then possible to separate out

the effect of each process parameter on the grey relational grade at different levels.

The mean of the grey relational grade for each level of the process parameters,

namely cutting velocity, feed and depth of cut, can be computed. The results are

shown in Table (4.16). As the larger GRG is suitable for optimum performance,

the levels of the parameters for that are presented in the Table (4.16 ) for each

cutting insert.
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Table (4.16): Response table for the grey relational grade

Symbol Machining GRG Main Effect for uncoated insert Levels for
Parameters Level 1 Level2 Level3 max-min | Rank optimum
A Cutting speed | *0.6566 0.508018 | 0.48681 | 0.1699 2 performance
92 7
)
B Feed rate (f) *0.6344 0.528281 | 0.48879 | 0.1457 3
53 2
C Depth of cut (t) | *0.6605 0.563693 0.42726 0.2333 1
64 8 AlB1C1
Total Mean Value GRG ym = 0.550509
Symbol Machining GRG Main Effect for coated insert (monolayer)
Parameters Levell Level2 Level 3 | max-min Rank
A Cutting speed | *0.60782 | 0.523068 | 0.48038 | 0.127439 3 Levels for
) 1 optimum
performance
B Feed rate (f) 0.638562 | 0.487144 0.48556 | 0.153002 2
3
C Depth of cut (t) | 0.676891 | 0.528095 0.40628 | 0.270611 1
4
Al1B1C1
Total Mean Value GRG y m =0.53709
Symbol Machining GRG Main Effect for coated insert (two layers) Levels for
Parameters Levell Level2 Lvel3 | max-min Rank optimum
A Cutting speed | *0.62407 | 0.58772 | 0.4681 | 0.155974 2 performance
) 4
B Feed rate (f) *0.71451 | 0.537399 0.43696 | 0.277553 1
8 5
C Depth of cut (t) | *0.59779 | 0.592563 0.46469 | 0.133097 3
6 3 A1B1C1
Total Mean Value GRG y m=0.51882
Symbol Machining GRG Main Effect for coated insert (three Levels for
parameters layers) optimum
level 1 level 2 level 3 max- Rank performance
min
A cutting *0.635633 | 0.56373 0.45963 | 0.1760 | 2
speed(v) !
B feed (f) *0.649866 | 0.530308 | 0.47882 | 0.1710 | 3
6
C depth of cut (t) | *0.657756 | 0.572314 | 0.42893 | 0.2288 | 1 ALBICL
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Total Mean Value GRG ym =0.553

*Optimal level of GRG for each parameters

Figure (4.60) shows the grey relational grade obtained for different process
parameters. The mean of the grey relational grade for each parameter is revealed
by a horizontal line. Basically, the larger the grey relation grade is, the closer will
be the cutting speed to the ideal value. Thus, the larger grey relational grade is
desired for the optimum performance. Therefore, the optimal parameters setting for
better tool life, lesser surface roughness and temperature is (A1B1C1), as presented
in Table (4.17). Optimal level of the process parameters is the level with the

highest grey relational grade for each cutting insert.

a Main Effects Plot for Means b Main Effects Plot for Means
Data Means Data Means

cutting speed Feed rate Depth of cut cutting speed Feed rate Depth of cut
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Figure (4.60): The effect of process parameters on the multi-performance
characteristics cutting speed, feed rate, and depth of cut(a):uncoated
insert,(b):coated insert triplex layer,(c): coated insert monolayer, (d): coated
insert douple layers
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Analysis of Variance for GRG

ANOVA for grey relational grade is presented in Table (4.17). Percentage
contributions for each term affecting grey relational grade are shown in Figure
(4.61).

This Figure clearly shows that the depth of cut is the dominant parameter that
affects grey relational grade and hence contributes in improving the tool life and
the minimum temperature and reducing the surface roughness of work piece for

uncoated insert and coated insert with three layers.

Table(4.17): ANOVA of grey relational grade.

Uncoated insert
Source DF | AdjSS Adj MS F-value P-value Percentage
contribution(p)
v(m/min) 2 0.051411 0.025705 29.51 0.033 30.308%
f(mm/rev) 2 0.034049 0.017024 19.55 0.049 20.073%
t(mm) 2 0.082423 0.041211 47.32 0.021 48.591%
Residual error 2 0.001742 0.000871 1.026%
Total 8 0.169624 100%
Coated insert triplex layers
v (m/min) 2 0.046980 0.023490 43.86 0.022 26.927%
[ (mm/rev) 2 0.046199 0.023100 43.13 0.023 26.479 %
t (mm) 2 0.080221 0.040110 74.89 0.013 45.979%
Residual error 2 0.001071 0.000536 0.613%
Total 8 0.174471 100%
Coated insert monolayer
v(m/min) 2 0.025246 0.012623 20.66 0.046 13.79%
J(mm/rev) 2 0.046339 0.023169 20.66 0.026 25.32%
t(mm) 2 0.110206 0.055103 90.19 0.011 60.21%
Residual error 2 0.001222 0.000611 0.66%
Total 8 0.183012 100%
Coated insert douple layers
v(m/min) 3 0.03649 0.036492 7.62 0.040 16.96%
J(mm/rev) 1 0.10819 0.108191 22.58 0.005 50.30%
t(mm) 1 0.04641 0.046415 9.69 0.026 21.58%
Residual error 5 0.02395 0.004791 11%
Total 0.21505
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Figure (4.61): Percentage contributions of factors on the grey relational grade

60.2%

50.4%

Based on the above discussion, the optimal process parameters are cutting speed
at level 1, feed rate at level 1, and depth of cut at level 1. It can be seen from
Figures (4.60) and (4.61) that depth of cut is the most significant factor that affects
the grey relational grade followed cutting speed and feed rate of uncoated insert
and coated insert three layers. While in the coated insert monolayer layer, depth of
cut is the most significant factor followed feed rate and cutting speed. In coated
insert with two layer feed rate is the most significant factor that affects the GRG
followed depth of cut and cutting speed.

For the best results, compare the responses (tool life, temperature, and surface
roughness) of four cutting inserts (A1,B1,C1), show Table (4.17).
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Confirmation test

Confirmation test has been carried out to verify the improvement of performance
characteristics in machining coated and uncoated insert. The optimum parameters
are selected for the confirmation test as presented in Table (4.18) shows the results
of confirmation test carried out to validate GRA results. The estimated grey
relational grade y using the optimal level of the process parameters can be

calculated using following equation [112, 113].

Where ym is the total mean of the grey relational grade, yi is the mean of the grey
relational grade at the optimal level, and q is the number of the process parameters

that significantly affect multiple-performance characteristics.

The predicted tool life, temperature , surface roughness and grey relational grade
for the optimal process parameters are obtained using equation (4.13) and also
presented in Table (4.18), which shows the comparison of the experimental results
using the initial (OA, A1B1C1) and optimal (grey theory prediction design,

(A1B1C1), process parameters for uncoated and coated insert.

Based on Table 4.18, for example in uncoated insert, tool life is accelerated from
2.9to0 2.98 min , temperature was decreased into 77.19 °C whereas the surface

roughness was decreased into (1.02 pum).

The corresponding improvements in tool life temperature, surface roughness
were 2.7 %, 0.8% and 31% respectively. In three layers coated HSS insert, the
corresponding improvements in tool life ,temperature and surface roughness were
2%, 1.4% and 55% respectively. It is clearly shown that the multiple performance

characteristics in the process are greatly improved through this study. Now, For the
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best results, compare the responses (tool life, temperature, and surface roughness)
of four cutting inserts (A1,B1,C1), show Table (4.16).

Table (4.18): Improvements In Grey Relational Grade with optimized process

parameters.
Condition Uncoated insert Coated three layer Coated two layer Coated monolayer
description

Predicted | Experimental | Predicte | Experimental Predicted | Experimental | Predicted | Experimental

d

Tool life min 2.98 2.9 5.81 5.8 3.2 5.1 15 2.6
Temperature°C 77.19 77.8 76.61 77.72 112 96 86 79.83
Surface 1.022 1.49 0.346 0.933 5 0.99 2 1.737
roughness um
GRG 0.850647 | 0.550509 0.83635 | 0.553 0.89804 0.51882 0.84891 | 0.53709
Improvement in | =0.300138 =0.283358 =0.379 =0.31182

grey relational
grade

=30%

=28%

=37%

=31%

Now, compare the responses (tool life, temperature, and surface roughness) of

four cutting inserts at the best experiment (A1,B1,C1). Tool life of three layer

coated insert was increased by ( 100 )%, temperature at first minute was decreased

by( 12)%, and surface roughness was deceased by (37)% comparing uncoated

insert. While in comparing between two layer coated insert and uncoated insert.

The life of coated inserts is extended by (75) %. The temperature dropped by (2) %

in the first minute. In addition, the work piece's surface roughness was reduced by

(34) %. Finally, When comparing these responses for all cutting inserts, the three

layer coated insert is the best, with the longest tool life, lowest temperature, and

lowest surface roughness, as shown in Table (4.19).

198




Chapter Four Result and Discussions

199



CHAPTER
FIVE



Chapter Five Conclusions and Recommendations

Chapter Five
Conclusions and Recommendations

5.1. Conclusions and Recommendations

From the results of the present work, the following can be concluded:

1- The research found that the dip coating sol-gel procedure is an excellent way for

depositing multi-layer of ceramic oxides on HSS tools.

2-To achieve the requisite film thickness, a total immersion period of thirty
seconds was required, 5sec in titania precursor, 10 sec in alumina precursor, and
15 sec in zirconia in triplex coating. While in douple coating 5sec in titania
precursor, 25 sec in alumina precursor. To achieve thin layer (douple) and (triplex)
with thickness don’t exceed (5-6) um. A better adhering of HSS to the alumina+

zirconia coating was achieved through a layer of titania.

3- The highest surface roughness and coefficient of friction were recorded for the
alumina monolayer coated insert. Monolayer also, has the shortest tool life and

provides the highest work piece surface roughness.

4- The multilayer (triplex layers) coated HSS implant produced the best
mechanical and physical performance. When comparing the triplex layer coated
HSS insert to the uncoated cutting insert, the friction coefficient was reduced by
80%, the hardness was increased by 57%, the surface roughness was reduced by
63%, the thermal conductivity was reduced by 36%, and the wear rate was reduced
by 71%.

5- In machining tests, the multi-layer (triplex layers) coating is proven to
considerably minimize temperature ,flank wear, and surface roughness comparing
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another cutting inserts. When coated (triplex layer) inserts compared to uncoated
inserts, the life of coated inserts is extended by 85-183%. The temperature dropped
by 11-13 % in the first minute. In addition, the work piece's surface roughness was
reduced by 30-96%.

6- The results showed that the depth of cut is the dominant parameter that affects
the grey relational grade for uncoated, triplex layers coated, and monolayer coated
inserts and contributes 48%, 45%, and 60% respectively, in improving the
responses, while the feed is the dominant parameter and contribution is 50% for

douple layers coated insert in improving responses.
7- Under the same conditions of machining process and work piece, carbide cutting

inserts was compared to coated (triplex layer) HSS inserts, tool life was extended

by 30-53 %, and temperature at failure minute was reduced by (2-8)%.
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5.2.Recommendations for Further Work

1- Studying the possibility of other cutting insert steel instead of high speed steel.
2-Trying to produce another coated cutting tool design(Single point turning tool)

or drill to study the machining test for low carbon steel work piece.
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sieg

NEW Tensile Properties of Metals ( X\HEAD) Metric
Specimen T 1
Test Number 878

Report Number 219
Jest Date 831 2021 110.08 PM

[est Results

42200

Yicldstress (mpa) 4388

tensiletorce (N} 74,991

Tensilestress (mpa) 61108
e Il,a.ﬁwwlrw..\

Testing Machine Smart Series

Preload Value IN) 100
Crosshead Speed ( mm / min jor 30
Extension or Position Measured by  XHU_J 00 { XHDI0D }

m:. \ rw ‘\n.CE....x i
Customer Name
sample
speed

Order

8000 —
800.0 4
700.0 4
600.0 4
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5.00 10.00 15.00 20.00
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Address: Baghdad- Iraq

Date of Test: 23/6/ 2021

Type of Test: Hardness

Test Report
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Peak List

00-012-0472
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Position [*2Theta]

Figure (1): XRD for aluminum nitrate
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Titania
precursor

100 120 140 160 180 200

Alumina
precursor

20 100 120 140 160 120 A0

Zirconia
precursor

all o 150 200 250 &00 350 400 450 A0

Figure (1) Viscosity measurement for each coating precursor
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01-078-1990
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Position [*2Theta]

Figure (2): XRD for HSS
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01-078-1510
‘ ‘ ‘ ‘ ! | ‘
L S A e s s s s e s B ) T — —T
30 40 50 60 70 80 90
Position [*2Theta]

Figure (3): XRD of sample TiO, coating , (a): calcination temperature at 650°C
for one hour,(b): calcination temperature at 500°C for two hour
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Figure(4): XRD of sample Al,Os, (a): calcination temperature at 650°C for one
hour,(b): calcination temperature at 500°C for two hour
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Figure(5):XRD of sample ZrO,,(a):calcination temperature at 650°C for one

hour,(b):calcination temperature at 500°C for two hour
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Monolayer
TiO2
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192.70um
+ 180.00um

160.00nm
140.00nm
120.00um
100.00nm
$0.00nm
60.000m
40.00mm
20.000m
Oum

O csm

CSPM Tithe
Topography

Pixels = (364 ,303)

Size = (2546um,253%m)

S cxm
CSPM Title
Topography
Pixels = (396,309)
Séze = (2306am,23250m)
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CSPM imager Surface Roughness Analysis
Image 5292546 30nm X 2538 30nm

Amplitude paramelers
Sa(Rougnness Average) 454 [am|
SqiRoot Mean Square) 559 [nm}
SskiSurtace Skewnsss) 0 000215
Sku(Surlace Kunoss} 16
Sy(Peak-Peak) 194 [nm]

Sz(Ten Pont Hesght) 193 [nmj

Hybnd Parameters

Sst{Mean Summt Curvature) -0 25 [1/inm]
Sdq(Root Mean Square Siope) 39 [tinm)
Sar(Surface Area Raio} 463

Funcional Parameders

Shi(Surface Beann) Index) 528

SciCore Fluld Retention Index) 1.5

SviVaiey Flukd Retenhon Index) 0 0654

Spk{Reduced Summd Height) 209 [nm)

Sk(Core Roughness Depih) 163 [nm|

Svk{Recuxed Valey Depih) 4 .88 [nm]

S0c 0-5(0-5% heyght niervals of Bearng Curve) 106 |nm)

Se¢ 5-10(5-10% heght iIntervals of Beanng Curve) 865 [nm|
S0c¢ 10-5010-50% hesght Intenvals of Bearing Curve) 77 5 [nm]
Sdc 50-9! -08% hesgn! intervais of Bearing Curve) 872 [nm]

Spatial Parameters
Sas(Densty of Summits) 246 [1am2)

Fractal Dimenson 2 5

CSPM Imager Surface Roughness Analysis
maQe 922 2506 280m X 2525 27nm

Ampituoe parameters
Sa(Rougfness Average) 233 [rm)
SqRoot Mean Square} 269 [nm)]
Sek(Surtace Skeuness) 0103
Sy Surface Kurtosts) 181
Sy(Peak-Peax) 931 [(am)

Sa(Ten Pont Hegnt) 03 [nm|

Hyteid Paramelers

Ssc(Mean Summe Curvature)  -0.0345[1/mm)
Sdg(Root Mean Square Sicpe) 41 1)
Sdr{Surtace Area Ratie) 769

Functional Parameters

Sty Surface Bearng Index) 6 57

SciCore Fasg Retention index) 142

Svi(Valey Flud Retention Index) 00777

Spr(Reduced Summit Heignt) 0 [nm)

SwiCore Roughness Depmn) 848 [nm|

Svik(Reduced Valiey Depth) 8 96 {nm|

S0t 0-5(0-5% height mervals of Bearing Curve) 4 09 [am]
Sdc 10% heght intervals of Beanng Curve)  4.09 [nmj
Sac 10-50¢10-50% height intervals of Bearing Curve) 34 @ [am]
Sdr 50.95(50-05% height intervals of Bearing Cutve) 45 [rem)

Spatial Parameters
Sds{Donsty of Summits) 127 [1hum@]

Fractal Dimension 254



Coated douple layers
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180.00um
| 160000
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Topography
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Topography

Plxeds = (432,440)
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CSPM Imager Surface Roughness Analysis
mage size 2531 60nm X 2531 &0nm

Ampitude parametors
Sa(Roughness Averaoe) 376 [nm|
5q(Roat Mean Square) 449 [nm|
Sok(Swrface Skewness) 00851

Sk Surtace Kurtosis) 2 17
Sy(Pear-Peak) 183 [

Sx{7en Point Height) 183 [am)

My Parameterns

Ssc(Mean Summit Curvature) -0 185[1/mm]
Sog(Root Mean Square Skpe) 194 [1/m]
Sdn{Surtace Area Ratio) 138

Functonal Parameters

SouSurtace Beanng index) 207

Scl(Core Fluld Retention Inoex)  1.57

Svi{Valey Fasce Retention index)  0.0888

SpaReduced Summt Height) 241 [(am]

Sk(Core Roughness Deplh} 137 [nm)

Svk(Reduced vatey Depthy 235 [neg

Sdc 0.5(0-5% height inlervars of Beanng Curve) 217 (nm|

So¢ 5-10(5-10% height mtervals of Bearmng Curve) 13 4 [nmj
Sa¢ 10-50(10-50% heignt intervas of Beanng Curve) 609 [am|
Sac 0-95(50-99% heght miervals of Beanng Curve) 72 [mm]

Spatial Farameters
Sax(Density of Summes) 135 [Tum2]

Fractal Dimenson 25

CSPM Imager Surface Roughness Analysis
Imaps a0 2516 32nm X 2553, 26nm

Ampitude parametens
Sa(Roughness Average) 154 [nm]
SQRO0! Mean Square) - 191 [nm])
SskiSurtace Skewness) 00775
St Surface Kurtosts) 2829
Sy(Peait-Peak) 138 [

S2Tan Poit seight) 132 [ref

HyOrid Parameters

Ssc{Mean Summi Corvatute)] 0 048711
Sagq(Root Mean Square Siope) 0613 [1iref
SanSatace Ama Rano) 166

Functonal Paramelecs

SoySurface Beanng indes) 0 585

Se)(Core Flud Retention Index) 174

Svi{Valley Fiud Retention index) 0 106

Spr(Reduced Summdt Height) 185 (nm)

SwiCore Roughress Depth) 506 [ne)

Svk(Reduced Valey Depth) 163 [ney

Sdc 0-5(0-5% height ntervals of Beanng Carve) 330 [nm|
(5-10% noight nlervalks of Bearng Curve) 7 15 [nmj

(-50% nesght intervals of Bearng Curve) 25 o)

Sac S0-55(50-05% height inlervals of Bearng Curve) 37 [

Spatey Parametess
Sds(Densky of Sumes) 122 [tum2]

Fractal Dmenscn 2 .50
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Coated triplex layers

Monolayer
ZrO2

 60.00nm
£0.000m
40,000
30.00um
20.000m
10.00nm

Onm
$.28nm

~JAcsm

CSPM Tithe

Topography

Pixels = (364 .308)

Size = (25460m,257dom)

~20csm

CSPM Tithe
Tepography
Plixels = (408, 400)

Figure (6): AFM for each cutting insert
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Stze = (2582um 253 2am)

CSPM imager Surface Roughness Analysis
Image 52a:2546 30nm X 2574 26nm

Amplitute paramelers
Sa(Rougnness Average) 4 [nmj
SqiRoot Mean Square) 166 [nmj
SskiSurtace Skewnsss) 0265
Sku(Surface Kumoss} 2.21
Sy(Peak-Peak) 694 [nm]

Sz(Ten Pont Hesght) 603 [nmj

Hybnd Parameters

Sst{Mean Summt Curvature) -0 0665{1/mm|
Sdg{Root Mean Square Siope) 0 856 [1mm]
Sar(Surface Area Ratio} 283

Funcional Parameders

Shi(Surface Beanng Index) 276

SciCore Flud Retention Index)  1.37

Svi{Vaiey Flukd Relention Index) 0 116

Spk{Reduced Summi Height) 4.58 [nm)

Sk(Core Roughness Depth) 469 [am|

Svi{Recuxed Valey Depth) 165 [nm]

S0c 0-5(0-5% heyght niervals of Bearng Curve) 603 |nm)

Se¢ 5-10(5-10% heght iIntervals of Beanng Curve) 339 [nm)|
S0¢ 10-50£10-50% hesght Intervals of Bearing Cusve) 194 [nm]
Sdc $0-05(50-98% heign! intervas of Bearing Curve) 323 [nm]

Spatal Parameters
Sas(Densty of Summits) 152 [1am2)

Fractal Dimenson 235

CSPM imager Surface Roughness Analysis
mage sze 2582 23nm X 2531 60nm

Ampitude parameters
Sa(Roughness Average) 8.7 [nm]
Sq(Root Mean Square) 223 [nm|
SsiSurtace Skewness) -0 221
Sku(Swtace Kuriosis) 22
Sy(Peak-Pexk) 937 [nm)

S2(Ten Point Hesght) 512 [nm]

Hybnd Parameders.

Ssc{Mean Summi Curvatura) -1 #J) [1/nm]
Sgq(Root Mean Square Skope) 1 56 [1nam)
SdriSurface Area Ratio) 832

Functional Parameters

SHhi(Surface Bearng index) 256

SeyCore Fuudd Retantion Index) 142

Sw(\Valey Flud Retention index) 0 106

SpiReduced Sumedt Height) 8.38 [nm]

Sk{Core Roughness Deplih) 644 [nm|

Svi(Reduced Valley Depth) 17 1 [nm]

Sa¢ 0-5(0-5% hewght inmervals of Bearnng Curve) 869 [nmy

Sdc 5-105-10% height intervals of Beanng Curve) 6 31 [nm)
Sdc 10-50(10-50% height intervals of Beanng Curve) 268 [nmj|
Sac 50.95(50.95% height Intervals of Beanng Curve) 403 [nmf

Spatial Parameters
Sas(Density of Summits) 0 |[Vuem2)

Fracls Oimenson 2 56
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Appendix

Figure (7): Coefficient of friction for each cutting insert

B9



Appendix B

B10



Appendix C

Two minute 235.7 micro
uncoated ipsert

Three minute 402.2 micro
uncoated insert

56 m/min, 0.065 mm/rev, 0.2mm

Figure (8): Wear width of uncoated cutting insert for each minute
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One minute 104.9 micro
uncoated insert

Two minute 271.0 micro
uncoated insert

Three minute 462.1 micro
uncoated insert

56 m/min, 0.165mm/rev, 0.5mm

Continue Figure (8)
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One minute 201.1 micro
uncoated insert Two minute 360.4 micro
uncoated insert

Three minute 597 micro
uncoated insert

~

56m/min, 0.265mm/rev, 0.7mm

Continue Figure (8)
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_ _ Two minute 315.1 micro
One minute 148.1 mid ‘ uncoated insert

uncoated

Three minute 778.3 micro
uncoated insert

88 m/min, 0.065mm/rev, 0.5mm

Continue Figure (8)
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Two minute 707.7 micro
uncoated insert

One minute 250.2 micro
uncoated insert

Two minute 382.9 micro
uncoated insert

Three minute 634.8 1
uncoated insert

88 m/min, 0.265mm/rev, 0.2mm
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Two minute 800.9 micro
uncoated insert

112m/min, 0.165mm/rev, 0.2mm

Continue Figure (8)
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Two minute 859.7 micro
uncoated insert

One minute 390.4 micro
uncoated insert

112 m/min, 0.5mm, 0.265mm/rev

Continue Figure (8)
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One minute 159.6 micro
monolayer coated insert

Two minute 314.8 micro
monolayer coated insert

Three minute 426.4 micro
monolayer coated insert

.

56m/min, 0.065 mm/rev, 0.2mm

Two minute 530.4 micro
monolayer coated insert

One minute 158.9 micro
monolayer coated insert

56 m/min, 0.165mm/rev, 0.5mm

Figure (9): Wear width for monolayer coated cutting insert for each minute

C8



Appendix C

One minute 236.2 micro TS A 65 10 hierD
monolayer coated insert monolayer coated insert

Two minute 475.3 micro

L ) monolayer coated insert
Onelminute 220.5 micro

mon?layer coated insert

88 m/min, 0.065mm/rev, 0.5mm

Continue Figure (9)

9



Appendix C

One minute 274.4 micro
Monolayer coated insert

One minute 353 micro

3 y : 3 5 .
monolayer coated insert Two minute 903.5 mocro

monolayer coated insert

112m/min, 0.065mm/rev, 0.7mm

Continue Figure (9)
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Two minute 920.9 micro
monolayer coated insert

One minute 399.2 micro
monolayer coated insert

112m/min, 0.5mm, 0.265mm/rev

Continue Figure (9)
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One minute 48.83 micro 4% Two minute 53103 micro
. | N - -
T\(vo_layer coated insert gy T“’O'layel coated insert

Three minute 108.8
Two-layer coated 1

»”

A

Five minute 381 micro Six minute 555.2 micro
Two-layer coated insert Two-layer coated insert

56 m/min, 0.065 mm/rev, 0.2mm

Figure (10): Wear width of Douple layer coated cutting insert for each minute
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One minute 74.75 micro
Two-layer coated insert

Three minute 206.2 micro

: ; Four minute 299.2 micro
Two-layer coated insert

Two-layer coated insert

Five minute 646.9 micro
Two-layer coated insert

56 m/min, 0.165mm/rev, 0.5mm

Continue Figure (10)
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Two minute 130.8 micro

One minute 92.37 micro | Two-layer coated insert
Two-layer coated insert

| Three minute 281.9 micro| Four minute 390.4 micro
: }’f\\'o-layer coated insert Two-layer coated insert

88 m/min, 0.065mm/rev, 0.5mm
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One minute 179.8 micro
Two- layer coated insert

Two minute 280.1 micro
‘ Two-layer coated insert

l

Three minute 471.1 micro
Two-layer coated insert

88 m/min, 0.165mm/rev, 0.7mm

Continue Figure (10)
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Two minute 234.5 micro
Two-layer coated insert

One minute F25.3 micro
Two-layer coated insert

Three minute 437.6 micro
Two-layer coated insert

112, 0.065mm/rev, 0.7mm

Continue Figure (10)
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One minute 150Micro
Two-layer coated insert

Two minute 267.3 micro
Two-layer coated insert

Three minute 444.9 micro
Two-layer coated insert

112, 0.165mm/rev, 0.2mm

Continue Figure (10)
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Two 111i¥\1ute3 86.1 micro
Two-layer coated insert

One minute 173.2 micro
Two-layer coated insert

Three minute 520 miéro
Two-layer coated insert

112 m/min, 0.5mm, 0.265mm/rev

Continue Figure (10)
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8
‘ -
| Two minute 59.9 micron

Three-layer coated insert

Three-layer coated insrt

One minute 4%.96 micro

Three minute 97.63 micro
Three-laver coated insert

Five mimlite 265.2 micro S1ix minute 424 .4 micro
Three-layer coated insert

56m/min, 0.065 mm/rev, 0.2mm

Figure (11): Wear width for Triplex layer coated cutting insert for each minute
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One minute 65.57 micro Two minute 87.43 micron
Three-layer coated insert Three-layer coated insert

1' Three minute 105.6

| 1cron .Three -layer] Four minute 145.3 micro
coated insert Three-layer coated insertl

'\

b

Five minute 414 mig@
Three layer coated 1

56 m/min, 0.165mm/rev, 0.5mm

Continue Figure (11)
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One mlinute 89.92 micro TwO mimute 126.7 micro
Threeslayer coated inser Three-layer coated insert

200 micro

Three minute 200 Four minute 268.5 micro
micro Three layer coated insert
Three-layer coated

insert

Five minute 443 micron
Three layer coated insert

56 m/min, 0.265mm/rev, 0.7mm
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Two munute 112.2 micro

01.84 micro Three-layer coated msert
coated msert

173.2

Three minute 173.2 micron
Three-layer coated insert

Five minute 403.5 micron
Three-layer coated insert

88 m/min, 0.065mm/rev, 0.5mm
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One minute 104.3 mi : Two minute 166.1 micro
Three-layer coated insg Three-layer coated inser

A20021 | HV meg | WD |mode spot|
23855 PMI3000kV| 200x (180mm| SE | 30!

Four minute 402.4 micro
Three minute 236micro Three layer coated insert

Three-layer coated insert

88m/min, 0.065mm/rev, 0.5mm

Continue Figure (11)
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)

One minute 117.1 ‘_}Il'i,licro
Three-layer coategd\insert

Two minute 218.6 micro
Three-layer coated insert

Five minute 490.4 micro
Three-layer coated insert

88m/min, 0.165mm/rev, 0.7mm
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One minute 96.34 micro
Three-layer coated insert

Two mintite 166.1 micro
Three-layer coated insert

Three minute 239.0 micro
Three-layer coated insert Four minute 486.5 micro
Three- layer coated insert

112 m/min, 0.065mm/rev, 0.7mm

Continue Figure (11)
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240 micro

One minute 121.4 micro
Three-layer coated insert § Two minute 240 micro
Three-layer coated

Three minute 348.5 micro Four minute 564.1 micro
Three-layer coated insert Three-layer coated insert

112 m/min, 0.165mm/rev, 0.2mm

Continue Figure (11)
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Two minute 209.6 micro
Three-layer coated insert

Three minute 287.1 micro
Three-layer coated insert

112m/min, 0.5mm, 0.265mm/rev

Continue Figure (11)

C27



Appendix C

C28



Appendix D

First minute Second minute Third minute

56 m/min, 0.065 mm/rev, 0.2mm

First minute Second minute Third minute

56 m/min, 0.165mm/rev, 0.5mm

First minute Second minute Third minute

193.Qt

56m/min, 0.265mm/rev, 0.7mm

Figure (12): Temperature F° for uncoated cutting insert for each minute
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First minute Second minute

Third minute

88m/min, 0.065mm/rev, 0.5mm

First minute Second minute Third minute

’

88m/min, 0.065mm/rev, 0.5mm

First minute Second minute

243 .7'

88m/min, 0.165mm/rev, 0.7mm

Continue Figure (12)
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Continue Figure (12)
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»7»575*9
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Figure (13): Temperature F° for Triplex layers coated cutting insert for
each minute

D4



Appendix D

First minute Second minute Third minute

185700
F

Four minute Five minute

56 m/min, 0.265mm/rev, 0.7mm

First minute Second minute Third minute

o

Four minute Five minute

&
-

88 m/min, 0.065mm/rev, 0.5mm

Continue Figure (13)
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Continue Figure (13)
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Continue Figure (13)

First minute Second minute Third minute

56 m/min, 0.065 mm/rev, 0.2mm

Figure (14): Temperature F° for monolayer coated cutting insert for
each minute
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Continue Figure (14)
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Continue Figure (14)
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Figure (15): Temperature F° for Douple layers coated cutting insert for
each minute
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Continue Figure (15)
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56 m/min, 0.065 mm/rev, 0.2mm

Figure (16): Wear width for carbide cutting insert for each minute
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Continue Figure (16)
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Continue Figure (16)

E3



duaMAl

o) adadll Bl odat () 5 ¢ Adbiaal) Jedil) clipadas 8 adadll <l ol glal uany oDl o Ca g paall
sanie ¢ SUall alasiul  Mall Canll adsy Aileall 48K 5 2 LYY 53 sl dilly Al 85 adall A 3 5
Al oolal) oDl e A8 B ga s Alall e pudl 3V (e adadll aae il Y il
lae 5 3t s dlhae pe oaad (Adlad) cile yud) 3Y 53) adad sae 31aY dpa s gl il 5 4y 5l el [ailiadl
O ) Jad sic 3V ¢ (e Andal il Adlad) Adal HA) aladiul o5 Al e 2lS) e 8220 Gliglay
LisS ol s s gl 5 Wil (g 0 5Si (o35 Apatiil) Jieill) cillee (8 aaal) oSl ¢l Sl
Cagolall a3 3 pead) 4l ey saall 310 b o pally Jad) - gl 4 ddand 5 griial
Ne el e e Gl e dslaall Aa g PH Aeaidlly oSall o i 5 ucasdl il
e Mall Guilaill 5 pedanal) £ g2 (ge IS e b il 5 il g 5ol 30 pa A cciuiailly sl <) g
Gun Ja Jsnd) dolany EON il SUal il e A JS a2 adlail¥ 5 el oSl clan
isopropanol IP & W&l Titanium tetra-isopropoxide (TTIP) 5 (e Wl juasd &
vie Blal o5 sadinall 4 )Y sall canll (385 2008 5 el GalAT JiaaS @l ) IS 5 haed) (anla 5 cadaS
Al g0 de pu i 165 5 eael Aadlll jee a3 4nli/ale] 00 Al g0 Ao ju Canlig A8 all o ) ja A 0
Aol odal 4 gia 4n 53 335 die Cadia o Uall Jglae e dadlll z) jA) 22y 4/ jala] 00 aly 236
-Jsmd) 43y Hlay jmnall o gial¥) 2nS g jam ¢ Ba Jglae & Lol dullaall adlll jeis Gll) aay Baal
Aty Cidal) Gl LS el il Glaala s e sle e 2S5 55500 e IS 7 e Geaiall s
sl 4a ) die dclu D sdal gl jaiul 488y fciin] 00 Sl Al )0 Ao ju e Adima Ay se
e sthall dlad) o J panll 455 10 820 o sial¥) 23S 5 pa slaay jesll &5 4y e 4a )2 85
GAlpdall e paldill delu sdd 45500 day0 335 die i Alhall L8ll) 4S8N yiatie 3 A ju
O s S 2uS ) juiand a5 ) Al 4S8l s )3 6 5l oadl A oy 0oy ) Jarey Adliaall cliidall
Zirconium 70 percent n-propoxide (Zr(OC3H7)4), glacial Jisay i adlial xe ailala
3aall jand aeni o€ 53 S5 et aay geetic acid, ethylene glycol, and glycerol
O3 08e5-6 Jsaiy ¥ dlaw (o Jgeandl JLSY 4l 15 32l Jslaall (8 Line gV Laliilly daladl)

A sia 200 4a Aol oaal Cadadl ALG 5y gXide jus s ja 38 ey Baall ) A
e LS5l e s, Ll Jslae (e JST (7 4.8 ,5.83,6.46 )il &3 £ MUl Jullaal PH
Caadadll ezl Gl je SIS ¢ (7.9-8.11-8.74) LisS,) el Lilisd Jglae JSTaa o500 ) 53l
Llil) Jslae (8 OIS jee (0 ) il (3580 ) seda Jliil ¢ o il ClS (3-2-2) ardl (e ) il
Dol ¥ Gaiedll e ) Juadl | pal s Lo oS )31 Jslae (44l 15 Lue sV Jslae a4l [0, 456 5
Alaall 8 gllaall claudl o Jsanll dad e WisS ) 5 el Lilis Jslae e JS1(48,12,6)




Alaill s A8US 3 o3 aiida o Jganll oDl cland] 3aall Ji 4a 50 ae oy 3 5 Al )
Acle 2 odal s 4, e 4a 53 500 a2 SOGN Qlalall 4l b uilaie a5 585 s
Glaws 5 elial ) ¢ Mall mhand) 45 gdd | uiladll | SLaiY) 3 8 JDA (e dalhaall saell ddial ga 3p2a o
adlall ae O5805-6 Jslad Vo odlaw ve dglaill Juadl colK dpa KU oSl ik
() e e JS o i LS Vgl e 4l 5 45300 cladall JSul S 86.59 ,93.60
k) 318Y Ayl sl Al sl ) aaad) dasgie s dglhall saell ol &5 8a @A) Jalas
%71 % 80 ey Ml ey AMSiaY) Jalae (& (alids) N diagill o5 ddlaall je 5 4yl
Lllaal) saell lasd) 45 gl o) (s 8 057 ey dgllaall 3asll 3a3all Candi )l LS il e
aaill Jalzs 48 yra Jalb (e Liligll A8kl g 3aed) A0 (5l jadl aaaill Jalea Gupsi 23 %63 laiay
3y g el axeiall oMl 53 ga U ey o lED 13 Cua Legiy 43 )l 4n 50 2SU 5 Legd (5,1 jall
a5l il giuse O Slie ) a3 LaS cadal Bae 4pdz cadadll de s adadll (gl G slie ) a3 Ll
Jalail) 48 Hh e slaie YU Al je g ddhaal) axall (e s2e JS el Crana g Juaiall s yla U<
g .2k(0.2,0.5,0.7) il ae oy s9/ake (10.265 ,0.065,0.165),4353 (o5 585) (oaaly
Nl (e dadad e ddal jall Juaill <ol HLis) ol ja) &5 (488Y yie 56, 88, 112) sadizall sl
O oslal) dihaie die Ay ) a | paalS aladinly 3 )l jall da jo (8 il Gl o5 a5 S das s
e yaad s A grdiall adadll dylaad W) 488N 4 chand) D5 gdd 8 a3 LeS caadl) 310 5 A gadiall
ikl sawia ol () Jaa o) adadl) ac jee aaad a3 ADDA (e gl adall) 310Y Jae 488y JI L)
Aa 0 Cuaddil Cua adadll Blal g A grdiall (G (ulail) 4ilaie die 5 ) al) Ay (e b da Sy JB
aall e 9430-96 ey Cusddsl a8 g KU AY g4l dztasl GL.AJ\ Lgdd Ll 9% 13-11 3, sl
sle) il ANOVA dalas slaiely 961 83-8 54ty (puent 28 dalhaall 322l jae (ady Lasd 5 dulladll
0.2 5488Y jia 56,05Y/ak0.065 ,akadll a5 ka e axdiae Cla Al Jia g GRG Jabaal 44
by Al gl iy e Aoy IS adad sac slaiely el sl ae dgllaall 3asll i) il <y 8 ale
Lol A S adadl) 3ae e g8 5di dlaall 3aall Jirilll dlae il jae Ll adadl) dplee g jla (puds
.9%653-30 Aty oan ST 3axd) dullaal) 32=l) 818 283 3anll e (e



‘;ASJJ‘ Q;J\j ‘EAL’J\ e.daﬂ\ aJ\J'j
BIEEEEN

A gall 4ria 441S

ORlaal) i aud

Allad) e pudl Gilua (pa adalll 3o 7 gha Cppia
aladindy i) 385 TiOH/ Al,O4/ZrO, s Sikall;
Ja-dgud) A3y sk

s
b dxala/al gall diria 0S8 alaal) dunia aud ) dedia
Adid Gﬂ‘\.ﬁuﬂﬂ o\‘)}:\Sﬂ\é\.;JJd:\jU_\\.gDaﬁAdAgj;S
Calaall/a) gall
8 O
sbis e dxl 35 )
b

a S sila elard 0 ] @) Guall e jam o]

1443 2022






