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ABSTRACT

Surface grinding is an abrasive technique, in which each abrasive grain acts as a cutting
tool. Due to rubbing and ploughing of the workpiece surface by the abrasive grits, intense heat
and high cutting forces develop at the wheel-workpiece interface. These, in turn, cause poor
surface finish, higher specific power requirements, higher wheel wear, microcracks, thermal
burns, residual stresses and phase transformations. This phenomenon is more prominent in
difficult-to-machine materials like Inconel 718 due to its high hot strength, poor thermal
conductivity, high thermal expansion coefficient, etc., which in turn affects the surface and sub-
surface quality of the ground components. The surface quality of the ground components is of
prime concern especially in aerospace applications as they influence failures produced by fatigue,
wear, creep and stress corrosion. Hence, in order to extend the life of the ground parts, surface
quality has to be improved by reducing the excessive heat and cutting forces generated during

grindingofInconel 718.

The most commonly used technique for controlling the temperatures and cutting forces is
flooding the contact zone with cutting fluids to aid lubrication and cooling. In spite of having
numerous advantages, flood cooling has some serious disadvantages concerned with economic
and ecological aspects. Minimum Quantity Lubrication of the grinding zone with cutting fluids
seems to be a potential alternative to economic and ecological concerns of the flood grinding.
However, performance wise MQL grinding stood between dry and flood grinding due to
insufficient cooling and improper lubrication at grinding site. Hence, the development of new
strategies and lubricants which can provide better cooling and lubrication at the grinding zone is

very much essential for energy efficient and sustainable grinding.

Solid lubricants (graphite, molybdenum disulphide, calcium fluoride, boric acid, etc.)
which can provide lubricity over a wide range of temperatures seem to be an effective alternative
to the conventional cutting fluids. However, efficient delivery of the solid lubricants at the wheel-
workpiece interface is a major hindrance in achieving the desired results. In addition, type and
quantity of solid lubricant will also have profound influences on the process results. Among

various solid lubricants, very limitedly explored graphene nanoplatelets(GNP) were selected in



this work due to their remarkable properties such as high thermal conductivity and self-
lubricating behaviour. In view of these drawbacks, the present work focuses on exploring the
effectiveness of GNP in reducing the friction and associated heat generation in the grinding
process by developing efficient methods for proper application of GNP at the wheel-workpiece
interface with an ultimate objective to improve the wheel life and surface quality of Inconel 718.
For this purpose GNP based self-lubricating grinding wheel and GNP based nano-cutting fluids
were developed and their performance in terms of surface finish, wheel wear, grinding

temperatures, specific energy requirements, etc. are evaluated and presented in this work.

Self-lubricating resin bonded grinding wheels with varying GNP concentrations (0.25,
0.5, 1, 2 and 4 wt %), and surface areas (300, 500 and 750 mzlg) are manufactured, in order to
have a proper application of solid lubricants at the wheel-workpiece interface. For this purpose,
GNP is impregnated into the wheel structure during the moulding stage itself. In order to ensure
the uniform dispersion of GNP without any entanglements, GNP is treated with a cationic
surfactant. Different aspects of grinding performance (i.e. cutting forces, grinding temperatures,
surface roughness, grinding coefficient, specific grinding energy and grinding wheel wear) are
evaluated by grinding Inconel 718 in dry condition with these newly developed self-lubricating
grinding wheels and compared the results with that of the standard grinding wheel. The
experimental results show a considerable improvement in grinding process results with GNP as
compared to standard grinding wheels. Grinding wheels having 2 wt% GNP has produced lower
grinding forces and grinding temperatures, and better surface finish. Among various GNP surface
areas considered, GNP with the larger surface area is found to be more effective in improving the

quality of the ground surface.

Another approach adopted in this work for effective application of GNP at wheel
workpiece interface is to deliver GNP into grinding zone in the form of aerosols by using
conventional cutting fluid and air as a medium. For this purpose, nano-cutting fluids with varying
concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 wt%) and surface areas (300, 500 and 750 mzlg) of GNP
are prepared. The basic properties like thermal conductivity and viscosity are evaluated at
different temperatures. Since the effectiveness of the cutting fluid in providing effective cooling

and proper lubrication at the grinding wheel-workpiece interface depends on the thermal



conductivity and viscosity, these properties are evaluated at different temperatures. It is observed
that viscosity increased with increase in GNP concentration and surface area but decreased with
increase in temperature. Thermal conductivity observed to be enhanced significantly with an
increase in GNP weight fractions, surface area and temperature. Furthermore, to assess the
performance of the developed nano-cutting fluids, Inconel 718 is ground using conventional
grinding wheel while delivering minimum quantity nano-cutting fluid into grinding zone in the
form of aerosols. The experimental results show that GNP significantly lowers the grinding force,
grinding temperature, surface roughness, grinding coefficient and specific grinding energy. Nano-
cutting fluid with 0.3 wt% and 750 m?*/ g GNP is found to be effective in improving the surface
quality of the Inconel 718.

Further, Inconel 718 is ground in different grinding environments i.e. standard grinding
wheel in dry, self-lubricating grinding wheels in the dry, standard grinding wheel in nanoMQL
and self-lubricating grinding wheels in nanoMQL environments. Overall, the combination of self-
lubricating grinding wheels and nanoMQL has led to decrease of various aspects of grinding
performances (i.e. cutting forces, grinding temperatures, surface roughness, grinding coefficient

and specific grinding energy)and yielded improved surface quality of Inconel 718 components.

Keywords: Inconel 718, Graphene nanoplatelets, Grinding, Self-lubricating grinding

wheels, nano-cutting fluids, nanoMQL



Contents

Page No
Acknowledgment...........c.oviiiiiiiiii e 1
ADSITACT. ..o 111
List Of Figures.......o.ooviii e vi
List of Tables.......ooieiiii X
Chapter I - Introduction
L1 Introduction. .....oueei e 1
1.2 Difficult to machine materials.................cooiiiiiiiiinnen. 1
1.2 1 Inconel 718... ..o 1
L3 Grinding......ouee i 2
1.4 Cutting fluids in grinding.............cooviiiiiiiiiiiiiiie. 4
1.5 Solid lubricants in grinding.............coooeiiiiiiiiiiiiiiieen... 4
1.5.1 Graphene nanoplatelets................cooovviiiennnn.... 5
1.5.2 Self-lubricating grinding wheels....................... 6
1.53NanoMQL.........o 8
1.6 Present WOrk.........oooiiuiii 8
1.6.1 Outline of the thesis............c.coocoiiiiiiiiiiiin 8
Chapter II - Literature Review
2.1 IntrodUuCtiON. ...oueet et 10
2.2 Machining of Inconel 718........ ..o, 10
23 MQL in machining.........coooueiiiiiiiiiiiiiiii e, 11

2.4 Solid Lubricants in Grinding................oovviiiiiiiiiiiinnn.n. 15



241 Nanofluids......ooveiiiiii 18
242 NanoMQL.........o 22
2.4.3 Graphene nanoplatelets................coooeviiiannn.. 24

2.5 Research gaps in the literature................cccccvvveinieennceeene. 27

2.6 Objectives and Scope of the present study......................... 28

Chapter III — Experimentation

3.1 INtroduCtion. ..c.uvueeit it 29
3.2 Selection of the Materials............c..ooooiiiiiiiiiiiiiii e, 29
321 Inconel 7T18... .o 29
3.2.2 Graphene nanoplatelets................cocevviiiinnn.. 30
3.3 Development of GNP impregnated grinding wheel.............. 32
3.4 Preparation of GNP based nano-cutting fluids.................... 34
3.4.1 Measurement of thermal conductivity................. 35
3.4.2 Measurement of ViscoSity..........coovvvviniinnnn.... 36
3.5 Experimental SEt Up......oouveiiiiiiiiiieiiii i e 37
3.5.1 Grinding machine................coooviiiiiiiiiinn. .. 37
3.5 2MQL SYStEML. .. .eeiiniiiiiiie e 38
3.5.3 Measurement of cutting force........................... 39
3.5.4 Measurement of cutting temperature.................. 40
3.6 Measurement of surface roughness....................coooii 41

3.7 Experimentation procedure...........oovuviieiiiiiiiiiiieennnennnn. 42



Page No

Chapter IV - Development and performance evaluation of

self-lubricating grinding wheel in grinding Inconel 718

4.1 IntrodUCtiON. ...ttt e 46
4.2 Grinding eXPeriments. .........o.eeruueeiueerneeneeeneeenaeannenns 46

4.2.1 Grinding fOrces........ooveviiiiiiiiiii i, 47

4.2.2 Grinding temperature..............c.o.eoveeeennennnnn.. 49

4.2.3 Surface roughness...........ccooeiiiiiiiiiiiiiiiin, 50
4.3 Grinding Coefficient..............ooooiiiiiiiiiiiii 51
4.4 Specific Grinding Energy............ccooiiiiiiiiiiiiiiiiiinn. 52
4.5 Grinding wheel wear ratio...........c.ovveiiiiiiiiiiinie i, 53
4.6 Influence of GNP surface area on grinding........................ 54
AN Y1311 1121 o 58

Chapter V - Development and performance evaluation of

GNP based nanoMQL in grinding of Inconel 718

5.1 INtrodUCtioN. ...ouvieti e 60
5.2 Preparation of GNP based nano-cutting fluids.................... 60
5.2.1 Thermal conductivity..........cccovivieiniinininnnnnnnn. 61
5.2.2 VASCOSILY . et tuttteeee e e et eee e 62
5.3 Grinding EXperiments............ooveviiiiiiiiiiiiiiiinieaenen, 63
5.3.1 Grinding force.........coovviiiiiiiiiii 63

5.3.2 Grinding temMpPeratures. ..........ooeeevueenueeenneennnnn 65



5.3.3 Surface roughness. ..o, 66
5.4 Grinding coefficient.......... oo, 67
5.5 Specific grinding €nergy.........cccovviiiiiiiiiiiiiiiiiii e, 68
5.6 Effect of GNP surface area..............cooooiiiiiiiiiiiinn. 69
BTN 1101 10 | 75
Chapter VI - The Grinding performance of Self
Lubricating Grinding Wheel with nanoMQL in grinding
6.1 INtrodUuCtion. ... ..ooueiitii i 77
6.2 Grinding eXPeriments. ........ooueenueeeneeieeeneeaieeenneananns 77
6.2.1 Grinding forces........oceviiiiiiiiiiiiiiiiii i, 78
6.2.2 Grinding Temperature................covvevevneennen... 79
6.2.3 Surface roughness..............ccoiiiviiiiiiiiiinann, 81
6.3 Grinding coefficient..............c.oooviiiiiiii i, 82
6.4 Specific Grinding Energy............cooooiiiiiiiiiiiiiiiinns 82
6.5 SUMMATY. ...t e e e 83
Chapter VII - Conclusions and future scope of the work
7.1 CONCIUSIONS .. .e ettt 84
7.1.1 Performance evaluation of self-lubricating grinding
WHheels. ..o 84
7.1.2 Performance evaluation of grinding with
NanoOMQL. ... ... 85



Page No

7.1.3 Performance evaluation of self-lubricating grinding

wheels withnanoMQL....................... 86

7.2 Future Scope of the work................coiiii, 86
References....ccccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieicicstamnn 88
List of publications from this research work........c..cccecevveeieinnnnnn. 98

33 T D 221 Y 99



Fig No.
Fig 1.1.
Fig 1.2.
Fig 1.3.
Fig 1.4.
Fig 1.5.
Fig 2.1.

Fig 2.2.

Fig2.3

Fig 2.4
Fig 2.5

Fig 2.6.
Fig 2.7.
Fig 2.8.
Fig 2.9.
Fig 2.10.
Fig 3.1.
Fig 3.2.

List of Figures

Title
Variation in rake angle with grits of different shape
Grinding wheel and workpiece interaction
Hexagonal Boron Nitride Structure
A TEM image of GNP
Flow chart of the present work
Affected layers for (a)Dry grinding (b)Wet grinding (c) Pure oil MQL
(d) Oil water MQL

(a) Abrasive grains wear mechanisms of vitrified bond corundum after
grinding(magnification: 175 X), (b) a schematic of oil mist spray in
MQL grinding and (c) lubricant sources at the interface of the grain

and workpiece surfaces

(a) wheel after the slots cut on it-20 slots, (b) lubricant sandwiched
wheel ready for experimentation-10 slots

Appearance of (a) graphite and (b) aluminum oxide particles

Schematic illustration of a physical model for the structure of a
graphite-impregnated grinding wheel

The thermal conductivity of nanofluids

Variation of viscosity with volume fraction

Variation of viscosity with temperature for SiO, dispersion in water
Schematic of nanoparticle jet MQL grinding

Schematic of nanoparticles in grinding interface

Inconel 718 component procured

Ultrasonic probe sonicator

Vi

Page No.

~N O L W W

14

16

17
17

20
21
21
23
23
30
31



Fig No.
Fig 3.3.
Fig 3.4.
Fig 3.5.
Fig 3.6.

Fig 3.7.

Fig 3.8.

Fig 3.9.
Fig 3.10

Fig 3.11.

Fig 3.12.

Fig 3.13.
Fig 3.14.
Fig 3.15.
Fig. 3.16.
Fig 3.17.
Fig 3.18.

Fig4.1.
Fig4.2.
Fig 4.3.
Fig4.4.
Fig 4.5.
Fig 4.6.

Title
Vacuum filtration setup
Vacuum Oven
Solid lumps obtained after drying

Various stages in the manufacturing of GNP impregnated grinding
wheel (a) preparing ingredients of the wheel (b) mixing (c) filling
mixture in a mould (d) pressing with a hydraulic press (e) transferring
pressed wheels to the furnace and (f) curing

Grinding wheels (a) Standard Grinding Wheel (b) GNP impregnated
grinding wheel

Stability of nano-cutting fluids with (a) Owt.% GNP, (b) 0.4wt.% raw
GNP in a day and (c) 0.4wt.% functionalized GNP after 5 days

KD2 Pro

DV-III Ultra Rheometer

Sartaj surface grinding machine
UnistCoolubricator system

Kistler Dynamometer

Experimental set up for surface grinding
Measurement of grinding temperatures

Digital display of thermocouple

Mitutoyo SJ 310 surface roughness testing equipment
Schematic representation of MQL grinding of Inconel 718
Effect of GNP concentration on Normal Force

Effect of GNP concentration on Tangential force
Effect of GNP concentration on grinding temperature
Effect of GNP concentration on surface roughness
Effect of GNP concentration on grinding coefficient

Effect of GNP concentration on specific grinding energy

Vii

Page No.
31

32
32
33

34

34

36
37
38
38
39
40
41
41
42
43
48
49
50
51
52
53



Fig No.
Fig4.7.
Fig 4.8.
Fig 4.9.

Fig 4.10.
Fig4.11.
Fig 4.12.
Fig 4.13.
Fig 4.14.

Fig 5.1.

Fig 5.2.

Fig 5.3.
Fig5.4.
Fig5.5.
Fig 5.6.
Fig 5.7.
Fig 5.8.

Fig 5.9.

Fig 5.10.
Fig 5.11.
Fig 5.12.
Fig 5.13.
Fig 5.14.

Title
Effect of GNP concentration on wheel wear
Effect of GNP surface area on the normal force
Effect of GNP surface area on the tangential force
Effect of GNP surface area on grinding temperature
Effect of GNP surface area on surface roughness
Effect of GNP surface area on grinding coefficient
Effect of GNP surface area on specific grinding energy
Grinding wheel wear rate for different grinding wheels

The thermal conductivity of cutting fluids with varying weight
fractions of GNP

Effect of weight fractions of GNP on the viscosity of nano-cutting
fluids

Effect of GNPs concentration on the normal force

Effect of GNP concentration on the tangential force

Effect of GNP based nano-cutting fluid on grinding temperature

Effect of GNP based nano-cutting fluid on surface roughness

Effect of GNP based nano-cutting fluid on grinding coefficient
Variation of specific grinding energy with variation in GNP
concentration and specific surface area

The thermal conductivity of cutting fluids with a varying surface area
of GNP

The viscosity of cutting fluids with a varying surface area of GNP
Effect of GNP surface area on the normal force

Effect of GNP surface area on the tangential force

Effect of GNP surface area on temperature

Effect of GNP surface area on surface roughness

viii

Page No.
53

55
56
56
56
57
57
58
62

62

65
65
66
67
68
69

71

71
72
73
73
74



Fig No.

Fig 5.15.
Fig 5.16.
Fig. 6.1.
Fig. 6.2.
Fig. 6.3.
Fig. 6.4.
Fig. 6.5.
Fig. 6.6.

Title
Effect of GNP surface area on grinding coefficient
Effect of GNP surface area on specific grinding energy
Normal force for various combinations of grinding
Tangential force for various combinations of grinding
Grinding temperatures for various combinations of grinding
Surface roughness for various combinations of grinding
Grinding coefficient for various combinations

Specific Grinding Energy for various combinations of grinding

Page No.
74
74
78
79
80
81
82
83



Table No.
Table 2.1.
Table 3.1.
Table 3.2.

Table 4.1

Table 4.2.

Table 5.1.

Table 5.2.

Table 5.3.

Table 6.1.

List of Tables

Title
Comparison of graphene dispersed canola oil with pure canola oil
Grades of GNP
Experimental Conditions
Nomenclature of GNP impregnated grinding wheels
Nomenclature of GNP impregnated grinding wheels with a varying
surface area
Nomenclature of nano-cutting fluids with varying weight fractions of
GNP
Nomenclature of nano-cutting fluids with 3 grades of GNP with 3
weight fractions
Nomenclature of nano-cutting fluids with a varying surface area of
GNP

Various combinations of grinding

Page No.
26

30
43
46
54

61

70

70

78



Chapter I

Introduction

1.1 Introduction

Titanium and nickel-based alloys are being widely used in military, aerospace, nuclear
and gas turbine industries because of their very high strength and high-temperature resistance.
Ti6Al4V and Inconel 718 are used in military projectile applications and jet engine fan
containment applications [1]. Nickel-based superalloys are used in hot sections of gas turbine
engines [2]. Because of their extraordinary mechanical and chemical properties, they are used
widely in aerospace applications. Due to their poor thermal conductivity and sensitivity to
strain hardening, they are named as "difficult to machine materials". In the present research,
new strategies are tried to improve the machining of Inconel 718, one of the difficult to

machine materials.
1.2 Difficult to machine materials

The materials, which produce very high cutting forces and/or heat, cause excessive
tool wear and lead to difficulty in chip formation and/or low surface quality, are referred as
difficult to machine materials. Titanium and nickel-based alloys are readily considered as
difficult to machine materials or hard to cut materials. Generally, the materials categorized
under difficult-to-machine materials are refractory and superalloys which contain chromium,
niobium, tantalum, cobalt, tungsten, rhenium, molybdenum, steel, nickel, titanium etc. as
alloying elements. However, difficult to machine materials are not just limited to this list of
alloys, but also extended to composites, structural ceramics, polymers, magnesium alloys etc.
Among these difficult to machine materials, Inconel 718 alloy, which is nickel-based, is

selected in the present work.
1.2.1 Inconel 718

Inconel 718, a nickel-based alloy, has very good fatigue endurance up to 700° C. It
exhibits extraordinary hot strength and hardness. Its mechanical and chemical properties are

not much affected at higher temperatures. It is also corrosion and creep resistant. It has some



other special properties like high erosion and thermal fatigue resistivity, it offers resistance to
thermal shock, and it has a high melting point. Due to these desirable properties, Inconel 718
is used in aerospace applications. Because of the high strength, Inconel 718 produce a high
amount of temperatures and forces during grinding operations. And as Inconel 718 is not a

good conductor of heat, the generated heat is not effectively dissipated through the workpiece.

The drastic rise in temperature leads to excessive tool wear and results in the poor
surface quality of the workpiece. Below 650°C, the hardness of Inconel 718 increases with the
rise in temperature [3]. This rise in temperature does not help in softening the material and
improving the machinability. High temperature also alters the microstructure of the workpiece
material, induces residual stresses, causes microcracks, and leads to variation in the micro-
hardness through the formation of the white layer. All these problems affect the service life of
the machined component, in particular, fatigue resistivity. Another specific problem while
machining Inconel 718 is the metallurgical damage in subsurface because of the work
hardening as a response to high cutting forces. Due to shortened tool life, low cutting speeds,
and poor surface and subsurface quality, machining Inconel 718 is becoming a costlier

process.

1.3 Grinding

Grinding is the most commonly chosen process where good surface finish and, high
form and dimensional accuracy are primarily important. Grinding is preferred to machine hard
materials which are difficult to machine using conventional machining processes. Sharpening
and finishing cutting tools, contour and form grinding of hot and cold working dies, from
grinding of gears and threads, finishing of cylindrical and flat surfaces and stock removal are
the major applications of grinding. And hence, Grinding is an inventible machining process in

all industries like machine tools manufacturing, automobile, and aerospace engineering.

In grinding, material removal occurs by shearing and ploughing in the form of
microchips by abrasive grits. These grits are held on the wheel by metallic and non-metallic
bonds. Almost, any material, soft or hard, ductile or brittle, can be cut by grinding operation.
Mainly, the grinding process can be characterized by high specific energy which is required
due to high cutting speed, huge negative rake angle (Fig 1.1), chip removal and undesirable

interaction between wheel-workpiece.



Fig 1.1 Variation in rake angle with grits of different ape [4]

Galvanic Superabrasive
wheel

1 4
Workpiece —>Vw ‘$

Fig 1.2 Grinding wheel and workpiece interaction [4]

Grinding wheel and workpiece interaction happens in four different ways as illustrated
in Fig 1.2., and they are 1. grit-workpiece (chip forming), 2. chip-bond, 3. chip-workpiece and
4. Bond-workpiece. Among these, grit workpiece interaction alone is productive which

produce chips, and the other ways are undesirably increasing force and energy requirements.

The generated heat because of the above reasons, causes many problems like, large
heat affected zone (HAZ), change in microstructure and hardness of the workpiece,
development of over-tempered and un-tempered martensitic layer while grinding ferrous
alloys, burnings and the associated problems, and development of large tensile residual

stresses and thus microcracks [5].

Another severe problem with grinding is the accumulation of chips in the inter grit
spaces, i.e. wheel loading. To clear the chips, grinding wheels are to be redressed frequently
to increase the grinding efficiency, which cuts down the useful wheel life. Besides, wheel
loading leads to a rise in the temperature, grinding forces, and vibrations, which further leads
to poor surface finish and surface integrity. All these problems associated with grinding are

prominent in grinding 'difficult-to-machine materials'.



In this regard, to improve the quality of the ground surface and to reduce the heat

produced cuttings fluids are being employed from decades.
1.4 Cutting fluids in grinding

Cutting fluids are used in grinding operations to reduce the friction and enhance the
lubrication in the grinding zone and to remove the heat generated because of plastic
deformation in the wheel-workpiece interface. Moreover, these cutting fluids will also flush

the chips away.

The method of flooding cutting fluid in grinding zone to reduce the difficulties in

grinding difficult to machine materials has few limitations:
1. Air barrier confines the accessibility of grinding fluid into the grinding zone [6].

2. Even a small quantity of cutting fluid enters the grinding zone, film boiling takes place

which further increases the heat generated at the wheel-work interface [7].

3. After crossing a certain grinding temperature, the lubricity of cutting fluid is getting

degraded [8].

Besides, the majority of the cutting fluids are harmful to the operator's health [8], not
safe to the environment, and making machining costlier. The estimated cost spent on cutting
fluids is around 20-30% of total manufacturing cost [6], in the case of machining difficult-to-
machine materials. Further, cutting fluids need regular maintenance to preserve their optimum
characteristics. Cutting fluids provide favorable conditions to grow bacteria and fungi. In the
presence of bacteria, emulsion gets split up effecting both lubricity and pH of cutting fluid. As
pH value changes, the risk of corrosion on both machine tool and workpiece increases. In
view of these challenges associated with the use of cutting fluids, alternate strategies such as
the use of solid lubricants are to be developed, either to minimize or to eliminate the use of

cutting fluids.

1.5 Solid lubricants in grinding

Generally, solid lubricants are very attractive substitutes for cutting fluids as they are

less toxic, environmentally friendly, biodegradable and have the capacity to lubricate over a



range of pressure and temperatures. Boric acid (H3BOs), molybdenum disulphide (MoS,),
calcium fluoride (CaF,) and graphite are popular solid lubricants that are used in grinding by

various researchers.

Solid lubricants are attractive because of their lamellar structure i.e. they exist in layer
by layer structure which is held by week Vander Waal's forces. These layers can easily slip
over another when applied shear loads. Fig 1.3 shows the Hexagonal Boron Nitride Structure

[10]. This structure of solid lubricants provides lubrication in the contact zones.

Covalent bonds

Van der Waals—
bonds

Fig 1.3. Hexagonal Boron Nitride structure [10]

Recently, graphene nanoplatelets have attracted researchers because of their unique
structure and remarkable properties. Hence, graphene nanoplatelets are chosen as a solid

lubricant in this work.

1.5.1 Graphene nanoplatelets (GNP)

Graphene, an interesting allotrope of carbon, has been drawing the attention of
researchers because of its extraordinary properties like high modulus of elasticity, good
electrical and thermal conductivity, and self-lubricating behavior [11]. Being two-dimensional
matter, graphene offers unique wear and friction properties which are not commonly seen in
conventional materials. Besides its renowned optical, electrical, thermal and mechanical
properties, it can also act as a solid lubricant or colloidal liquid lubricant. Graphene consists
of a stack of graphene sheets represented by vertical lines as shown in Fig 1.4. These sheets

are kept close together by Vander Waals forces and they can easily slip relative to each other



under the application of shear loads [12]. Since graphene exists as sheets or platelets in nano-

thickness, it is renowned as graphene nanoplatelets (GNP).

Vertical lines representing
stack of graphene sheets

Fig 1.4 TEM image of GNP [13]

The extreme mechanical strength of GNP is a very important property for wear
protection. As GNP is shown to be impermeable for gases and liquids, such as oxygen and
water, it slows down the corrosive and oxidation phenomena while grinding is done. GNP is
also able to replace solid films usually provided for reducing adhesion cum friction of
different surfaces with its two dimensional, low surface energy, smooth and slippery atomic
layers [14, 15]. All the above-mentioned properties make GNP very attractive for challenging

tribological applications to obtain low friction and low wear conditions.

Since GNP have all the essential properties that a solid lubricant should possess,
researchers are paying attention and making efforts in using it in machining to minimize
friction. In this research work, GNP is impregnated in the grinding wheels to make self-
lubricating grinding wheels and dispersed in cutting fluids to use in nanoMQL, to study their

performance in grinding Inconel 718.

1.5.2 Self-lubricating grinding wheels

Solid lubricants are supplied to machining zone to reduce friction, and hence
temperature generated, in many methods. Popularly, solid lubricants are fed in powder form,
paste form. Graphite is sandwiched in the grooves made in grinding wheel [16]. Few solid
lubricants are directly moulded in the grinding wheels to provide effective lubrication in the
grinding zone [17]. These grinding wheels are called as self-lubricating grinding wheels. In

the present study, GNP impregnated grinding wheels are developed.
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1.5.3 NanoMQL

Health and environmental concern on the use of cutting fluids during manufacturing
has led to the development of minimum quantity lubrication (MQL) [18]. Minimum quantity
lubrication (MQL) became another alternative to use the cutting fluids to minimize their
drawbacks. In MQL, a very small quantity of cutting fluid is sent forcefully (E.g. by means of
compressed air) into the machining zone. MQL becomes more efficient in adding
nanoparticles to cutting fluids [19]. Nanoparticles dispersed in the cutting fluids are called as
nano-cutting fluids. When nano-cutting fluids are used in MQL, it is popularly called as
nanoMQL. In this work, GNP based nano-cutting fluids are prepared and used in nanoMQL

to grind Inconel 718 components.
1.6 Present work

In general, quality of the grinding assessed by measuring the surface roughness of the
ground surface, grinding temperatures, and grinding forces etc. In the present work grinding
forces, grinding temperatures, surface roughness, grinding coefficient, specific grinding
energy and grinding wheel wear are considered as performance parameters to assess new

strategies adopted.

This work focuses on improving the surface quality and reducing the energy
requirements for grinding of difficult to machine materials with an ultimate objective of
enhancing the life of the components made with difficult to machine materials. The intended
objective of improving the surface quality ground Inconel 718 component is achieved in the

different stages. The present work is represented in the following flow chart Fig 1.5.

1.6.1 Outline of the thesis
The thesis has been divided into VIII chapters.

Chapter I introduces various challenges in grinding difficult to machine materials,
drawbacks associated with the use of cutting fluids, and the use of solid lubricants to
overcome these challenges and drawbacks. In addition, a brief summary of the work carried

out in the present study is reported.



Chapter II presents a comprehensive study of literature, leading to the current work.
This chapter contains a discussion on the work reported by many researchers regarding
various methods of improving the surface quality of difficult to machine materials. Gaps in

the literature and objectives of the present works are presented.

Chapter III gives the details of the selection of the materials, specifications of the
equipment used, measurement procedures used to measure input parameters and output

parameters and experimental procedure followed.

Chapter IV reports the effect of self-lubricating grinding wheels developed with
varying weight fractions and surface areas of GNP in grinding Inconel 718 components on

various grinding performance measures.

Chapter V presents the variation in basic properties of nano-cutting fluids with respect
to concentration and surface area of GNP, the experimental investigations on nanoMQL

grinding of Inconel 718 component with the prepared GNP based nano-cutting fluids.

Chapter VI reports the effect of grinding Inconel 718 with various combinations of the

grinding wheel and grinding conditions on various grinding performance measures.

Chapter VII presents the major conclusions drawn from the present work and various

other aspects, which are worthy for further investigation are suggested.



Chapter 11

Literature Review

2.1 Introduction

In this chapter, the motivation for the current research has been discussed in detail.
The attempts that are made by different researchers in the areas of machining of difficult to
machine materials, solid lubricants, nano-MQL and grinding are discussed elaborately. The

need for the current work has been established at the end of the chapter.
2.2 Machining of Inconel 718:

Nowadays, aircraft engines are featured by greater fuel efficiency and reliability.
Engines can perform longer and fly over oceans for several years. In addition to commercial
use, the military sector is also mainly based on the greatest performance of jet engines [1]. To
receive the highest value of the performance and cost, the aero engines are manufactured from
the high performing materials like Inconel 718. Inconel 718 is perfect for applications in a
high-temperature environment where creep, heat resistance and corrosion are needed [20]. It
is a key solution of hot structural applications, therefore, it is widely used in the various
industrial applications such as hot sections of gas turbine engines [2], nuclear reactors [21],

components for liquid-fueled rockets, sheet metal parts for cryogenic tanks [22].

Aeronautic structures are exposed to severe temperature, stress and hostile
environmental conditions. Surface integrity is utmost important for the workpiece undergoing
higher mechanical and thermal loads [23]. Surface condition is an ever-increasing and
influencing parameter on the component performance. The origin of component failures
depends on the quality of the machined surface. Utmost attention and importance should be
given to characteristics of the machined component surface [24, 25]. Many researchers have

investigated on machining of Inconel718, and it's surface integrity [24-29].

Precision grinding is one of the key processes which guarantee the accuracy and high
surface quality for Inconel718 component parts. However, when Inconel718 component is

being ground, there is difficulty in conducting the heat generated in the grinding zone to the
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base metal as it is having poor thermal conductivity. Moreover, because of the high grinding
energy ratio during grinding of hard-to-cut materials, a major portion of the grinding energy is
converted into grinding heat and accumulated in the grinding zone. If this heat is not removed
from the grinding zone, the temperature would be increasing sharply, which has a severe
influence on quality, thereby service life of the component [30]. In this regard, finding an
effective method either to reduce the temperature generated with the help of the lubricants or
to remove the heat with the help of coolant or combining both. Reduction and removal of the
heat have a great significance in improving the quality of the workpiece. Usually, the
techniques adapted for cooling and lubrication are traditional flood cooling, cryogenic
cooling, cold air cooling, use of solid lubricants and Minimum Quantity Lubrication (MQL).
From the cooling effect and environment point of view, MQL and solid lubricants are

regarded as more effective green manufacturing techniques [31-35].

2.3 MQL in machining

There are two major functions of cutting fluids, one is to lubricate and another is to
cool the machining zone. They affect machining conditions by lowering the temperatures,
heat affected zone, by improving the surface finish, tool life etc. Proper maintenance is
required when cutting fluids are used in the form of a flood. And also cutting fluids are to be
properly disposed of. EPA (Environmental Protection Agency) put cutting fluids into
hazardous wastes list. Properly disposing of the cutting fluids is also a costly affair; including
grinding fluid cost along with filtering, waste disposal etc., which takes a great part of total
cost [35]. Triethanolamine, an essential ingredient of cutting fluids, causes cancer and asthma
[36]. Long term exposure to cutting fluids causes dermatitis and inhaling its mist causes
respiratory problems [37]. According to NIOSH (The National Institute for Occupational
Safety and Health) recommendations, a worker should not be exposed to aerosols of cutting
fluids for more than 10hr/day during a 40-hr work week, limited to a rate 0.4 mg of cutting
fluid per m° of air [38].

Researchers started thinking of alternative methods like the use of solid lubricants,
MQL, etc. Solid lubricants like graphite, MoS,, etc., are supplied into machining zone in
different forms like powder, paste, etc. But, there was no effective method of application of

these lubricants. MQL (Minimum Quantity Lubrication) is another alternative to cutting fluids
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where a small amount of liquid is being injected into the machining zone directly with the

help of compressed air.

Unlike flood cooling (in which large quantity of fluid is poured and reused), in MQL
technique small amount of fluid is supplied to the machining zone. When cooling and
lubrication required at a time, then MQCL is used, where straight oils or emulsion are applied
to provide localized cooling and lubrication [39]. As just sufficient quantity of cutting fluid is

used in these MQL techniques, disposal and maintenance are not required.

MQL systems are of three types [40]. 1. Cutting fluid is drawn into the machining
zone with the help of the air by creating low pressure. 2. With the help of a dosing pump,
cutting fluid is supplied without using air. 3. Through the pressure system, lubricant and
compressed air are mixed and sprayed in the cutting zone where both compressed air and

lubricant can be varied independently.

Many researchers have been investigating the application of MQL in different
machining processes. Yasir et al. [41] observed the effect of MQL in machining Ti-6Al-4V
with PVD coated cemented carbide tool with supplying water-immiscible oil at 50 ml/hr and
100 ml/hr and three speeds, 120, 135 and 150 m/min. Among these, 135 m/min gave a longer
life at 100 ml/hr mist cooling. MQL was found to be better when the tool begins to wear,

because of better lubrication.

Alves et al. [42] did an internal grinding of quenched and tempered SAE 52100 steel
by applying both MQL and conventional techniques. Flow rates of 40 ml/hr, 60 ml/hr and 80
ml/hr are applied in their study. Better surface roughness values were observed with the flood
cooling technique as the proposed MQL was unable to flush the chips away. Tai et al. [43]
took nine varieties of cutting fluids and compared each other by considering properties like
lubricity, wettability, mist characteristics, extreme pressures etc., and correlated for
machinability. High mist concentration, low viscosity, large mist droplet diameter and high
wettability were recorded to give good machinability. This machinability performance
evaluation is also done on drilling and reaming, applying the above nine fluids as MQL.
Optimum machining was observed with low viscous cutting fluid. Cong Moa et al. [44] used
pure mineral oil and water-oil mix in MQL to grind AISI52100 with aluminium oxide (mesh

size 100) grinding wheel and their performance was compared with that of dry grinding and
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conventional cutting fluid (water based) applied at 6 I/min. MQL reduced the temperatures
generated and cutting forces and enhanced the surface quality of the ground workpiece. The
thickness of heat affected layer and the grinding temperature were reduced when the oil-water
mix is used in MQL, while surface roughness and tangential forces were reduced when pure
oil is used. Affected layers are shown in Fig 2.1. Thaker et al. [45] investigated the influence
of various MQL parameters like delivery pressure, lubricant quality, nozzle direction, pulse
frequency, cutting speed and feed on cutting Inconel718. It was recommended that the low
cutting speed and feed, high delivery pressure (13MPa), the quantity of lubrication and pulse
frequency, and inclined nozzle direction would result in low cutting force, temperature and
tool wear. It was also concluded that the operator’s health is protected and detrimental effects

on the environment were reduced with the pulsed jet mode in MQL.

(c) ()
Fig 2.1 Affected layers for (a) Dry grinding (b) Wet grinding (c) Pure oil MQL (d) Oil water
MQL [44]

Sadeghi et al. [46] used different grinding fluids: Synthetic oil, vegetable oil, Behran
cutting oil 34 and Behran cutting oil 53 in MQL grinding to grind low alloy steel AISI4140
using Al,O3 grinding wheel. All the above lubricants were applied to the grinding zone at
different flow rates and at different air pressures. It was observed that both normal and
tangential forces were reduced on using the MQL technique when compared to flood cooling
as MQL provided better slipping of abrasives at the interface. Among the oils used, synthetic

oil gave the lowest tangential force, Behran cutting oil 53 and vegetable oil gave better
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cooling effects. From this study, it was also reported that during MQL, metal cutting
happened due to shear and fracture, while it was due to plastic deformation and ploughing

during flood cooling.

Tawakoli et al. [47] explained the mechanism of MQL as follows. Oil droplets
temporarily store in the fractured grains and pores of the grinding wheel and reach the contact
zone to cool and lubricate. Wheel pores and grain fractured groves (formed during dressing)

which are acting as a source of lubricant are shown in Fig 2.2.

Giraim fraciure
. Wy

Cirmin Maliening
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ML oil Il'llit

Fig 2.2 (a) Abrasive grains wear mechanisms of vitrified bond corundum after grinding
(magnification: 175 %), (b) schematic of oil mist spray in MQL grinding, and (c) lubricant

sources at the interface of the grain and workpiece surfaces [47].
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Silva et al. [48] analysed the behaviour of MQL and compared it with conventional
cooling with an intention to produce high-quality mechanical components, not only in the
point of functionality but also in the point of safety. The material used was ABNT 4340 steel,
grinding wheel used was 38A60KV. LB1000 lubricant was supplied as MQL along with air
and lubricants with adjustable flow rates. They observed that MQL had produced higher
compressive residual stresses than the conventional cooling, which were beneficiary for

mechanical properties like fatigue strength and service life of components.

From the above discussions and available literature MQL with either neat oils or
water-soluble oil has several advantages over conventional flood cooling in terms of
machining parameters like tool wear, cutting forces, temperature and specific energy. As the
MQL system uses a small amount of cutting fluid, MQL would definitely be a superior
process when a fluid with special cooling and lubricating properties is used in it. This led to
exploring properties and utility of nanofluids in machining operations as they have high

lubricating and heat carrying abilities.
2.4 Solid Lubricants in Grinding

The friction between wheel and workpiece can be minimized, by means of effective
lubrication, and further intensity of the heat responsible for the thermal damage could be
reduced. There are many solid lubricants identified in modern tribology which can sustain

over a wide range of temperatures and provide lubricity [49, 50].

Venu et al. [S1] used graphite as a solid lubricant in ceramic grinding. Graphite with
an average particle size of lum was kept in the hopper and sent to the grinding zone by
gravity, and then it was vibrated by the cover plate of the grinding wheel. At 3 mm®/sec solid
lubricant supply, it was observed that there was a reduction in grinding forces, specific

grinding energy and surface roughness.

Shaji and Radhakrishnan [16] developed graphite sandwiched grinding wheels. The
concept of solid lubricant sandwiched wheels was to get two benefits of interrupted grinding
and benefits of the solid lubricant in grinding. This technique was adapted by making slots
across the width of the wheel radially inwards by abrasive water jet cutting as shown in Fig
2.3. These slots were made radial inwards. The width of slot inside was more, and the slot

was convergent towards the periphery of the grinding wheel so that solid lubricant filler
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would not come out. Solid lubricant filler is composed of phenolic liquid resin, powder resin,
fine AA grit and 50% graphite by weight. After mixing these ingredients thoroughly, the filler
was filled in the slots made in the grinding wheel. The stuffed grinding wheels were cooled
after curing was done. And the newly made wheels withstood the standard tests performed on
the grinding wheels. As the number of slots increases, an increase of normal forces and a
decrease of tangential forces was observed. In the case of an increased number of slots,
because of the increased supply of solid lubricant, wheel clogging was more and hence
normal forces were also more. At the same time, because of the increased number of slots,
interruptions for grinding were more and thus resulting in lesser tangential forces. Grinding
force ratio and specific energy were observed to be lowered for sandwiched wheels compared

to standard wheels.

(a) (b)

Fig 2.3. (a) wheel after the slots cut on it—20 slots, (b) lubricant sandwiched wheel ready for

experimentation—10 slots [16].

Ming Yi Tsai et al. [52] developed micro graphite impregnated grinding wheel. The
newly designed grinding wheels were made of aluminium oxide grit in which micro graphite
had been impregnated to lubricate the grinding zone. Particles of micro graphite were heat
treated with hydrogen which was flown at 500°C for minimum 30 minutes at a rate of 2
L/min to disperse the graphite particles uniformly in the graphite wheel. Because of
hydrogenation, the surface of the graphite particles was covered with layers of hydrogen ion
(H+) so that they repel each other. Images of the micro graphite and alumina were shown in

Fig 2.4. Their particle sizes were 50 and 150 um respectively. Graphite was taken to mix in
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AL Os; in five weight fractions of 0.1, 0.5, 1, 3 and 5%. Schematic illustration of a physical
model for the structure of graphite-impregnated grinding wheel is seen in Fig 2.5. Then, there
was no much difference in the surface roughness, but thermal damages were reduced. When
the amount of graphite was being increased (3 and 5 wt%), wheel wear ratio was observed to

be more. Graphite below 0.5 wt% was suggested for extended wheel life.

Fig 2.4. Appearance of (a) graphite and (b) aluminium oxide particles [52].

Abrasave grans

wekpecomiade © ¢ -
Fig 2.5. Schematic illustration of a physical model for the structure of graphite-impregnated
grinding wheel [52]

Shaji and Radhakrishnan [17] tried to make graphite and calcium fluoride (CaF,)
moulded grinding wheels with vitrified bonded A60KS wheel composition. But, both the
wheels failed for the following reason. Vitrified temperature generally would be of the order
of 1400°C, while at 550°C, graphite gets oxidized. The resulting products of oxidation
affected bond strength and failed to take the speed test. Similarly, CaF, moulded wheels also
failed speed test because CaF, was reacting with silicate present in the grinding wheel and
weakening the bond strength. Thus they chose an alternate solution, resin bond, to mould
solid lubricants into grinding wheels. The baking temperature was only 150-200°C, both

graphite and calcium fluoride can withstand this temperature. Resin bonded grinding wheels

17



were structured and could be used in high-speed machining. Wheels moulded of graphite
were made on adding graphite at 3%, 6% and 9% weight fractions. While making CaF,
moulded wheels, CaF, was added at 5%, 10% and 15% weight fractions. Graphite was added
relatively in lower weight fractions than that of CaF, because CaF, increases its adhesiveness
causing greater bond strength with the rise in the temperature [53]. Compared to vitrified
bonded wheels, wheel wear was observed to be higher for resin bonded wheels of their soft
structure and thermal softening nature. Resin bonded wheels were failed by thermal softening
than by grain fracture, in turn, causing bond fracture as in vitrified wheels due to mechanical
stress [54-56]. Grinding forces, specific energy and surface roughness that solid lubricants
were effective in improving the grinding quality with solid lubricants. Saturation in the

effectiveness of their lubricity was observed with increasing the amount of solid lubricant.

From the above literature, solid lubricants are effective in grinding in reducing the
friction and temperature generated. MQL with nanofluids is also proven to be effective in
taking off the heat generated. In the current investigation, for better grinding performance,
attempts are made to combine these two, reducing the heat and removing the heat at the
grinding zone. And graphene nanoplatelets (GNP) are newer solid lubricants which are used
rarely in machining. Here in this study, GNP is impregnated in the grinding wheels to reduce
friction and used as nanoparticles in nanoMQL to remove the heat generated from the contact

zone.
2.4.1 Nanofluids

Nanofluids are fluids in which solid particles at nano-size are suspended. These nano-
sized particles are expected to increase the heat carrying capacity of the fluid and also make
the fluid a better lubricant. Hence, thermal conductivity and viscosity of nanofluids are
studied by many researchers to find how these two properties are affected by the addition of

the nanoparticles.

Thermal conductivity is a key property of nanofluid which denotes the ability to take
the heat away from the machining zone. Viscosity is the resistance offered by a fluid to its
own flow, is another property of nanofluid which decides the lubricity, in turn, reduces the
heat generated. An ample number of research papers is available to study these two important

properties of Nanofluids.
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Eastman et al. [57] took ethylene glycol fluid as a base fluid and suspended copper
nanoparticles and found that the dispersion was having higher thermal conductivity with
respect to the base fluid. From their study, three points are noticed: Thermal conductivity was
enhanced up to 40% with small volume fraction (<1%), suspension stability with thioglycolic
acid as a stabilizer is improved. Suspensions used in two days of preparation exhibited greater
thermal conductivity than the liquid stored up to two months. A report presented by
Buongiomo et al. [58] on International Nanofluid Property Benchmark Exercise or INPBE, in
which, 30 organizations measured the thermal conductivity of similar nanofluid samples,
using optical, steady state, transient hot wire methods etc. They observed that when the aspect
ratio and concentration of nanoparticles are increased, thermal conductivity increased, and
thermal conductivity decreased when the thermal conductivity of the base fluid is decreased.
For all the methods, a maximum deviation from the average of the thermal conductivities
measured is 5% for water-based samples and 10% for polyalphaolefins lubricant based

samples.

Xie et al. [59] prepared many nanofluids, measured thermal conductivities for those to
know the influence of various factors: size of nanoparticles, volume fraction, tested
temperature, pre-treatment process, the thermal conductivity of the base fluid and additives
added. Non—oxide and oxide nanofluids exhibited higher thermal conductivity than the base
fluid and thermal conductivity further increases with an increase in the volume fractions.
Graphene dispersions showed higher thermal conductivity than oxide nanofluids. But CNT
suspension showed better thermal conductivity than those of Graphene for same particle
loading. For most of the nanofluids, thermal conductivity enhancement is independent of
temperature, but for Cu nanofluids, thermal conductivity was increasing with temperature
because of the Brownian motion. When 5% nanoparticles of Al,O3; were suspended in water
and pump oil, thermal conductivity increased by 22% and 38% respectively when 1% CNT
dispersed in distilled water, ethylene glycol and decene, the thermal conductivity increased by
7%, 12.7% and 19.6% respectively. And enhancement of thermal conductivity was more with
CNT than AlL,Os, independent of the base fluid type. Considering the influence of the size of
nanoparticles, an optimal value for Al,O; was existed, while for CNT, thermal conductivity

was found to increase with the decrease in the nanoparticle average diameter.
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Ding et al. [60] gave a detailed report on conduction and convection under both
natural and forced environments, and also at the boiling condition. He found that thermal
conductivity increased due to networking of nanoparticles with an increase in the
concentration, but in convection, it decreased due to an increase in the viscosity. Boiling heat
transfer increased for both Al,O3; and TiO; and this increment was sensitive to variation in the
concentration of TiO,. Fig 2.6 depicts the thermal conductivity data collected at room
temperature from their own work as well as the data reported in the literature. They had
analysed the data points, splitting into two groups, and each group was separated by a band.
Left side points were for CNT and metal particles based nanofluids and right side ones were
for metal oxides and carbide based nanofluids. Two groups exhibited an increase in thermal

conductivity with concentration.
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Fig 2.6. The thermal conductivity of nanofluids [60]

The viscosity of a fluid is the resistance to its own flow. The variation in the viscosity
of the base fluid with respect to the type of nanoparticle inclusion has been reported by many
researchers. Garg et al. [61] suspended copper nanoparticles varied from 0.4% to 2% by
volume fraction in ethylene glycol. The viscosity of the suspensions was also measured by
rheometer and observed that it was enhanced by four times that estimated by Einstein’s

viscosity law. Fig 2.7 shows the change in viscosity with the corresponding change in volume

fraction of the nanoparticles.

Tavman et al. [62] dispersed nanoparticles of SiO, and Al,Os in water. SiO; particles

of 12 nm in three vol% (0.45, 1.85 and 4 vol%), and Al,Oj3 particles of 30 nm in two vol%
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(0.5 and 1.5 vol%) were dispersed in water and measured viscosity by vibro-viscometer.
Viscosity was observed to increase rapidly with an increase in concentration and a decrease in
temperature, but the trend couldn't be assessed with Einstein model. Viscosity variation with

temperature for SiO2 dispersion in water is shown in Fig 2.8.
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Fig. 2.7. Variation of viscosity with volume fraction [61]
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Fig. 2.8. Variation of viscosity with temperature for SiO, dispersion in water [62]

Zhu et al. [63] prepared Cu-H,O nanofluids and measured viscosity using capillary
viscometers, varying the weight fractions of nanoparticles (Cu) and Surfactant (SDBS). The
concentration of surfactant and temperature were found to be major influential factors in

affecting viscosity and concentration of Cu found to be less influential.

In another investigation, Mirmohammadi et al. [64] studied the effect of size, shape
and quantity of nanoparticles, alcohol addition, temperature and sonication time on thermal
conductivity, viscosity and shelf stability of nanofluids. Thermal conductivity increased with
increase in particle concentration, temperature and sonication time, and with a decrease in
alcohol quantity. Viscosity decreased with increase in the quantity of alcohol, temperature and

sonication time, a decrease in particle concentration. Increase in the size of particles up to 250
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nm, led to a decrease in both viscosity and thermal conductivity, and bigger particles = 800nm

increased both viscosity and thermal conductivity drastically.

Nanofluids are having all the properties that ideal grinding fluid should and many
researchers used these nanofluids in MQL form in grinding to reduce heat and to reduce the

heat generated.
2.4.2 NanoMQL

Zhang Dong et al. [65] experimented to evaluate nano MQL grinding. They used
Molybdenum Disulphide, Carbon Nanotubes and Zirconium Dioxide as nanoparticles in
MQL fluid (5% of Syntilo9930 is mixed in 95% water). They used a grinding wheel
WASOMVI12P in which abrasives were alumina, bond was vitrified. The workpiece was
hardened steel. The authors found that specific grinding energy was lowest for MoS, [32.7
J/mm3], 8.22% and 10.39% lower than CNT and ZrO,. MoS, volume concentrations are
varied, 1%, 2% and 3%. Better lubrication effects were observed at 2%. Frictional coefficient,
specific grinding energy and surface roughness decreased as MoS; content increased from 1%
to 2%. These output parameters increased when MoS, increased from 2% to 3% due to
clustering of nanoparticles at higher volumes. Nanoparticle droplets which were dropped in
the grinding zone helped the grinding zone to cool (Fig 2.9) and lubricate (Fig 2.10).
Nanoparticles, additives in grinding fluid, increased the thermal conductivity of the grinding
fluid and convective heat transfer capacity of nanoparticle jet flow according to the theory of
heat transfer enhancement by solids. Nanoparticles present in the droplets act as balls in ball
bearings and turn the sliding friction to rolling friction, offering lesser resistance thereby
generating lower temperatures. The specific energy in grinding for MQL (45.5 J/mm®) was
higher than that of flood grinding (29.85 J/mm®), but specific grinding energy for
nanoparticles MQL (32.7 J/mm®) was very close to that of flood grinding. Hence, the authors
proved that nano-MQL would be the best alternative for flood cooling with respect to

grinding performance.

In a study, a grinding wheel with silicon carbide as abrasive (GC60K5V) and Ti-6Al-
4V material were taken by Setti et al. [66]. Grinding speed 17 m/s, table speed 9m/min, depth
of cut Sum. Dressing parameters were: Dressing depth:10um, dressing lead:250mm/min, no.

of dressing passes: 4. Water was the base fluid; Al,0O3; and CuO were the nanoparticles for the
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nanofluids. Surfactant Sodium Dodecyl Benzene Sulfonate (SDBS) was added to the base
fluid at a 1/10th weight fraction of nanoparticle weight. Nanoparticles were added in different
volume fractions, 0.05%, 0.1% and 1%. Significant reduction in the coefficient of friction was
observed with nano-MQL with Al,0O3 when compared with nano-MQL with CuO, MQL with
soluble oil, flood and dry. Nano-MQL grinding is efficient because of tribofilm formation on
the surface to be ground. This tribofilm formation was observed more for Al,O3 than CuO as

Al,O3 had a high melting point (=<2200°C) than that of CuO (=1100°C)

Nanofluids

Workpicce
Fig 2.9. Schematic of nanoparticle jet MQL grinding [65].
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Fig 2.10. Schematic of nanoparticles in grinding interface [65].

In an investigation, Zhang et al. [67] found that the coefficient of friction between the
grinding wheel and the workpiece, and the specific grinding energy were decreasing with the
addition of nanoparticles in the nanofluids. But, they observed that after the addition of a
certain quantity of nanoparticles, both, the coefficient of friction and the specific grinding
energy started increasing. In this study, researchers used nanoparticles jet MQL containing
MoS; nanoparticles at different concentrations 2%, 4%, 6% and 8%. Compared with 2% mass
fraction, coefficient of friction values for 4%, 6% and 8% mass fractions of MoS, were lower
by 2.9%, 7.4% and 5.8%, specific grinding energy values were lower by 3.5%, 5.8% and
3.9% respectively. From the above data, it can be concluded that the coefficient of friction
and specific grinding energy lowered from 2% to 6% mass fractions, and started increasing

between 6% and 8%. In the liquid suspension, while nanoparticles are moving, they crash and

23



gather to form clusters; hence more concentration of nanoparticles results in agglomeration.
Finally, nanoparticles lose dynamic stability and lower the lubrication property of nanofluids,

causing the coefficient of friction to increase.

Kalita et al. [68] used surface grinders using vitreous bonded grinding wheels with
Aluminum Oxide (Al,O3) and Norton abrasives along with nanofluids (paraffin oil as a base
fluid and MoS, as nanoparticles) to machine ASTM AS36 grade 100-70-30 ductile cast iron.
The surface quality of the ground components is analyzed with SEM. The grinding
performance was evaluated on finding out grinding forces, G — Ratio, specific grinding
energy, and temperature, under different grinding environments, Dry grinding, MQL, MQL
with microparticles and MQL with nanoparticles. MoS; nanoparticles suspended in paraffin in
2% and 8% weight fractions. Nano-MQL with 8% gave the best performance in all output
parameters grinding forces, G — Ratio, specific grinding energy except temperature. Flood
cooling gave minimum temperature and the next best was recorded with 8% nano-MQL.
Between 2% and 8% nano-MQL, there was no much difference in thermal conductivity, but
8% nano-MQL had exhibited minimum temperature because of the good lubrication and
minimum friction. From SEM-EDS microanalysis of both ground surface and grinding wheel
after grinding showed that nanoparticles presented in the nano-lubricants were forming
tribofilms and the pores in grinding wheel acted as micro-reservoirs for nano-lubricants and
gave lubricity during grinding. Both tribofilms and micro-reservoirs proved nano-MQL a

better process.
2.4.3 Graphene nanoplatelets

As discussed above, solid lubricants are effective in reducing the heat and are also
effective in removing the heat when suspended in coolants. But, some of the solid lubricants
are sensitive to the test environment. Example, MoS, will not lubricate in the presence of
water or oxygen molecules, similarly, graphite or boric acid will not act as a lubricant in the
absence of moisture in the surrounding air [49]. The solid lubricant, which is the most
durable, environmentally insensitive (chemically inert) and easy to be sent to the grinding
zone/ contact interfaces, is most desirable. Graphene provided extreme wear resistance in all
tested environments without posing any adverse effects on the environment [69]. Graphene is
a solid lubricant as well as is environment-friendly. So, it is selected as a solid lubricant in the

present study.
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Graphene is one of the allotropes of carbon which consists of carbon atoms arranged
in a single layer, and in a hexagonal lattice [70]. This thinnest material is a basic structural
element in many allotropes of carbon like graphite, charcoal, diamond and etc.
Unintentionally, it has been used for centuries in the form of graphite and pencils, but there
was no standard and controlled method to extract it. In 2004, Andre Geim and Konstantin
Novoselov (University of Manchester) have rediscovered, isolated and characterized
Graphene [68]. They isolated it using mechanical exfoliation or ‘Scotch-tape’ method [69], in
which highly ordered pyrolytic graphite (HOPG) is peeled into multiple layers by
commercially available adhesive tape and transferred those layers on to the substrate by
pressing against it. Later many easy methods to produce graphene has been discovered like
Dry mechanical exfoliation [69, 70]; chemical exfoliation [71, 72]; unzipping of CNTs
through chemical, electrochemical or physical methods [73]; Chemical vapour deposition [74,
75] and etc. Both of them, Andre Geim and Konstantin Novoselov (University of
Manchester), jointly won the Nobel Prize in Physics for ground-breaking experiments

regarding 2D material graphene, in 2010 [79].

Being two-dimensional material, Graphene offers unique wear and friction properties
which are not generally observed in conventional materials. Graphene’s mechanical properties
were tested by Lee et al. [80] and confirmed that it is one of the strongest materials ever
tested. This extraordinary mechanical strength is very much important in tribological point of
view, as it protects the substrate from the wear or rubbing. Graphene is impermeable to
liquids and gases, and thus protects the rubbed layers from water or oxygen molecules, to get
oxidized [81]. This wonderful material can also be used as a pure solid lubricant, and also as a
suspension in liquid lubricant [82]. Balandin et al. [83] measured the thermal conductivity of
graphene, compared it with CNT and revealed that graphene can serve better than CNT as a
thermal conductor. Its extreme strength, chemical inertness, the easy shear capability to slide
over one layer on the layer, and the heat transfer capability because of its high thermal

conductivity made this material novel and attractive to use it in the present research.

Chu et al. [84] aimed at creating enhanced environmentally benign graphene platelet-
based cutting fluids to improve high-performance micro-machining. They used plant-based
canola oil as base oil in which functionalized graphene was dispersed at three different weight

fractions, 0.05%, 0.10% and 0.15%. Higher weight fractions over 0.15% were not considered
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as it was difficult to get homogeneous graphene dispersions. After functionalization with
carboxyl surfactants, mixer of graphene and canola oil were sonicated, and tested for the
thermal conductivity, coefficient of friction and kinematic viscosity. In Table 2.1, all values
are compared with the case where pure canola oil is used. Thermal conductivity and kinematic
viscosity were observed to be increased, the coefficient of friction was observed to be

lowered, with an increase in weight fractions of graphene.

Table 2.1. Comparison of graphene dispersed canola oil with pure canola oil [84]

Graphene | Thermal Coefficient | Kinematic | Temperature | Cutting Surface
Conductivity | of Friction | viscosity Force roughness
(Wt %) (% of
(% of (% of (% of decrement) | (% of (% of
increment) decrement) | increment) decrement) | decrement)
0.05 0.66 45.45 227 24 6.9 10.3
0.10 1.9 36.36 3.69 31 11.3 8.6
0.15 2 21.21 4.44 58 8.9 5.9

Similarly, Temperature, cutting force and surface roughness were also observed to be
decreased with increase in the graphene wt %. But, the rate of decrement in the cutting force
was decreased between 0.10% and 0.15% wt % graphene, due to the undispersed clumps of
graphene at that high graphene concentration (0.15%). Finally, Chu et al. [84] concluded that

graphene was effective in improving the micro-machining.

Ranjbarzadeh et al. [85] prepared graphene oxide based nanofluids to use in
machining for cooling purpose and also tested for their stability and thermal conductivity.
They varied pH of base fluid and duration of the ultrasonic waves and measured Zeta
potential. It is observed that high Zeta potential gave more stability. 0.1, 0.2, 0.3 and 0.4%
mass fractions of graphene oxide nanoparticles were used in the suspensions. Thermal
conductivity was increasing with the addition of graphene oxide. It is increased by 71% for

0.4% mass fraction compared to pure base fluid. And hence, they concluded that the addition
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of graphene oxide nanoparticles increases the heat carrying capability of base fluid drastically

and helps to cool in the machining process.

Singh et. al [86] developed hybrid nano-cutting fluid and evaluated its performance in
hard turning. In this investigation, graphene nanoplatelets (GNP) along with alumina were
mixed to develop hybrid cutting fluid. GNP was added in 0.25, 0.75 and 1.25% volumetric
concentrations. Hybrid cutting fluid exhibited higher thermal conductivity and higher
viscosity with the addition of nanoparticles, but lower than individual constituents. Hybrid
nanofluids had also generated the least wear. Addition of GNP increased the wettability
compared to both alumina-based cutting fluid and base cutting fluid. This study revealed that
turning of AISI 304 has improved in MQL environment with newly developed hybrid
nanofluid when compared to alumina-based cutting fluid. It shows that GNP enhanced the

performance of hybrid nanofluids.

Uysal [87] used nano graphene reinforced vegetable oil in machining AISI 430
stainless steel. As stainless steel having lower thermal conductivity and work hardening
nature, milling of stainless steel may result in failure of milling tool such as flank wear, crater
wear, cracks, chipping, etc. He applied nano graphene reinforced vegetable oil through MQL
in 1% and 2% weight percentages, at two MQL flow rates of 20 and 40 ml/h. It was observed
that nano graphene reinforced vegetable oil had advantages over dry milling and pure

vegetable oil milling in terms of initial flank wear.
2.5 Research gaps in the literature

The increasing use of Inconel 718 in the various critical applications is demanding
novel and improved methods of machining strategies to improve the surface quality of Inconel
718 components. Grinding is one of the most used machining processes to finish the Inconel
718 components. GNP is a relatively new solid lubricant which is not being used regularly

and commercially.

Very few studies reported using graphene as a solid lubricant in machining as a
colloidal substance but no literature was found using it in self-lubricating tool in grinding.
GNP was used in nanoMQL, but it is not explored in combination with the grinding process.

No literature is found in the combination of GNP, nanoMQL, grinding and Inconel 718. To
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fill this research gap, efforts are put combining all these to improve the surface quality and

service life of Inconel 718 components.

2.6 Specific objectives of the present research
The specific objectives of the present research are

» To develop and evaluate GNP impregnated self-lubricating grinding wheels in
grinding Inconel 718

» To study the influence of GNP concentration and surface area on the performance of
self-lubricating grinding wheels in grinding Inconel 718

» To study the influence of GNP concentration and surface area on basic properties of
GNP based nanofluids

» To evaluate the performance of GNP based nanofluids in grinding Inconel 718 in the
nanoMQL environment

» To evaluate the performance of GNP impregnated self-lubricating grinding wheels in

grinding Inconel 718 in the nanoMQL environment
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Chapter 111

Experimentation

3.1 Introduction

Aiming to improve the surface quality of Inconel 718 workpiece, resin bonded grinding
wheels are developed by impregnating GNP into the wheel structure during wheel molding stage
itself and also GNP based nano-cutting fluids with different weight fractions and specific surface
areas of GNP are developed in order to have proper application of solid lubricants at the wheel-
workpiece interface. Different aspects of the grinding performance such as grinding forces,
grinding temperature, surface roughness, grinding coefficient, specific grinding energy and
grinding wheel wear are evaluated and compared with the conventional grinding wheel

performance.

In this chapter, selection of materials, development of self-lubricating grinding wheels,
preparation of nano-fluids, measurement of thermal conductivity and viscosity, experimental
setup, details of equipment used and procedure followed for measuring the process performance

are discussed in detail.

3.2 Selection of Materials

Among difficult to machine materials, Inconel 718 is chosen as workpiece material and

similarly, GNP is chosen as a solid lubricant.
3.2.1 Inconel 718

Inconel 718 plates of 80 mm x 70 mm x 5 mm are directly procured from M/s Mosam
Impex Pvt. Ltd., Mumbai, whose chemical composition is (in weight %): 52.46 Nickel, 19.15
Chromium, 10.40 Aluminium, 4.94 Niobium, 3.04 Molybdenum, 1.08 Titanium, 0.15 Silicon,
0.05 Manganese, 0.04 Carbon, 0.006 Phosphorus, 0.002 Sulfur, 0.002 Boron, 0.002 Magnesium.
Mechanical properties of this superalloy are tensile strength - 1489 MPa; yield strength 1319
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MPa; elongation - 20 %; shrinkage - 46 %; and hardness of material - 468HV. The two holes of
diameter 8 mm are meant to hold the workpiece on the dynamometer firmly with the help screw

fasteners as shown Fig 3.1

Fig 3.1. Inconel 718 component procured
3.2.2 Graphene nanoplatelets

Graphene nanoplatelets with a trade name of xGnP, procured from xG sciences, USA, are
used for development of self-lubricating grinding wheel. They are made from synthetic, acid-
intercalated graphite based on a microwave exfoliation method [12]. GNP with three average
surface areas 300, 500 and 750 mz/g, with an average thickness of 2 nm, the average width of 1-2
um (Table 3.1) are used in this work.

Table 3.1. Grades of GNP

Grade Average Surface area (mzlg)
Grade I 300

Grade I 500

Grade 111 750
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Surface treatment of GNP

In order to disentangle the nanoplatelets that tend to cling together and to ensure uniform
dispersion of GNP in grinding wheel, nanoplatelets are treated with a cationic surfactant. Cetyl
Trimethyl Ammonium Bromide (CTAB) is selected for this purpose as it will not cause any
damage to morphology and GNP during processing, and is economical [13]. A pre-measured
amount of GNP is added to acetone consisting of 15mg of CTAB and then sonicated for 1 hour
using ultrasonic probe sonicator (Fig 3.2). After sonicating for a specified time, treated GNP is
obtained by vacuum filtering the suspension as shown in Fig 3.3 using Millipore PVDF
membrane filter paper with a pore diameter of 0.22 um. The sample is then dried in a vacuum
oven (Fig 3.4) at 60°C for 12 hours. The solid lumps (Fig 3.5) obtained after drying are pounded

into a fine powder using mortar and pestle.

Fig 3.2. Ultrasonic probe sonicator Fig 3.3. Vacuum filtration setup

Ultrasonic probe sonicator:

Make : M/s Electrosonic Industries, Mumbai
Maximum power output : 600 watts

Operating frequency : 20 kHz

Input :11I0VAC@ 10 A

Programmable timer 2 1s- 1h
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Fig 3.4. Vacuum Oven Fig 3.5. Solid lumps obtained after drying

Vacuum Filtration:
Borosilicate glass membrane Filter Holder Assembly with membrane support
Membrane diameter: 47mm
Funnel Cap: 300
Flask cap: 1000ml
Aluminium duck clamp
Membrane filters:
Make: Millipore GVWP04700 Durapore® PVDF Membrane Filter,
Hydrophilic Plain White

Diameter: 47mm; Pore Size: 0.22um; Thickness: 125um; Porosity: 70%; Gravimetric
Extractables: 0.5%

3.3 Development of GNP impregnated grinding wheel

Resin bonded grinding wheels are softer when compared to Vitrified wheels. It is usual
practice to choose soft grinding wheels to machine hard materials, and hence resin bonded
grinding wheels are chosen to machine Inconel 718 workpiece. The GNP impregnated resin
bonded grinding wheels are manufactured as shown in Fig 3.6. Excluding GNP, grinding wheel
consists of 80% aluminum oxide abrasives, 12% liquid bonding material, 5% powder resin, 3%

additives by weight. An A80OK6B grinding wheel with 200 mm x 25 mm x 31.75 mm size is
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taken as a standard wheel. Fig 3.6 depicts the various stages of the manufacturing process of the
GNP impregnated grinding wheel. Initially, measured amounts of abrasives, resin, additives, and
GNP are thoroughly mixed by a mixer as shown in Figure 3.6 (b). After thorough mixing, wheel
mould is filled with the mixture and then pressed at 147 MPa for a minute in the hydraulic press
as shown in Figure 3.6 (d). Then the pressed wheels as shown in figure 3.6 (e) are transferred to

furnace for curing. Finally, the wheels are cured in the furnace at a temperature of 180°C.

(d) (e) ()

Fig 3.6. Various stages in the manufacturing of GNP impregnated grinding wheel (a) preparing

ingredients of the wheel (b) mixing (c) filling mixture in the mould (d) pressing with a hydraulic

press (e) transferring pressed wheels to the furnace and (f) curing

From the Fig 3.6 (e) and, Fig 3.7 (a) & (b), it is observed that GNP added wheels are darker
compared normal grinding wheel, and visually, it is assessed that GNP is spread across all the

grinding wheels.
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Fig 3.7.D (a) Standard Grinding Wheel (b) GNP impregnated grinding wheel

(a) (b) (c)

Fig 3.8. Stability of nano-cutting fluids with (a) Owt.% GNP, (b) 0.4wt.% raw GNP in a day and
(c) 0.4wt.% functionalized GNP after 5 days

3.4 Preparation of GNP based nano-cutting fluids

Water soluble oil, a mixture of water and concentrated soluble oil (95:5 by volume), is
used as base cutting fluid for preparation of nano-cutting fluids. Nano-cutting fluids are prepared
by adding CTAB surfactant wrapped GNP to base cutting fluid. The mixture is sonicated for 30
minutes using a probe sonicator at 35% amplitude. When raw GNP is used for the preparation of
nanofluids, GNP started segregating especially in nanofluids consisting higher concentration
within a day, whereas for nanofluids with surfactant wrapped GNP, dispersion remained stable

even after five days. Fig 3.8 shows the stability of nano-cutting fluids. Fig 3.8 (a) shows the base
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cutting fluid which is white in color. Fig 3.8 (b) shows the stability of 0.4wt% raw GNP after 1
day. It can be seen that graphene platelets agglomerated at the top, separating themselves from
the base cutting fluid. Separation of graphene platelets from the sample (b) has caused a
difference in color at top and bottom. Top dark layer is of agglomerated graphene. Movement of
GNP from the bottom region to the top has made the color of bottom cutting fluid lighter. Fig 3.8
(c) shows stability of 0.4wt% functionalized GNP after 5 days. No agglomeration is formed.
Uniform dispersion of GNP has given black color to the sample. Therefore, nanofluids, that are

developed with surfactant wrapped GNP, are used for further study.
3.4.1 Measurement of thermal conductivity

Thermal conductivity is an important property of the cutting fluids which decides the heat
carrying capacity it from the machining zone. The thermal conductivity of the nano-cutting fluids
is measured using KD2 Pro (a transient heated needle, Fig 3.9) as per ASTM D5334-08 [88]
within the temperature range of 30°C to 70°C. The thermal conductivity of each sample is
measured for 5 times and mean values are reported. Before measuring, the equipment is

calibrated by evaluating the thermal conductivity of water.

Specifications:
Operating Environment:

Controller :0to 50 °C

Sensors :-50 to +150 °C

Power :4 AA cells

Case Size :155emx9.5cmx3.5¢cm

Display : 3 cm x 6 cm, 128 x 64 pixel graphics LCD
Keypad : 6 key, sealed membrane

Data Storage: 4095 measurements in flash memory (both raw and processed data are stored for
download)

Interface : 9-pin serial

Read Modes : Manual and Auto Read
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Sensors:
Size : 1.3 mm diameter x 60 mm long
Range :0.02 to 2.00 W/(m- K) (thermal conductivity)
50 to 5000 °Coca/W (thermal resistivity)
Accuracy (Conductivity): £ 5% from 0.2 - 2 W/(m- K)
+0.01 W/(m- K) from 0.02 - 0.2 W/(my)
Cable length :0.8 m

Fig 3.9. KD2 Pro

3.4.2 Measurement of Viscosity

The viscosity of a cutting fluid affects the lubricating environment in the cutting zone. The

viscosity of the GNP based cutting fluid is measured using Brookfield viscometer (Fig 3.10).

Initially, to ensure the accuracy of the instrument, the viscosity of the distilled water is measured

at room temperature and error is found to be within +2%. After confirming the accuracy, the

viscosity of each prepared nano-cutting fluid is measured as per ASTM D2983- 03 [89] within

the temperature range of 25 °C to 60 °C. Each sample is measured five times and average values

are reported.

Specifications:

Equipment: M/s DV-III Ultra Rheometer
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Make: M/s. Brookfield Engineering Laboratories Inc., USA.
Built-in RTD temperature probe.

Accuracy: £ 1.0 % of range.

Repeatability: + 0.2 %.

USB connectivity.

Temperature range: 1°C to 100 °C.

Viscosity Range: 0.1 cP to 3k cP with no of increments 2.6 k.

Fig. 3.10. DV-III Ultra Rheometer

3.5 Experimental set up

While grinding Inconel 718 components, forces and temperature are to be noted in
parallel. MQL system is also to be set along with grinding machine only. In this section,

specifications and working procedure of these grinding associated equipment are discussed.
3.5.1 Grinding Machine

In order to carry the grinding experiments, Sartaj surface grinding machine (Fig 3.11) is
used. The dressing conditions are kept constant while a single-point diamond dresser is being
used so that it would not influence the output variables of the processes. As the wear rate is
higher in case of resin bonded wheels when compared to vitrified wheels, mode of dressing will

not influence process results [90] and hence single point dressing mode is selected.

Make: M/s Sartaj Engineering works
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Motor capacity: 1.5 HP

Bed Length: 450 mm

Cross Feed: 225 mm (maximum)
Vertical feed graduation: 0.01 mm
Crossfeed graduation: 0.05 mm

Table vertical movement with MICRO FEED: 0.005 mm (5 um)

Fig 3.12. UnistCoolubricator system

3.5.2 MQL System

UnistCoolubricator System (Fig.3.12) has separate fluid and air output adjustment

arrangement, which uses high-pressure air and can supply cutting fluid at a minimum flow rate of
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1 mL/min. The pressure in the airline from the compressor is maintained constant at 75 psi using
a pressure regulator. Required cutting fluid rate is attained by setting a pulse generator, brass

adjustment knob to full stroke and air metering screw to % revolutions.
3.5.3 Measurement of cutting force

Cutting forces are the key output parameters in evaluating the grinding performance, and
further, those are useful to calculate specific grinding energy and grinding ratio. By using Kistler
4 - component piezoelectric dynamometer (Model: 9272) (Fig 3.16), forces are measured online
sensibly and accurately and analyzed with Dyno software provided by M/s Kistler. Force plate is
held firmly on the magnetic chuck. As shown in Fig 3.1., Inconel 718 plate is fastened to the
force plate through the provisions with screws. For each cut made, forces are recorded and

analyzed.

Force Plate
F,

Data Acquisition system

Charge amplifier

Fig 3.13. Kistler Dynamometer

Specifications
Measuring range Fx, Fy kN -5t05
Fz kN -51t020
Mz N-m  -200 to 200
Calibrated measuring range 100% Fx, Fy kN OtoS
Fz kN 0 to 20
Mz Nm 0 to 200
0 to - 200
Calibrated measuring range 10% Fx, Fy kN 0to 0.5
Fz kN 0to?2
Mz N-m 0to20
0to-20
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3.5.4 Measurement of cutting temperature

K-type thermocouple with digital temperature indicator is used for measuring the
temperature. Temperatures are measured by placing thermocouple 2 mm below the surface of the
workpiece as shown in Fig 3.14. The thermocouple is placed in a slot made for this purpose in the
bottom of Inconel plate. After placing the thermocouple in the slot, a bottom plate is glued to the
top plate. Fig. 3.15 shows the pictorial view for measurement of grinding temperature and Fig

3.16 shows the digital display of the thermocouple.

[nconel 718

Fig 3.14. Experimental set up for surface grinding

Temperature indicator

Range : 0-1200 °C.

Supply Voltage 1230V, AC 50 Hz.

Input : Cr-Al (K-type)

Specifications:

Designation : K type, Shielded Thermocouple

Element outside diameter: 2 mm

Element Length : 120 mm
Element Type : Duplex
Sheath material : Recrystalised Alumina.

Temperature Range  : -250 C to 1260 "C.
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Tolerance 1422 Cor+0.75% (whichever is greater between 0 OC t01250 OC).

Thermocouple
s Wire

L/Workplece

L.

. Bottom
Display Plate

Fig 3.15. Measurement of grinding temperatures

Fig 3.16. Digital display of Thermocouple
3.6 Measurement of surface roughness

Surface finish has a profound influence on the fatigue life, stress corrosion etc. of the
component. The life of the machined components and its performance is largely affected by the
surface finish. A rougher surface will lead to premature failures of the components. And hence,
the surface roughness is to be measured to evaluate the grinding performance. To measure the
surface roughness of ground part on Inconel 718 workpiece, Mitutoyo SJ 310 (Fig 3.17) is used.
The diamond tip of the stylus is reciprocated on the surface whose surface is to be measured.
Irregularities on the surface are sensed by the detector and are converted into microns. The

readings are measured through the digital display.

Equipment  : Surftest SJ-301
Make : M/s Mitutoyo

Specifications:
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Drive speed Measuring:0.25mm/s
Returning: 1mm/s

Detector retraction function Stylus U P

Measuring force 4mN

Material of stylus Diamond

Stylus tip radius Sum

Radius of skid curvature 40mm

Measuring Range Z-axis: 350um (12000uin), X-axis: 12.5mm (.5")
Operating temperature 5°C -40°C

Relative humidity 85% max

Fig 3.17. Mitutoyo SJ 310 surface roughness testing equipment

3.7 Experimentation procedure:

Inconel 718 workpiece of 80 x 70 x 5 mm is directly procured along with two holes
meant to mount it on a dynamometer force plate. Three grades of GNP (Table 3.1) are procured
from xG sciences, USA. Surface treatment of GNP is done as mentioned in Section 3.2.2 to
minimize the phenomena of agglomeration while making self-lubricating grinding wheels and
nanofluids. GNP impregnated grinding wheels are made following the procedure mentioned in
Section 3.3 with varying weight fractions (0.25, 0.5, 1, 2 and 4wt.%) of surface treated Grade II
GNP. GNP based nanofluids are prepared according to Section 3.4 various weight fractions (0.1,

0.2, 0.3, 0.4 and 0.5wt.%) of surface treated Grade II GNP. Thermal conductivity and Viscosity
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of prepared nanofluids are measured using KD2 Pro (Section 3.4.1) and Brookfield viscometer
(Section 3.4.2) respectively to understand the effect of GNP concentration on grinding
performance. The thermocouple is placed in a slot made for this purpose in the bottom of the
Inconel plate. After placing the thermocouple in the slot, a bottom plate is glued to the top plate.
Thermocouple sandwiched Inconel 718 plate is fastened to Kistler piezoelectric dynamometer
(Model: 9272) force plate by means of screws. Inconel 718 plate, thermocouple wire, and
dynamometer force plate assembly are set on grinding machine's magnetic table by means of
magnetic force.

Table 3.2. Experimental Conditions

Machine: Horizontal spindle surface grinding machine
Motor capacity: 1.5 HP
Wheel dimensions: 200x25%31.75 (mm)

Workpiece material:  Inconel 718

Wheel speed: 25 m/sec
Feed: 15 m/min
Infeed: 25 um

Method of grinding:  Dry grinding and MQL with a flow rate of 2.5 ml/min

Dressing conditions:  Single point diamond dresser; dressing speed: 2400
RPM; dressing depth: 30um.

NANC|
FLUID|

GRINDING WHEEL T
[

=

s
™ MQL EQUIPMENT
M / \ COMPRESSED AIR
[\ 7
QO )l /«— AIR NANOFLUID
- /) ; MIXER HOSE

COMPUTER N / A

e
-
COUPLE TEMPERATURE DISPLAY
WIRE

CHARGE DYNAMOMETER
AMPLIFIER

'WORK TABLE

Fig 3.18. Schematic representation of MQL grinding of Inconel 718
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Grinding is performed on Inconel 718 plate as per machining conditions listed in
Table 3.2. Schematic diagram of the experimental set up is presented in Fig. 3.21. To account for
uncertainties, all the experiments are carried out in triplicate, and their mean values are reported
along with the standard deviation. The dressing conditions are kept constant while a single-point
diamond dresser is being used so that it would not influence the output variables of the processes.
Experiments are done in a dry environment using the standard grinding wheel (without GNP) and
self-lubricated grinding wheels to evaluate the effect of GNP concentration on grinding

performance.

Forces and Temperature are measured online while the grinding is being done. Grinding
forces, Fz - Normal Force, Fy - Tangential Force, are recorded and analyzed with the dyno
software. Temperature is measured using digital embedded K - type thermocouple at a small
distance from the grinding zone. After grinding, the surface roughness is measured for all the
ground surfaces using Mitutoyo SJ 310. Stylus diamond tip is reciprocated at three different

places on the same ground surface, and the average value is considered as surface roughness.

Grinding coefficient and specific grinding energy are derived by using simple formulae
from the measured force values and grinding input parameters. Grinding wheel wear ratio is
calculated by calculating the weight of Inconel 718 removed during the cut and knowing the loss

of grinding wheel before and after grinding with an electronic balance.

After analyzing the results, self-lubricating wheels with 2% GNP concentration are giving
better performance. Next set of experiments are carried to know the influence of the surface area
of GNP. In this, grinding wheels are made impregnating all three grades of GNP (Table 3.1) at
three different GNP weight fractions, 1%, 2%, and 4%. These wheels are also tested for their
performances similar to the procedure discussed above. Self-lubricating grinding wheels with

GNP having a surface area 750 m*/g and 2 wt% are observed to be yielding the best performance.

Moving to the next stage of experimentation, grinding is done with a standard grinding
wheel in the nanoMQL environment. In this, nano-cutting fluids with (0.1, 0.2, 0.3, 0.4 and
0.5wt.%) are applied using UnistCoolubricator System. Nano-cutting fluids sent at a flow rate of

2.5 mL/min by setting pulse generator to 40, brass adjustment knob to full stroke and air metering
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screw to % revolutions. Grinding performance in nanoMQL is tested for its performance in terms
of grinding forces, grinding temperature, surface roughness, grinding coefficient and specific

grinding energy as per the procedures discussed in the previous sections.

NanoMQL with nanofluid having 0.3 wt% GNP is giving better results. Further,
experiments are carried to know the influence of the surface area of GNP. In this, nanofluids are
prepared to disperse all three grades of GNP (Table 3.1) at three different GNP weight fractions,
0.2%, 0.3%, and 0.4%. These nanofluids are also tested for their performances similar to the
procedure discussed above. Nanofluids with GNP having a surface area 750 mz/g and 0.3 wt%

are observed to be yielding the best performance.

In the last stage of experiments, the best self-lubricating grinding wheel and the best
nanofluid are used in combination to understand the synergetic effect of GNP on grinding and
performance is evaluated in terms of grinding forces, grinding temperature, surface roughness,
grinding coefficient and specific grinding energy as per the procedures discussed in the previous

sections.

After analyzing the results, grinding Inconel 718 components with self-lubricating
grinding wheel with GNP having a surface area 750 m%g and 2 wt% in nanoMQL environment
applying nanofluid GNP having a surface area 750 m?%/ g and 0.3 wt% is giving the best quality of

the ground surface.
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Chapter IV

Development and performance evaluation of self-lubricating

grinding wheels in grinding Inconel 718

4.1 Introduction

It is understood that the efficiency of solid lubricants would be enhanced if those are
effectively introduced into the grinding zone, by impregnating solid lubricants in grinding wheels
[52]. To take advantage of this in the present work, resin bonded grinding wheels impregnated
with varying GNP concentration and surface area are developed in order to evaluate their effect
on various grinding performance measures. Performance of these developed grinding wheels is

compared with a standard grinding wheel and presented in the following sections.
4.2 Grinding experiments

Table 4.1. Nomenclature of GNP impregnated grinding wheels

Wheel Weight fraction GNP

Designation (wt %)

Wheel A 0 Nil
(ASOK6B)

Wheel B 0.25 Grade II

Wheel C 0.5 Grade 11

Wheel D 1 Grade II

Wheel E 2 Grade 11

Wheel F 4 Grade II

Initially, to evaluate the influence of GNP and its concentration in grinding wheels, GNP
of Grade II (surface area 500 m”/g) was impregnated in grinding wheels at different weight
fractions, as discussed under Section 3.3. The newly developed grinding wheels were designated

as given in Table 4.1. In order to compare the performance of GNP impregnated self-lubricating
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grinding wheels, a standard wheel (A80K6B), without adding any GNP, has been considered and
it is Wheel A in Table 4.1. Experimental setup and conditions are presented in Section 3.5. The
grinding forces, grinding temperature, surface roughness, grinding coefficient, specific grinding
energy and grinding wheel wear are measured and calculated as discussed in Section 3.7 in order
to assess and compare the performance of the developed self-lubricating grinding wheels against

the standard wheel. Results are discussed in the following sections.

4.2.1 Grinding forces

Grinding forces are measured online by using Kistler 4 - component piezoelectric
dynamometer (Model: 9272) and analyzed with Dynoware software. The experimental set-up is shown

in Section 3.5.3.

Grinding forces viz. normal forces and tangential forces are important parameters by
which performance of any grinding process can be evaluated. Various components contribute to
these grinding forces are primary ploughing, secondary ploughing, micro-fracturing, wheel
loading, shearing, friction, bonding material, re-deposited debris, etc. [16]. The relative
contributions of these components depend on workpiece material, process parameters, wheel
surface contribution, abrasive characteristics and presence of cutting fluids etc. Fig 4.3 shows the

variations in normal and tangential forces generated during grinding Inconel 718.

Normal forces press the abrasives into the workpiece and lead to the removal of material.
This force component influences wheel wear, surface roughness, geometrical and dimensional
accuracy. It is evident from Fig 4.1, substantial reduction in normal force is observed with
graphene impregnated grinding wheels as compared to the standard wheel (Wheel A). Among
various components that contribute to normal forces, productive components (shearing,
secondary ploughing, micro-fracturing, etc.) are non-frictional in nature and non-productive
components are frictional in nature. Productive components of grinding forces primarily depend
on infeed whereas non-productive components are independent of infeed [91]. As infeed is kept
constant at 15um, a decrease in normal force with graphene impregnated grinding wheels may be
attributed to a reduction in non-productive components which in turn might be due to effective

lubrication of GNP that is applied directly at the wheel-workpiece interface. That effective
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lubrication is because of the arrangement of platelets. Platelets of graphene are kept close by van
der Waals forces [12]. In the presence of shear loads, the platelets will slide over each other and
thereby reduces the frictional force between wheel and workpiece interface [92], leading to
lowering the coefficient of friction. All the non-productive components which are frictional in
nature reduce their magnitude due to the low coefficient of friction, leading to a reduction in

normal force.

In addition, direct application of solid lubricant at wheel-workpiece interface might have
minimized wheel clogging by swarf, which in turn reduces the normal forces to some extent [16].
As the quantity of GNP inclusions in the wheel increases, reduction in normal force is observed
up to 2 wt% content. Further with a higher quantity of GNP (i.e. 4 wt.%), an increase in normal

force is observed which may be due to possible saturation of lubricant effectiveness [17].
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Fig 4.1. Effect of GNP concentration on Normal Force

Tangential grinding force influences the power requirements in the grinding process. The
intensity of heat generation, interface temperature and surface integrity depends primarily on this
component of the grinding force. It can be observed from Fig 4.2, GNP impregnated grinding
wheels exhibited lower tangential forces as compared to the standard wheel. The effectiveness of
the GNP in reducing the frictional effect at grinding zone is evident from the reduction of
tangential forces. GNP presented in the grinding wheels slides on their own platelets and helps

the grinding wheel to move smoothly on the work surface, which causes low tangential force.
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Higher is the quantity of GNP in the wheel lower is the tangential force. At a higher quantity of
GNP (i.e. for Wheel F), a slight increase in tangential force is observed which might also be
attributed to a reduction in bond strength beyond saturation limit. The weakening of bond

strength might lead to higher wheel wear and re-deposition of debris on the work surface [52].
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Fig 4.2. Effect of GNP concentration Tangential force

4.2.2 Grinding temperature

Temperature developed due to heat generated in grinding Inconel 718 is measured using
K-type thermocouple as discussed under Section 3.5.4. These measurements show insight into
thermal performance and lubrication effect of graphene impregnated grinding wheels at grinding
zone. Fig 4.3 shows the temperatures of the Inconel 718 workpiece when ground with different
grinding wheels. Graphene impregnated grinding wheels exhibited 4-19% reduction in cutting

temperature as compared to a standard grinding wheel (Wheel A).

This reduction might be due to the high thermal conductivity characteristic [83] and
lubricating property of GNP [69]. Direct availability of GNP at the grinding zone might have
conducted the heat that is generated at the wheel-work interface and dissipated to the
surroundings. Apart from conducting heat from the grinding zone, GNP present in grinding
wheels acts in the chip-bond and bond-workpiece interactions (Fig 1.2) and reduces the friction

between grinding wheel and workpiece. Less friction may also be because of the presence of
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solid lubricants, as they soften at elevated temperatures [52]. The reduced grinding temperature

will lead to less adhesion of work material to grinding wheel and better surface finish [93].

Grinding temperatures decreased with increasing in graphene concentration and 2wt.%
graphene was found to be optimum in reducing the temperature. This may be because of the high
number of GNP to carry the heat away and to lubricate wheel-work interface. However, an
increase in grinding temperature is observed beyond 2 wt.% concentration, which might be due

to the saturation of lubricant effectiveness and possible agglomerations at higher weight content

of graphene.
2504 T
T T
= T T
1L T At
200 L
5}
Ov
o 150
3
© R
P = g S
qé. 100 ;3 z i R S R
5] B & ) 2 S 2
= o (=] (=} — N <t
50 Eg 1 1 1 ' I
9 = = = = =
g = = = = =
7 &) &) O O &}
0

T T T T T T
Wheel A Wheel B Wheel C Wheel D Wheel E Wheel F
Grinding Wheels

Fig 4.3. Effect of GNP concentration on grinding temperature

4.2.3 Surface roughness

It is a well-established fact that the surface roughness significantly affects the fatigue life,
corrosion resistance, stress cracking, etc. of the products/components. Poor surface finish may
lead to failure of the product/component well before the estimated life span. To extend the quality
and life span of the ground components, surface finish has to be improved by lowering the
grinding force and grinding temperatures [26]. The surface roughness of the ground surface is
measured using surface roughness tester (Mitutoyo SJ 310) as discussed in Section 3.6. Effect of
GNP concentration on mean surface roughness (Ra) of ground Inconel 718 components is

depicted in Fig 4.4.
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It is observed that the mean surface roughness values for graphene impregnated grinding
wheels (Wheel B-F) were markedly lower than that of the standard wheel (Wheel A). It may be
attributed to the reduced friction, cutting forces and grinding temperatures. Reduced friction leads
to reduced temperatures. Reduced temperature results in less adhesion between wheel and work,

which in turn reduces surface roughness [93].

Surface roughness also depends upon the geometry of the cutting tool [4]. GNP present in
the grinding wheel leads to less adhesion between the wheel and work which reduces wheel
clogging. This reduced wheel clogging keeps abrasive particles clean and sharp, leading better
surface finish [52]. The mean surface roughness decreased with an increase in GNP content up to
2wt%. An increase in surface roughness is observed beyond 2wt% of graphene concentration

because of the increased cutting forces and grinding temperature with higher graphene

concentration.
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4.3 Grinding Coefficient

Grinding coefficient is the ratio of tangential force to normal force. Unlike turning and
milling processes, tangential forces will be nearly half of the normal forces in the case of grinding
forces. This is due to very large negative rake angles of the grit, excessive rubbing action and
adverse chip accommodation space which lead to wheel loading. The grinding coefficient also is

known as grinding force ratio gives an indication of frictional effects in the grinding zone. Fig 4.5
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depicts the variation of grinding coefficient with respect to various grinding wheels. This
coefficient is lower for graphene impregnated grinding wheels when compared to the standard
wheel. This indicates low friction at wheel workpiece interface due to the effective application of

solid lubricants in the grinding zone.
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4.4 Specific Grinding Energy

It is the energy required for removal of a unit volume of material, which can be evaluated

by using equation 4.1.

u: Specific grinding energy
F;: Tangential grinding force (from Dynamometer)
V: Grinding wheel peripheral velocity
v: Work velocity
b: Width of cut
d: Depth of cut
Fig 4.6 shows the specific grinding energy for different grinding wheels. GNP
impregnated grinding wheels exhibited lower specific energy as compared to the standard wheel
(Wheel A). Significant reduction in energy requirements, nearly about 32% is observed for

Wheel E as compared to the standard wheel. Primary components that contribute to the total
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specific energy required for grinding process are sliding and ploughing. Sliding between abrasive
grit, grain flat, bonding material and debris with workpiece contributes to the energy required for
sliding. Displacement of metal around the grain to sideways contribute to the energy required for
ploughing. These two non-productive energy components depend on friction at the wheel-
workpiece interface. The decrease in energy requirements with graphene impregnated wheels
may be due to effective lubrication provided by graphene at the grinding zone, which in turn

reduces the energy required for ploughing and sliding.
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4.5 Grinding wheel wear ratio
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Grinding wheel wear ratio is an important performance measure which gives an estimate
on the life of the grinding wheel. Wheel wear ratio is defined as the ratio between the mass of the
wheel wear to the mass of the material removed. Variations of the grinding wheel wear ratio with
various GNP impregnated grinding wheels are shown in Fig 4.7. Incorporation of GNP has
profoundly influenced the wear ratio. When compared to the standard wheel, grinding wheel
wear ratio is lower when graphene concentration is 1 wt.%. Beyond 1wt.% graphene content,
wear rate increased with an increase in GNP content. This might be due to the saturation of bond
strength at 1wt.% graphene content and a further increase in graphene content might weaken the
bond strength. One interesting observation was that the lubricant effectiveness saturated at 2

wt.% graphene content, whereas bond strength saturated at 1 wt.% GNP content.

From figures 4.1 to 4.7, it is clear that Wheel E i.e. GNP with surface area 500 m*/g with
2 wt9%concentration is yielding better results in terms of reduced grinding forces and temperature,

increased surface finish.

4.6 Influence of GNP surface area on grinding

Table 4.2. Nomenclature of GNP impregnated grinding wheels with a varying surface area

Wheel Weight fraction Graphene
Designation (wt %)

Wheel G 1 Grade I
Wheel H 2 Grade I

Wheel 1 4 Grade I
Wheel D 1 Grade II
Wheel E 2 Grade II
Wheel F 4 Grade II
Wheel J 1 Grade III
Wheel K 2 Grade III
Wheel L 4 Grade III

From Sections 4.1, 4.2 and 4.3, it is clear that GNP concentration in the grinding wheel is
influencing grinding forces, grinding temperature and surface roughness. In this section, to

observe the influence of GNP surface area on grinding Inconel 718 components, the other two
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grades of GNP procured from xG sciences, USA, Grade I (surface area 300 m?/ g) and Grade 11
(surface area 750 m?%/g) are also used to develop self-lubricating grinding wheels. In order to
investigate the effect of GNP surface area, the wheels with 1 wt% and 4 wt% of GNP, one level
on each side of the 2 wt% which was proved to be yielding better results with a surface area of

500 m%/ g, are developed. The nomenclature of these grinding wheels is presented in Table 4.2.

From the figures 4.8 to 4.13 for Grade I GNP (surface area 300 mz/g), among the Wheels
G, H and I, Wheel H giving minimum surface roughness, grinding temperature, grinding forces,
specific grinding energy and grinding coefficient i.e. grinding wheel with GNP 2 wt% was giving
better performance. For Grade III GNP (surface area 750 mz/g), among the Wheels J, K and L,
Wheel K giving minimum surface roughness, grinding temperature, grinding forces, specific
grinding energy and grinding coefficient i.e. grinding wheel with GNP 2 wt% was giving better

performance.

Fig 4.8 and 4.9 shows the effect of GNP surface area on normal and tangential grinding
forces respectively. Both normal and tangential forces decreased with an increase in surface area.
Platelets with a surface area of 750 m%/ g resulted in a reduction of normal and tangential forces

by approximately 35% when compared to the standard wheel.
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Fig 4.10 shows the effect of the GNP surface area on grinding temperature. In addition to
graphene concentration, the surface area is found to be influential in reducing the grinding

temperature. Temperature found to be decreased with an increase in surface area. Graphene
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platelets with surface area 750 mz/g resulted in a decrease of temperature by 19% when compared

to the standard grinding wheel.
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It is apparent from Fig 4.11, GNP surface area has a noticeable influence on the surface
roughness of the Inconel 718 component. Overall, surface roughness for the wheels H, E and K

reduced by approximately 51%, 53%, and 61% respectively.

Figures 4.12 and 4.13 show the effect of the GNP surface area on grinding coefficient
and specific grinding energy. As GNP surface area increases specific grinding energy and

grinding coefficient decrease which indicates that surface area of GNP has a great influence.
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Fig 4.13. Effect of GNP surface area on specific grinding energy

From figures 4.7 and 4.14, an interesting observation is that the lubricant effectiveness
saturated at 2 wt.% graphene content, whereas bond strength saturated at 1 wt.% GNP content.
More amount of the GNP presented in the resin may be weakling its capacity in holding the

abrasive particles. A similar trend was observed in another study [16] in developing graphite
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moulded grinding wheels. Thus, if wheel life is of prime concern along with the surface quality
then wheels with 1 wt.% graphene content are recommended. Another interesting observation is
that wheel wear remains almost unaffected with an increase in platelet surface area; this implies

that the influence of surface area on bond strength is almost negligible.
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4.7 Summary

In this work, novel self-lubricating grinding wheels are developed by impregnating GNP
into resin bonded grinding wheels for effective application of solid lubricant in the grinding zone.
Grinding wheels with varying weight fractions and surface areas of GNP are developed.
Investigations on grinding of Inconel 718 using self-lubricating grinding wheels are presented.
Grinding responses such as grinding forces, grinding temperatures, surface roughness, grinding
coefficient, specific grinding energy and grinding wheel wear are selected for performance
evaluation of newly developed wheels and compared with the performance of standard grinding

wheel (Wheel A)

GNP present in the self-lubricating grinding wheels acted as effective lubricant leading to
the low coefficient of friction between wheel and work. This, in turn, led to reduced cutting
forces, specific grinding energy and grinding. Lower grinding temperatures are reported because
of GNP's high thermal conductivity characteristic in carrying heat away from the grinding zone

and lubricating nature in generating less heat at the grinding zone. Low grinding forces and
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temperatures resulted in low surface roughness. Grinding wheels having 2 wt% GNP
concentration are recommended because this produces better surface finish and lower grinding
forces and grinding temperatures. When wheel life is of concern, wheels with 1wt% GNP can be
considered. Addition of GNP is weakening the bond strength. GNP with surface area (750 m?/g)
are more effective in improving the quality of the ground surface as it covers a larger area in the

grinding zone.

Impregnating GNP in the grinding wheels, being an internal lubricating agent, played a
vital role in reducing friction, and thereby reducing the heat generated in grinding Inconel 718.
But, it could not play the role of external coolant in minimizing the heat produced. In order to
investigate GNP's cooling behaviour, GNP based nano-cutting fluids are developed and its

performance in grinding Inconel 718 in the next chapter.
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Chapter V

Development and performance evaluation of GNP

based nanoMQL in grinding Inconel 718
5.1 Introduction

Improving the surface quality of Inconel 718 components during grinding is one
of the objectives of current research. It can be attained by reducing the heat generated and
cooling work during the grinding. Using self-lubricated grinding wheels, the heat
generated at the grinding zone is reduced significantly. However, a better cooling method
is to be chosen in order to further enhance the grinding performance. Usage of cutting
fluids is a better solution, but keeping health and environmental concerns into
considerations, the next better alternative MQL is chosen [18]. Further, MQL becomes
more efficient with the addition of nanoparticles to cutting fluids [19], GNP is used in

making nano-cutting fluids in the present study.

Grinding of Inconel 718 with the prepared GNP based nano-cutting fluids in
MQL is explored in this chapter. Nano-cutting fluids with different weight fractions and
specific surface areas of GNP are developed. Since the effectiveness of the cutting fluid
in providing effective cooling and proper lubrication at cutting tool-workpiece interface
depends on the thermal conductivity and viscosity, these properties are evaluated.
Further, the performance of GNP based cutting fluid in MQL grinding of Inconel 718 is
investigated in terms of the surface roughness, grinding temperature, components of the

grinding force (normal and tangential), specific grinding energy and grinding coefficient.
5.2 Preparation of GNP based nano-cutting fluids

GNP based nano-cutting fluids are prepared as discussed in Section 3.4. Initially,

Grade II (surface area500 m?/g) GNP is taken to prepare the nano-cutting fluids to
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understand how GNP concentration affects the thermal conductivity and viscosity. The

fluids prepared are designated in Table 5.1.

Table 5.1 Nomenclature of nano-cutting fluids with varying weight fractions of GNP

Graphene nanoplatelets

Cutting fluid designation 5
Weight fraction (wt.%) Surface Area m“/g

CF1 0 --

CF2 0.1 500
CF3 0.2 500
CF4 0.3 500
CF5 0.4 500
CFo6 0.5 500

5.2.1 Thermal conductivity

Thermal conductivity is an important property that should be possessed by a
cutting fluid for providing effective cooling at the grinding zone. Enhanced thermal
conductivity with the dispersion of nano-sized particles into the conventional cutting
fluids results in an increase of the heat extraction capability which in turn decreases the
temperature at the grinding zone. The thermal conductivity of nano-cutting fluids with
varied weight fractions and specific surface areas of GNP are measured within the
temperature range of 30°C to 70°C in the intervals of 10°C and results are presented in
Fig 5.1. It is observed from these results that, the thermal conductivity depends on weight
fractions of GNP in the cutting fluid and as well as on the temperatures. For all the
weight fractions considered in this work, thermal conductivity increased linearly with
increase in temperature. Increase in random motion of molecules and the rate of
collisions with a rise in temperature might be responsible for the variation of the thermal
conductivity with respect to temperature. Further, thermal conductivity also enhanced
with an increase in the concentration of GNP in the base fluid. Nano-cutting fluids with

0.5 wt.% GNP exhibited the highest improvement of thermal conductivity. Enhancement
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of thermal conductivity with the addition of GNP may be ascribed to the Brownian
motion of the GNP in the fluid which in turn results in better heat transfer [59]. Besides
this, the observed enhancement of thermal conductivity may also be ascribed to the

formation of nano-layer at solid-liquid interface and nano-clustering.
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Fig 5.1. The thermal conductivity of cutting fluids with varying weight fractions of GNP
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Fig 5.2. Effect of weight fractions of GNP on the viscosity of nano-cutting fluids

5.2.2Viscosity

The effectiveness of the cutting fluid in providing proper lubrication at the
machining zone largely depends on the viscosity of the cutting fluid. Variation of
viscosities of the base fluid and nano-cutting fluids with respect to temperature is
presented in Fig 5.2. The viscosity is observed to decrease with an increase in the

temperature. With the increase in temperature of the fluid, intermolecular attractions
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between the molecules of the base fluid and nanoparticles become weak, in turn, this
increases the molecular mobility and result in a decrease of viscosity. Further, at all the
temperatures considered, the viscosity is found to be increased with the increase in GNP
concentration. A similar trend is reported by many studies [94-96]. Enhanced viscosity
may be attributed to an increased hindrance to the flow of the fluid with the increase in
concentrations of GNP. Moreover, as the concentration increases, nanoparticles
agglomerate within the suspension. This, in turn, might lead to the enhancement of
internal shear stress of the nanofluid because of the higher shear resistance offered by
solid particles. In the study reported by Hussien et al. [97], the friction factor is found to
be increased with the increase in nanoparticles concentration. This observation is
attributed to the reduced mobility of the fluid due to the enhanced viscosity at higher

concentrations of nanoparticles.

5.3 Grinding Experiments

Effect of MQL application of the developed nano-cutting fluids at the grinding
zone on surface roughness, grinding temperature, grinding forces, grinding coefficient,
and specific grinding energy are evaluated for the nanofluids mentioned in Table 5.1 and
presented in the following sections. All the nano-cutting fluids prepared are presented in
the grinding zone as mentioned in Section 3.5.2 as per grinding conditions mentioned in

Section 3.7

5.3.1 Grinding force

Grinding forces are measured online by using Kistler 4 - component piezoelectric
dynamometer (Model: 9272) and analyzed with Dynoware software. The experimental set-up

1s shown in Section 3.5.3.

Performance of any cutting fluid can be evaluated by measuring the normal and
tangential components of grinding force. However, the relative contributions of these

components on the final grinding force depends on a variety of factors like workpiece
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material, process parameters, the efficiency of the cutting fluid, application of the cutting
fluid at the grinding zone, etc. Components of the grinding force generated (normal and
tangential) during the MQL grinding of Inconel 718 using GNP based nano-cutting fluids

with varying weight fractions are presented in Figs 5.3 and 5.4respectively.

The wheel wear, surface roughness, geometrical and dimensional accuracy of the
workpiece are largely influenced by the normal force generated during the grinding
process. As seen in Fig 5.3, MQL with soluble oil shows a significant reduction of
normal force as compared to dry grinding. This reduction can be attributed to effective
delivery of the cutting fluid by the pressurized air at the grinding zone, which in turn
might have led to better cooling and lubrication of the grinding zone [18]. Addition of
GNP to soluble oil results in a further decrease of surface roughness, which might be
ascribed to extraordinary wetting ability of GNP when suspended in fluids [92]. GNP
having layered structure is unstable and fold themselves into a fullerene-like structure
when dispersed in fluids [98]. The suspended GNP spreads on the surface on which it is
sprayed and forms a thick film adhering to surface. When GNP based nano-cutting fluids
are sprayed along with compressed air, GNP forms a thick film on the workpiece. This
thick film reduces the coefficient of friction between the grinding wheel and workpiece,
resulting in lowered cutting forces. Further, the application of the pressurized fluid at the
grinding zone might have reduced the wheel clogging [99], which in turn might have led

to the reduction of normal force [16].

As the weight fraction of GNP in the cutting fluid increases, the normal force is
found to be decreased up to 0.3wt.% GNP content. The normal force is found to be
increased beyond this weight fraction, which may be due to the formation of aggregation

of GNP nanoparticles at higher concentrations [84].

Variation of tangential force with GNP concentration is shown in Fig 5.4. Better
penetration of cutting fluid into the grinding zone with the MQL technique has resulted in
a decrease of tangential force as compared to dry grinding [18]. The film formed by GNP

on the surface of Inconel 718 provides a good amount of lubrication [92] and helps the
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grinding wheel to slide easily on the work. Tangential force reduces with increase in the

concentration of GNP. In

comparison with dry grinding, the maximum reduction of

tangential force (from 171 N to 129 N) is achieved at 0.3wt.% GNP concentration.

Fig 5.3.
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5.3.2 Grinding temperature

In order to have an insight on the role of GNP inclusions in the cutting fluids, in

providing cooling and lubrication of the grinding zone, temperatures are measured as per

the section 3.5.4 and presented in Fig 5.5. MQL grinding has resulted in the reduction of

the temperature generated at the grinding zone as compared with dry grinding. This

decline in grinding temperature may be attributed to better cooling and lubrication
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offered at the grinding zone by pressurized air and soluble oil respectively [18]. Further
reduction in grinding temperature can be attributed to the high thermal conductivity of
suspended GNP. GNP act as heat sinks when suspended in fluids and also shunt the heat
away from the grinding zone [92], when supplied. This is also evident from the increased

thermal conductivity of cutting fluids with the addition of GNP, as shown in Fig 5.1.

Grinding temperatures are found to be decreased with increase in GNP
concentration. However, beyond 0.3wt.% GNP concentration, only a marginal decrease
in temperature is observed. Unlike the grinding force, the grinding temperature is found
to be decreased for cutting fluids with higher concentrations of GNP i.e. 0.4wt.% and
0.5wt.%. Marginal reduction in grinding temperature may be attributed to enhanced

thermal conductivity at these higher concentrations.
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Fig 5.5 Effect of GNP based nano-cutting fluid on grinding temperature
5.3.3 Surface roughness
The surface roughness of all Inconel 718 components which are ground applying
the nanofluids prepared is measured as mentioned in Section 3.6. Effect of minimum
quantity lubrication in grinding Inconel 718 with nano-cutting fluids with varying

concentrations of GNP on the surface roughness is presented in Fig 5.6. Dry grinding

resulted in maximum surface roughness, which might be due to the absence of cutting
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fluid to lubricate and cool the grinding zone. As compared to dry grinding, nanoMQL led

to a significant reduction of surface roughness.

GNP supplied at the grinding zone in the form of aerosols reduced cutting forces
and decreased rubbing, leading to a lowered surface roughness. Further, the improved
thermal conductivity of the developed nano-cutting fluids with respect to the base fluid
might also result in the decrease of surface roughness in pursuant to the better heat

extraction from the grinding zone.
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Fig 5.6.Effect of GNP based nano-cutting fluid on surface roughness

As seen in Fig 5.6, up to 0.3wt.% of GNP, surface roughness decreased with
increase in concentration. Jia et al. [100] also reported a similar trend with nano MoS,
based cutting fluid. At further higher concentrations of GNP, the surface roughness is
found to be increased, which might be attributed to the aggregation of GNP at higher
concentrations. Because of these aggregates, the effective number of platelets that
contribute to the reduction of friction at the grinding zone gets reduced, which in turn

might result in the enhancement of surface roughness.
5.4 Grinding coefficient

Fig 5.7 depicts the effect of the surface area of the GNP on the grinding
coefficient. When compared to dry grinding, MQL grinding has exhibited lower grinding

coefficient. Initially, up to certain GNP concentration, grinding coefficient decreased
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with an increase in GNP weight fraction, and thereafter an increasing trend is observed. A
similar trend was also reported by Zhang et al. [101]. Among the different GNP
concentrations considered in this section, nano-cutting fluids consisting of GNP with 0.3
wt.% and specific surface area 500m”/g exhibited the lowest grinding coefficient. In
comparison with dry grinding, nano-cutting fluid (CF4) has resulted in a reduction of
grinding coefficient from 0.561 to 0.557. This indicates the lower friction at the grinding

zone due to the efficient lubrication provided by the nano-cutting fluid.
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Fig 5.7. Effect of GNP based nano-cutting fluid on grinding coefficient

5.5 Specific grinding energy

Fig 5.8. shows the variation of the specific grinding energy with GNP
concentration and specific surface area. MQL grinding resulted in lower specific grinding
energy as compared to dry grinding. As the specific grinding energy majorly depends on
the interface friction, lower energy requirement in MQL grinding may be attributed to
lower friction at the interface, which is also apparent from the results of surface
roughness and grinding coefficient. Incorporation of GNP in a soluble-oil has resulted in
a reduction in energy requirements. Nano-cutting fluids have resulted in further reduction
of energy requirements in the grinding process. This reduction might be because of the
efficient lubrication provided by the GNP at the grinding zone. This, in turn, might have

reduced the energy required for ploughing and sliding (non-productive energy
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components). Nano-cutting fluid with 0.3wt.% GNP concentration with 500 m?/g has
exhibited a considerable reduction in specific grinding energy by about 18% (from 273.6
J/mm® to 218.4 J/mm’) as compared to dry grinding. A similar trend was observed in the
work reported by Kalita et al. [68], where nano-lubricant has resulted in 43% decrement

in specific grinding energy.
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Fig 5.8.Variation of specific grinding energy with variation in GNP concentration and
specific surface area

5.6 Effect of GNP surface area

GNP concentration in the cutting fluids shows positive results on grinding Inconel
718 components up to 0.3 wt%. Further, aggregation of GNP occurs with the increase in
the quantity of the GNP [102]. To investigate this phenomenon, nanofluids are prepared
at higher concentrations with other two grades, Grade I and Grade III GNP. In order to
investigate the effect of GNP surface area, nano-cutting fluids are prepared with 0.2 and
0.4 wt%, one level on each side of 0.3 wt%, which proved to be yielding better results.

The fluids prepared are designated in Table 5.2 and used in the grinding experiments.

It is observed that both thermal conductivity and viscosity continued to increase
with an increase in concentration, even at the highest concentration, i.e. 0.5 wt%.

Therefore, in order to evaluate the effect of the GNP surface area on thermal conductivity
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and viscosity, only one concentration of GNP is taken and tested for three grades of GNP.

The fluids prepared are designated as shown in Table 5.3.

Table 5.2. Nomenclature of nano-cutting fluids with 3 grades of GNP with 3 weight
fractions

Graphene nanoplatelets

Cutting fluid designation . . 5
Weight fraction (wt.%)  Surface are (m“/g)

CF7 0.2 300
CF 8 0.3 300
CF9 0.4 300
CF3 0.2 500
CF4 0.3 500
CF5 0.4 500
CF 10 0.2 750
CF 11 0.3 750
CF 12 0.4 750

Table 5.3.Nomenclature of nano-cutting fluids with a varying surface area of GNP

Graphene nanoplatelets
Cutting fluid designation

Weight fraction (wt.%)  Surface are (mz/g)

CF4 0.3 500
CF 8 0.3 300
CF 11 0.3 750

Apart from the temperature and the concentration of GNP, the surface area of
GNP also profoundly influenced the thermal conductivity of the nano-cutting fluid. The
effect of the GNP surface area on thermal conductivity is shown in Fig 5.9. Thermal
conductivity is observed to be increased with an increase in the specific surface area of

GNP. Cutting fluids with GNP having a specific surface area 750 mz/g exhibited the
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highest improvement at all the temperatures considered as compared to GNP having

specific surface areas 300 and 500 m*/g.
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The surface area of the GNP also influenced the viscous behavior of the nano-
cutting fluids. The effect of the GNP surface area on viscosity is depicted in Fig 5.10. As
seen from this figure, an increase in viscosity is observed with an increase in the surface
area of the GNP. Nano-cutting fluid with GNP surface area 750 m?/g exhibited the
highest viscosity at all the temperatures considered. Mehrali et al. [103] also observed a
similar trend, wherein, the viscosity of the GNP based nanofluid increased with an

increase in the specific surface area of nanoplatelets.
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From the Figs 5.11 and 5.12., Grinding force (both Normal and Tangential forces)
is minimum for MQL CF 8 among MQL CF 7, 8 and 9 which are prepared out of Grade |
(300 m*g) GNP with concentrations of 0.2, 0.3 and 0.4% respectively. Grinding force is
minimum for MQL CF 11 among MQL CF 10, 11 and 12 which are prepared out of
Grade III (750 m*/g) GNP with concentrations of 0.2, 0.3 and 0.4% respectively. And
among MQL CF 4, 8 and 11, which gave minimum values of grinding force for Grade I,

Grade II and Grade III GNP at 0.3 wt%, MQL CF 11 gave minimum value.

From the Fig 5.13, the temperature is minimum for MQL CF 8 among MQL CF
7, 8 and 9 which are prepared out of Grade I (300 m*/g) GNP with concentrations of 0.2,
0.3 and 0.4% respectively. Temperature is minimum for MQL CF 11 among MQL CF
10, 11 and 12 which are prepared out of Grade III (750 m*/g) GNP with concentrations of
0.2, 0.3 and 0.4% respectively. And among MQL CF 4, 8 and 11, which gave minimum
values of temperature for Grade I, Grade II and Grade III GNP at 0.3 wt%, MQL CF 11
gave minimum value. From this, nano-cutting fluid with 750 m*/g at 0.3 wt% is giving

the least temperature of all cutting fluids prepared.
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From the Fig 5.14, Surface roughness is minimum for MQL CF 8 among MQL
CF 7, 8 and 9 which are prepared out of Grade I (300 m*/g) GNP with concentrations of
0.2, 0.3 and 0.4% respectively. Surface roughness is minimum for MQL CF 11 among
MQL CF 10, 11 and 12 which are prepared out of Grade III (750 m?*/g) GNP with
concentrations of 0.2, 0.3 and 0.4% respectively. And among MQL CF 4, 8 and 11,
which gave minimum values of surface roughness for Grade I, Grade II and Grade III
respectively, GNP at 0.3 wt%, MQL CF 11 resulted in minimum value. From this, nano-
cutting fluid with 750 mz/g at 0.3 wt% is resulting in the least surface roughness of all

cutting fluids prepared.
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From Figs, 5.15 and 5.16, it is observed that grinding coefficient and specific
grinding energy are minimum for MQL CF 11. From this, nano-cutting fluid with 750
m*/g at 0.3 wt% is giving the least grinding force, grinding coefficient and specific

grinding energy of all cutting fluids prepared.

From the above discussions, it is understood that the GNP surface area is
influential when used in nanoMQL in reducing forces, temperature and surface
roughness, and thereby grinding coefficient and specific grinding energy. When GNP
surface area increases, the effective platelet surface area available per unit wt% of GNP
increases. Thereby, the lubricity at the grinding zone increases and heat transfer ability of
nano-cutting fluids also increases. All these lead to better performance and increases the

surface quality of Inconel 718.
5.7 Summary

Nano-cutting fluids with varying concentrations and specific surface areas of
GNP are developed and their performance in MQL grinding of Inconel 718 is
investigated. Viscosity and thermal conductivity are found to be varied with varying
concentrations and specific surface areas of GNP. Viscosity increased with increase in
GNP concentration and specific surface area but decreased with increase in temperature.
Thermal conductivity enhanced significantly with increase in GNP weight fractions,
specific surface area, and temperature. As compared to dry and MQL grinding with
soluble oil, MQL grinding with nano-cutting fluids has exhibited improved grinding
performance due to the diminution of frictional effects at the grinding zone in pursuant to
better lubrication and cooling provided by the GNP, which in turn attributed to the
enhanced viscosity and thermal conductivity with addition of GNP to soluble oil apart
from inherent ability of GNP to provide lubrication and effective penetration of GNP into
grinding zone with MQL technique. Among various concentrations considered, nano-
cutting fluid with 0.3wt.% GNP has resulted in a significant decline in grinding force,

grinding coefficient, roughness, specific grinding energy, and temperature. Further, GNP
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with surface area 750 m?/g is more effective in enhancing the surface quality of Inconel

718.

GNP based nano-cutting fluids resulted in reduced cutting forces by forming a
lubricating film at the grinding zone. Improved thermal conductivity acted as heat sinks
and conducted the heat generated from the grinding zone, leading to lower grinding
temperatures. Reduced cutting forces and lower grinding temperatures affected positively

on grinding Inconel 718, yielding to reduced surface roughness.

From the results of the investigations conducted in the earlier chapter and the
current chapter, impregnated GNP in grinding wheels is proved to be an effective
lubricant in reducing the amount of the heat generated, and also when it is present in
nano-cutting fluids acted as a better coolant in reducing the heat generated. To avail these
benefits together, grinding experiments are carried out with self-lubricating grinding

wheels in a nanoMQL environment in the next chapter.
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Chapter VI

The grinding performance of Self Lubricating Grinding

Wheel with nanoMQL in grinding Inconel 718

6.1 Introduction

From the studies carried out on the developed self-lubricating grinding wheels, it is
evident that the dry grinding of the Inconel 718 with the grinding wheel impregnated with 2wt.%
GNP having a surface area of 750 m?/g has resulted in better surface quality, lower energy
requirements and longer wheel life as compared to dry grinding with a conventional grinding
wheel. Similarly, from the studies carried out on the MQL grinding of Inconel 718 with a
conventional grinding wheel, it was observed that MQL grinding with nano-cutting fluid
(0.3wt.% and 750 m?/g surface area GNP) yielded superior results. Hence, in order to verify the
combined effect, i.e. a combination of self-lubricating grinding wheel and nanoMQL,

experiments are carried out and results are compared with various other combinations.
6.2 Grinding experiments

In this chapter, Grinding is carried in 4 different combinations of grinding wheels and
grinding conditions as shown in Table 6.1, and compared with each other. For comparison
purpose, the first combination is taken as, Dry-Wheel A, in which grinding is done with the
standard grinding wheel (A80OK6B) in a dry environment without using any cutting fluid. The
second combination is, Wheel K, in which the best-performed self-lubricating grinding wheel
having GNP with surface area 750 m*/g at 2 wt% concentration (Wheel K) is chosen for grinding
in a dry environment. These two wheels have also been considered to test their performance
under a nanoMQL environment with the best nono-cutting fluid having GNP with surface area
750 m*/g at 0.3 wt% concentration (MQL CF 11). Grinding experiments are carried out with the
combination of grinding wheels and grinding environment as shown in Table 6.1.and

performance is evaluated as discussed in Section 3.7.
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Table 6.1. Various combinations of grinding

Grinding conditions | Grinding Wheel
Dry Wheel A
Dry Wheel K
Nano MQL Wheel A
Nano MQL Wheel K

6.2.1 Grinding forces

Grinding forces are measured online by using Kistler 4 - component piezoelectric

dynamometer (Model: 9272) and analyzed with Dyno software. Dynamometer placement and

specifications are as mentioned in Section 3.5.3.
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Fig 6.1. Normal force for various combinations of grinding

Fig. 6.1 and 6.2 show the variations in normal and tangential forces that were generated
while grinding Inconel 718 with varying combinations of grinding wheels and grinding
conditions. Significant reduction in normal force and tangential force is observed with
NanoMQL-Wheel K grinding combination as compared to other combinations of grinding.
Normal and tangential forces for NanoMQL-Wheel K combination reduced by approximately
44% and 47% respectively as compared to Dry-Wheel A combination and 13% and 17%

respectively as compared to Dry-Wheel K combination.
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Significant reduction in normal and tangential force may be attributed to the low
coefficient of friction at grinding zone because of the dual functionality of GNP, as a solid
lubricant with layered structure presenting in the self-lubricating grinding wheel and as a

lubricating film on the workpiece surface as a nanoparticle suspension in cutting fluid.

Self-lubricating grinding wheels are effective when compared to the standard grinding
wheel, but their performance is comparable to nanoMQL, which may be attributed to the higher
coefficient of friction offered by GNP as a nano-particle than a solid lubricant. The lubrication
offered by layered structure of GNP when impregnated in the grinding wheel is less than the
lubrication offered by the film formed on the workpiece surface in NanoMQL. This also shows

the wettability of GNP when dispersed in cutting fluids is very high [101].
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Fig 6.2. Tangential force for various combinations of grinding

6.2.2 Grinding Temperature

Fig 6.3. depicts the variations in grinding temperatures that are generated while grinding
Inconel 718 with varying combinations of grinding. Among various grinding combinations
considered, NanoMQL-Wheel K combination has resulted in the lowest grinding temperature as
compared to other combinations. As compared to Dry-Wheel A combination, the grinding
temperature is reduced by approximately 38% for NanoMQL-Wheel K combination. This
significant reduction in the grinding temperatures may be attributed to the reduction of the heat

from the grinding zone by GNP in the form of solid lubricant having high thermal conductivity
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and a nano-cutting fluid having improved thermal conductivity. When compared to NanoMQL-
Wheel A combination, NanoMQL-Wheel K combination has led to a reduction in grinding
temperature by approximately 26%. Though the cooling effect for both these combinations is
same, reduction in grinding temperature for NanoMQL-Wheel K combination might be due to

additional lubrication provided by GNP impregnated in the self-lubricating grinding wheel.
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No doubt GNP has a good thermal conductivity as a solid lubricant, but its ability to carry
heat is much more when it is suspended in cutting fluids. It can be attributed to the Brownian
motion of GNP when those are freely suspended. That is, once after absorbing heat from the
grinding zone, GNP in nano-cutting fluids can move rapidly and randomly distributing the heat to
the atmosphere. Whereas, GNP impregnated in the grinding wheel could transfer heat to the next
particle attached to it. But, GNP is very high in number to carry the heat in grinding wheel (2
wt%) compared to GNP available in the nano-cutting fluid (0.3 wt%). This is the reason why, a
small amount of high temperature is reported in case of NanoMQL-Wheel A when compared to
Dry-Wheel K. It can be observed that there is a drop in the temperature in case of NanoMQL-
Wheel K which may be attributed to GNP suspensions absorbing heat from the GNP embedded
in the grinding wheels and could be able to dissipate to the surroundings, resulting lower grinding

temperature.

80



6.2.3 Surface roughness
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Fig 6.4. Surface roughness for various combinations of grinding

The effect of grinding Inconel 718 with varying combinations of grinding wheels on
surface roughness is depicted in Fig. 6.4. From this, it is observed that NanoMQL grinding of
Inconel 718 with a self-lubricating grinding wheel (Wheel K) has resulted in lowest surface
roughness as compared to other combinations of grinding. As compared to Dry-Wheel A
combination, nanoMQL—Wheel K combination has resulted in a significant reduction in surface
roughness by approximately 67%. This significant reduction in surface roughness may be
attributed to synergetic functioning of GNP, as a lubricant acted through self-lubricating grinding
wheels and as a coolant through the nano-cutting fluid. The reduced forces and temperatures led

to improved surface quality of ground Inconel 718 component.

Very poor surface finish is reported with Dry-Wheel A, as there is neither a sufficient
amount of lubrication nor cooling. Surface finish is improved in all the three other combinations.
This also may be attributed to less wheel clogging. Wheel clogging increases normal forces and
also affects the wheel geometry negatively making tool blunt. Impregnated GNP in the grinding
wheels slides the chips to sideways and pressurized nanofluid makes swarf fall off from the grit,

leaving the wheel clean and making abrasives ready for the further grinding. This clean wheel

81



and sharp abrasives leading better surface quality which is the objective of the current research

work.

6.3 Grinding coefficient

Variations in grinding coefficient for varying combinations of grinding is depicted in Fig.
6.5. As grinding coefficient is a measure of frictional effects at the wheel-workpiece interface,
lower grinding coefficient for NanoMQL-Wheel K combination as compared to other
combinations indicate effective lubrication of the grinding site through efficient application of
GNP into the grinding zone, as self-lubricant being present in grinding wheels and providing

lubrication at physical contact being injected from externally.
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Fig. 6.5 Grinding coefficient for various combinations

6.4 Specific Grinding Energy

Fig. 6.6 shows the specific grinding energy requirement for various combinations of
grinding. NanoMQL-Wheel K combination requires lowest grinding energy as compared to other
combinations. Specific grinding energy required for this combination is 47% lower than that of
the grinding energy requirements for dry grinding of Inconel 718 with a conventional grinding
wheel. As specific grinding energy largely depends on the energy required for ploughing and
sliding which in turn depends on friction, decreased energy requirements for nanoMQL-Wheel K

might be ascribed to reduced friction in pursuant to effective lubrication provided by the GNP
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impregnated in Wheel K, GNP inclusions in cutting fluid and soluble oil. Additional lubrication
provided by the impregnated GNP resulted in a reduction of grinding energy for NanoMQL-
Wheel K combination by approximately 23% as compared to NanoMQL-Wheel A combination.

250

200

150

100 +

Specific Grinding Energy (J/mm®
g
1

0 T T T T T T T

o\ A o\ K o\ A AN
DN‘\N‘“G DY‘J'\Nhe Nano\\'\o\‘mhe Nano \\J\Cl\-‘\l\me

Fig. 6.6 Specific Grinding Energy for various combinations of grinding

6.5 Summary

In the present study, effect of nano MQL grinding of Inconel 718 with self-lubricating
grinding wheel on various grinding performance measures is evaluated and compared the results
with various other combinations like dry grinding with standard grinding wheel, dry grinding
with self-lubricating grinding wheel and nano MQL grinding with standard grinding wheel
Among various combinations, nano MQL grinding of Inconel 718 with self-lubricating grinding
wheel resulted in a lower grinding forces, lower grinding temperatures, better surface finish,

lower energy requirement, and lower grinding coefficient.

GNP has functioned brilliantly as a solid lubricant and as a nanoparticle in grinding
Inconel. This dual functionality reduced coefficient of friction at the grinding zone leading to
reduced cutting forces. GNP’s thermal conductivity as a solid lubricant and colloidal substance
reduced the cutting temperatures effectively. GNP presented in the grinding wheel as well as
nano-cutting fluids improved surface fining by lowering cutting forces, grinding temperatures

and wheel clogging.

83



Finally, GNP played a great role as a lubricant when impregnated in the grinding wheel
and as a coolant when suspended in cutting fluid resulting in improving the surface quality of

ground Inconel 718 component, which is the primary objective of this research.
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Chapter VII

Conclusions and future scope of the work

7.1 Conclusions

The present research focuses on improving the surface quality and to reduce the energy
requirements for grinding of difficult to machine materials like Inconel 718 with an ultimate
objective of enhancing the life of the components. For this purpose, self-lubricating grinding
wheels and nano-cutting fluids were developed by varying concentrations and surface area of
GNP. Experimental investigations on the effect of grinding Inconel 718 with the developed self-
lubricating grinding wheel and nano-cutting fluids on various grinding performance measures

were carried out and the conclusions drawn from these studies are summarized below.
7.1.1 Performance evaluation of self-lubricating grinding wheels

» Impregnation of GNP into grinding wheels has resulted in a reduction of surface
roughness of Inconel 718, grinding temperature, grinding forces, specific grinding energy

and wheel wear as compared to the standard grinding wheel.

» Among the self-lubricating grinding wheel with varying concentration of GNP, grinding
wheel with 2wt.% GNP exhibited better performance in terms of surface quality and

specific energy requirements.

» Self-lubricating grinding wheels with 1wt.% GNP concentration has a better wheel life as

compared to grinding wheels with 0.25, 0.5, 2 and 4wt.% GNP concentration.

» When surface quality and specific energy requirements are the prime concerns, grinding
wheel with 2wt.% GNP concentration is recommended. Whereas, when wheel wear is of

prime concern, self-lubricating grinding wheel with 1wt.% GNP is recommended.
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» Among various surface areas of GNP i.e. 300, 500, 750 mz/g, self-lubricating grinding
wheel with 2wt.% of GNP having 750 mz/g has exhibited better surface finish and lower

specific grinding energy requirements.
7.1.2 Performance evaluation of grinding with nanoMQL

» Incorporation of GNP with varying concentrations and surface areas into soluble-oil has a

profound influence on Viscosity.

» Viscosity was found to be increased with an increase in GNP concentration and surface

area, while decreased with an increase in temperature.

» The thermal conductivity of the soluble-oil is also significantly increased with the

dispersion of GNP.

» The thermal conductivity of soluble-oil was found to be increased with an increase in

GNP weight fractions, specific surface area, and temperature.

» As compared to dry grinding and MQL grinding with soluble oil, MQL grinding with
nano-cutting fluids has exhibited improved grinding performance due to the diminution of
frictional effects at the grinding zone in pursuant to better lubrication and cooling
provided by the GNP. This, in turn, can be attributed to the enhanced viscosity and
thermal conductivity with the addition of GNP to soluble oil apart from inherent ability of
GNP to provide lubrication and effective penetration of GNP into grinding zone with

MQL technique.

» Among various concentrations considered, nano-cutting fluid with 0.3 wt% GNP has
resulted in a significant decline in grinding force, grinding coefficient, roughness, specific

grinding energy, and temperature.

> GNP with higher specific surface area i.e. 750 m*/g is more effective in enhancing the

surface quality of Inconel 718.
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7.1.3 Performance evaluation of self-lubricating grinding wheels with

nanoMQL

» Grinding of Inconel 718 with a combination of nanoMQL and the self-lubricating
grinding wheel has resulted in significant improvement in surface quality and a decrease

of specific grinding energy requirements.

» As compared to dry grinding, nanoMQL grinding with self-lubricating grinding wheel
exhibited a 67% decrease in surface roughness, a 38% decrease in grinding temperature

and a 47% decrease in specific grinding energy.

The research work presented here may be useful for researchers who want to improve
machining of difficult machine materials, who are exploring the GNP applications in different

fields especially machining and who are working on developing self-lubricating machining tools.

Aerospace, gas turbine, nuclear power plant, military and other applications which are
being operated at extreme operating conditions can adopt GNP as a solid lubricant in improving

machining of difficult machine materials.
7.2 Future Scope of the work

The present work provides a basis for further research to be carried out for improving
surface quality and energy requirements during grinding of difficult to machine materials. The
work may be extended to study the effect of various process parameters like feed, infeed, wheel

speed etc or out-put parameters like dimensional/geometrical tolerances etc.

Effect of various MQL parameters like flow rate, flow angle, the distance of nozzle, etc.

on various grinding performance measures can be studied.

Effect of self-lubricating wheel and nano-cutting fluids on corrosion, residual stresses,

phase changes, etc. can be studied.
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Other effective methods of applying GNP at the wheel-workpiece interface like coating/
spray depositing GNP on the surface of the workpiece, applying in the form of a paste, etc. can be

explored.

Future work is proposed in the direction where another type of solid lubricant can be

tested for their effectiveness in improving various grinding performance measures.
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