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ABSTRACT

Nimonic 90 is a nickel-based alloy that offers many desirable attributes for industrial and
commercial use in terms of its high hot hardness, high wear resistance, and good corrosion
resistance. Due to these attributes, the Nimonic 90 finds extensive application in aerospace,
automobile, nuclear power plants, and petrochemical industries. Despite having many
favorable properties, Nimonic 90 is classified as difficult-to-machine material due to its ability
to retain high strength at elevated temperature, high strain rate sensitivity which leads to work
hardening, low thermal conductivity, and high chemical reactivity. In general, petroleum-based
metal working fluids (MWFs) under flood mode are used as a conventional method to reduce
the cutting temperature and friction during grinding. However, the MWFs are considered as
the most unsustainable component of grinding processes. High costs associated with
operational and disposal, environment pollution, operators’ health-related issues, and high
energy consumption due to the use of MWFs in grinding are the major hurdles for the
machining industries. Therefore, the present research aims to eradicate, reduce, or replace the
MWFs from the grinding process using sustainable techniques such as minimum quantity
lubrication (MQL) and cryogenic cooling using liquid nitrogen (LN2). The application of these
sustainable techniques in grinding can make the grinding process more economical, ecological,
and socially viable.

In the present study, MQL has been used as a strategy to reduce the quantity of cutting fluid
during the grinding process. The conventional cutting fluid has been replaced with
indigenously prepared cutting fluids such as biodegradable emulsion (sunflower oil in water
(SOIW), Soybean oil in water (SYOIW), and Palm oil in water (POIW)) and water-based
nanofluids. The nanofluids have been prepared by mixing the nano sized alumina (Al.O3),
graphene nanoplatelets (GnP), and hybrid of them in deionized water and have been employed

for the grinding of the Nimonic 90 in a CNC surface grinding machine. The grinding output in



terms of grinding forces, surface roughness, ground surface topography, wheel topography,
and grinding chips morphology are obtained when using the prepared fluids and the same has
been compared with the dry grinding condition. Upon investigation, the use of alumina-
graphene nanoplatelets (Al-GnP) hybrid nanofluids (NFs) with 0.75 Vol.% has been proven to
be a better environment than other conditions in terms of reducing grinding forces and surface
integrity.

In the last experimental phase of this research work, a comparison between the cryogenic
cooling condition, sunflower oil in water (SOIW) with 5 Vol.% biodegradable emulsion and
hybrid Al-GnP with 0.75 Vol.% has been conducted by varying the grinding speed, table speed,
depth of cut, and grit size. Overall, the cryogenic sustainable cooling technique has been found
to be the best sustainable cooling technique followed by MQL with Al-GnP hybrid NFs and
MQL with SOIW biodegradable emulsion during grinding of Nimonic 90.

In the last section of this research work, an attempt has been made to develop a pseudo
analytical model predicting the grinding force under the sustainable MQL environment. The
grinding force is one of the key response variables. It is essential to study the force during
grinding because of its direct effect on the ground surface quality, wheel wear, grinding zone
temperature, and grinding fixtures' design. Till now, only a few authors have modelled the
grinding force and that too under a dry grinding environment. Therefore, the present work deals
with developing a mathematical model for predicting the force during the grinding of a
Nimonic 90 under a sustainable MQL environment. The model takes into consideration all the
three force components such as cutting, rubbing, and ploughing. The total tangential and
normal force components equations have been developed during these three processes and
stated in terms of experimental constant coefficients and grinding process parameters such as
grinding speed, table speed, and depth of cut. All coefficients have been determined by

conducting grinding experiments under a sustainable MQL environment. The rubbing force



component has been estimated using experimental grinding contact length and dynamic grit
density. The single grit experiments have been performed to model the ploughing force
component. The single alumina abrasives with different sizes, i.e., 24, 20, and 16 mesh
numbers, have been used to investigate the actual material deformation behavior during single
grit grinding. These grinding experiments have been performed using in-house developed
alumina brazed tools fitted into a dummy aluminium grinding wheel. The geometrical
parameters of the scratches have been measured and analyzed using a coherence correlation
interferometer optics microscope to investigate the ploughing phenomenon. The present study
indicates that the ploughing becomes more influential due to the size effect during grinding of
harder material like Nimonic 90 alloy at low depth of cut. The total normal and tangential force
values obtained from the analytical model have been validated based on experimental data of
total normal and tangential forces in surface grinding under a sustainable MQL environment.

A good agreement between the predicted and experimental force values have been noticed.

Keywords: Cryogenic grinding, MQL, Hybrid nanofluids, grinding force model
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fHA® 90 T M- smutia firg 41 8 S 3ot S TH HRal, 3 Ug-H & UeRIY
3R 3= YR ufeRYy & T 7 aenfiier iR saraeiies SuanT & fiw &% ais-ig 1ur
T&H Bl 5 | 7 faRiwarsii & SRl FEifHe 90 TR, SicHIaTgd, TRHTY el Ja=t
3R UCIohfHeher JENT H ATUh IR U & | 3 3R U1 8 & savia, e
90 ! Hic-9-H=M It & &0 H aFiiepd foham 7T &, Fifs S dIHH IR 3 Xfad
FAIE T B &I, I TG &R HAGARITdl off B1H Bl ¥, HH diIg bl 3R
I IS UfAfshar Bt 3R & STl g1 31TH dR W, Uels HIS & dgd Uelfergd Smenfkd
YTd HTH B Al R Uard (THSsgUHh) 1 SUANT IRURS il & =0 H faar S
& dIfds U & SR PIed & qHH SR 9W0T 1 HH Ha1 S Fabs | gTaifos, MWF &1
& ufshansit &1 Taw e sReviia T AT ofra g | URared iR FueH 3 8t
I AT, TafaRU1 TguUT, SfiiRex] & W et ge, iR 9 & MWF & TR &
HRUN I ol WId A=A I & oy T S1eme § 1 39, adE MY HT 354

I HET Ve (THEgUE) o1 3R avd ATgeioH (T 2) HraSHS SHicn okl fedrs
Ah1a] BT SUANT TR THESSYU Bl YR &1 Ufchan § fler 1, &3 &1 a1 e ¢ |
U o 39 foedTs dop-ilh| &1 SUANT Ui i Ufshar ot 3ifdies forwradt, uikfRufaes ok

HHIRH ¥ & HGEH 1 Il 5|

TAAM 3T H, THRU $T SUANT UIRH 1 Ufshdr & SR ava yardf srest &1 A &l
HH P I UM & FU H 3501 71 81 URuRe Pie e el uard $f Weh U 4
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foam T 3R T AT s G arelt 7= # e 90 ®Y Ul & forg Faifora
foam T &1 Ul aTel 91, Helg GRaRIU, STHIM B Hag RITpid, Ufedn RIdpd, 3R
T a1t Ford SR & Hae! § 0HA aTat 3M3eye &1 duR o Uard &1 JudiT S
TG U fordT SITdT 8 SR S9! Jal Gt 0em o RUfd @ &t St g1 i a6’ W,
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TR @ T1fd, Tod Wis, el B TeRTs 3R fe PR B 3ehT b 3 T8 8| Fd
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9 XNY B & A UFT H, Th Y™ 61 1 ¢ | U B9 fa=evunets Aisd i
FA & T S T § o WRl MQL GTdTeRUl & ded U 9 Bt Higsgarlt Far g
U 96 TG Ufaferdn @R § 9 U 8 | TR & SR 9 BT 37600 T Saad § Fieh
SOHT TSV 1 dg &I oA, Uledl fom, U a1t 8 & amoee iR g ardl

ISR & Sz R FeT THIT USAT B | 3 T, Had $© AWH| A AT B BT AlSd
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gfohar IRMeR & ded & Fer w1 g1 9l i U Rl MQL aTdieRl & dgd Ui
TN T TaTa R Uil fby T4 § | ornfites 9 dudh derg ok fasiia 8 o9

BT UGN TP TS §d °Th HI STHM T T &1 WIET (Ploughing) I U &1
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Hied I U $d G 3R TWRRAT 96 i &1 T R MQL JTdeRol & dgd 9dg
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Table 6.11 Estimation of various parameters under MQL environment obtained from the 165
mathematical model at different grinding conditions.
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I T

NOTATION

Fraction of wheel’s wear surface

Contact area, mm?

Rubbing area during grinding, mm?
Bearing area of scratch, mm?

Depth of cut or infeed, mm

Analysis of Variance

Grinding width, mm

Number of active grits per unit area, mm
Coherence Correlation Interferometer
Equivalent diameter of grinding wheel, mm

Grit diameter, mm

Field Emission Scanning Electron Microscope

Grit penetration or scratch depth, mm
Constant

Graphene Nanoplatelets

Pile up height, mm

Left side pile up height, mm
Right side pile up height, mm
Pile up ratio

Workpiece hardness, N/mm?
Scratch hardness, N/mm?
Chip thickness coefficient
Chip thickness coefficient
Experimental Constant
Experimental Constant
Experimental Constant
Experimental Constant

Geometrical contact length, mm

Experimental contact length during grinding, mm

XX



MQL Minimum Quantity Lubrication

MRRgy,.;; Metal removal rate for a grit, mm?

Do Experimental Constant
P Average contact pressure between workpiece and abrasive grain, N/mm?
Pyn Single grit normal force, N

Pync Single grit normal chip formation force, N
Pynp Single grit normal ploughing force, N
Pynr Single grit normal rubbing force, N
Single grit tangential force, N

Pytc Single grit tangential chip formation force, N

Pyep Single grit tangential ploughing force, N
Pyer Single grit tangential rubbing force, N

POIW  Palm Oil In Water

P, Normal grinding force, N

P, Specific normal grinding force, N/mm

Py Normal chip formation force, N

P, Normal component of specific chip formation force, N/mm
Py Normal ploughing force, N

Py Normal component of specific ploughing force, N/mm

B, Normal rubbing force, N

B, Normal component of specific rubbing force, N/mm

P, Tangential grinding force, N

P/ Specific tangential grinding force, N/mm
P, Tangential chip formation force, N
P/, Tangential component of specific chip formation force, N/mm

Py Tangential ploughing force, N
Tangential component of specific ploughing force, N/mm
P, Tangential rubbing force, N

P/, Tangential component of specific rubbing force, N/mm

XXi



Q; Chip cross sectional area, mm?
RSM Response Surface Methodology
SEM Scanning Electron Microscope
SOIW  Sunflower Oil In Water

SYOIW  Soybean Oil In Water
SZM Stereo Zoom Microscope

TEM Transmission Electron Microscope

Up; Specific ploughing energy, J/mm?3

V. Grinding wheel speed, m/min

Vi, Table speed, m/min

w Normal load, N

x Constant

y Constant

Constant

7 Ratio of tangential chip formation force to normal chip formation force

A Deviation of radius of curvature of cutting path and grinding wheel radius, mm
Hgg Sliding coefficient of friction

a Semi apex angle of grit, deg

Qo Constant

B Constant

@ Ratio of tangential chip formation force to normal chip formation force

A Deviation in radius of curvature of cutting path & grinding wheel radius, mm

g Sliding coefficient of friction
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