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SYNOPSIS
This thesis aims towards comprehensive understanding about chemo-mechanical magnetorheological finishing (CMMRF) process by studying various aspect of the process. MR fluid
is modelled at atomic scale as well as macro-scale to enhance process capability in terms of
material removal rate and surface finish of workpiece. Molecular dynamics simulation (MDS)
is carried out on few materials under different chemical environment to gain in-depth
understanding about the material removal at nanometric scale. MDS results are used to model
and simulate CMMRF at macro-scale, and it is also used for the selection of suitable process
parameters to achieve defect less and nano-finished surface on both ductile as well as brittle
materials.
After carrying out the literature survey in the field of conventional and advanced finishing
processes, it is found that (CMMRF) is a comparatively newer and emerging nano-finishing
process, which works on the basis of chemical reaction followed by mechanical abrasion
controlled by magnetorheological means. This process has capability to modify the surface
finish at atomic scale, and it is suitable to generate defect free surface on ductile as well as
brittle materials. However, due to limited research in this area, understanding and application
of this process for a wider range of engineering materials is limited. To gain a detailed insight
about CMMRF process towards its deployment for various engineering materials, following
areas of CMMRF are investigated.
MR fluid is an essential element of CMMRF process, which is used to form the polishing pad.
Numerical modelling and simulation of MR fluid is carried out to understand its behaviour in
the presence of magnetic field, and synthesis of MR fluid using quantum chemical modelling
is carried out. In this work, the polishing pressure is computed for various parameters. It is
found that the MR fluid based polishing pad of CMMRF process has two zones of working gap

i

to process a wide range of engineering materials for generating defect-less nanofinished
surface. For finishing of brittle materials, low working gap (from 0.2 – 0.5 mm), and in case of
ductile materials, higher working gap (from 0.5 – 1.5 mm) are identified. Sedimentation of MR
fluid is mitigated by using suitable surfactant through nano-coating over CIPs.
To understand the mechanism of material removal and the surface modification at atomic scale,
molecular dynamics simulations on steel, aluminium, and silicon have been carried out by
applying the polishing pressure which was obtained from the simulation results of the MR
fluid. Coefficients for subsequent mathematical modelling of CMMRF process are also
obtained from MDS. From MDS, it is found that the stress for material removal at atomic scale
is near to theoretical shear stress (G/2π) which causes scratch lines and sub-surface defect.
Sharp peaks of surface roughness profile are removed by using suitable chemical reactions.
Chemical reactions also help to protect parent material against the direct abrasion due to
abrasive particle, which leads towards generation of defect-fewer surfaces at nanometric scale
in both ductile as well as brittle materials. To realise such defect-less surface, four stages of
nanofinishing process are identified to bring down the surface roughness from few microns to
few angstroms.
Further, CMMRF process has been modelled and simulated using finite element method at
macroscopic scale to compute and predict material removal as well as surface finish.
Mathematical model of this process is experimentally validated for two materials viz. on
aluminium as ductile material and on silicon as brittle material.
In brief, present research work comprises study of CMMRF process by modelling and
simulation at atomic scale as well as macroscopic scale. These modelling help to understand
the mechanism and science of CMMRF process. This work reports that the type of chemical
used is an important attribute of CMMRF process to achieve near to the theoretical value of

ii

surface finish. Moreover, CMMRF process is also demonstrated on copper and stainless steel
to explore its capability for these materials as they are commonly used materials in the various
field of engineering.
------------x------------
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NOMENCLATURES
Symbol
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A

Cross-sectional area

Al

Aluminium

Al2O3

Alumina

B

Magnetic flux density

c

Crack length

C

Carbon

Cr

Chromium

Cu

Copper

Cv

Specific heat constant in constant volume

d

Diameter of particle

dCIP

Diameter of carbonyl iron particle

E

Young's modulus of elasticity

F

Magnetic force density

FT

Cutting force form tool on workpiece along tangential direction

FN

Holding force of tool against workpiece

FR

Resultant force applied from tool to workpiece

f

Friction force

Fb

Force due to buoyancy

Fe

Iron

Fg

Force due to gravity
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Inter-atomic force

Fvf

Force due to viscosity

iv

Fx

Magnetic force density along X-axis

Fy

Magnetic force density along Y-axis

Fz

Magnetic force density along Z-axis

g

Gravitational constant, i.e. 9.81 m/s2

G

Bulk modulus of elasticity
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Radial distribution function

H

Magnetic field strength

H2O

Water

H2O2

Hydrogen peroxide

HNO3

Nitric acid

k

Spring constant of MR fluid

K

Potassium

Kb

Boltzmann constant

Kchem

Constant for stress assisted chemical reaction

KIC

Fracture toughness

KOH

Potassium hydroxide

M

Magnetization

MPa
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N

Normal force

Na

Sodium

NaOH

Sodium hydroxide

NH4OH

Ammonium hydroxide

Ni

Nickel

nm

Nanometer

nN

Nanonewton

v

O

Oxygen

P

Pressure

Pf

Pressure due to friction loss

Ps

Pressure due to spring-stiffness of MR fluid

Ra

Average surface roughness in 2-D

Rq

Root mean square surface roughness in 2-D

Rz

Maximum peak to valley distance in 2-D surface profile

RT

Reaction force form workpiece opposite of cutting direction

RN

Reaction force form workpiece along normal to cutting direction

RR

Total reaction force from workpiece on tool

Sa

Average surface roughness in 3-D

Si

Silicon

SiC

Silicon carbide

SiO2

Silica

Sq

Root mean square surface roughness in 3-D

Sz

Maximum peak to valley distance in 3-D surface profile

t

Time

T

Temperature

u

Velocity

V

Volume of MR fluid

v

Velocity

VCIP

Volume of carbonyl iron particle

Vm

Magnetic potential

W

Work done

Wg

Working gap

vi

Ẏ

Shear strain rate

ΔQ

Heat input

ΔT

Change in temperature

ΔU

Change in internal energy

Δξ

Change in magnetic energy

θ

Angle of peak on rough surface profile

µk

Kinematic friction co-efficient

µo

Magnetic permeability in vacuum

µr

Relative magnetic permeability

μm

Micrometer

ξ

Magnetic energy in MR fluid

ρ

Density

ρf

Mass density of liquid medium

ρs

Mass density of solid particle

σc

Critical stress for crack

τ

Shear stress

τo

Yield Shear stress of MR fluid

ϒ

Surface energy per unit area

ϒs

Specific cutting energy

φ

Wave function of single electron

χm

Mass magnetic susceptibility of medium

ψ

Wave function
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2-D

Two dimension

3-D

Three dimension

ABOP

Analytic bond-order potentials

AFF

Abrasive flow finishing

AFM

Atomic force microscope

AFP

Advanced finishing process

ALE

Arbitrary Lagrangian–Eulerian

B3LYP

Becke 3-parameter, Lee-Yang-Parr

BCC

Body centred cubic

BMH

Born–Mayer–Huggins

CCI

Coherent correlation interferometer

CFD

Computational fluid dynamics

CIP

Carbonyl iron particles

CMMRF

Chemo-mechanical magnetorheological finishing

CMP

Chemo-mechanical polishing

CNA

Common neighbour analysis

CNC

Computer numerical control

CSP

Centro-symmetry parameter

CSV

Comma separated values

DC

Diamond cubic

DTM

Diamond turn machining

EAM

Embedded atom model
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EEM

Elastic emission machining

ELID

Electrolytic in-process dressing grinding

FCC

Face centred cubic

FEA

Finite element analysis

FIB

Focused ion beam

FR

Finishing rate

HCP

Hexagonal close packed

IBM

Ion beam machining

IC

Integrated circuit

LAMMPS

Large-scale Atomic/Molecular Massively Parallel Simulator

MAF

Magnetic abrasive finishing

MDS

Molecular dynamics simulation

MEAM

Modified embedded atom model

MFP

Magnetic float polishing

MRF

Magnetorgeological finishing

MRR

Material removal rate

PBC

Periodic boundary condition

PMMA

Poly methyl methacrylate

QC

Quantum chemical

RDF

Radial distribution function

SCF

Self-consistent field

UFF

Universal force field

WEDM

Wire-electrical discharge machining
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Chapter-1
INTRODUCTION
1.1 Relevance and Motivation
Nano-finishing is an emerging and indispensable process for manufacturing technology, which
is being used to improve surface finish by reducing average surface irregularities upto a few
nanometer or sub-nanometer. Improvement in surface finish (or reduction in surface
roughness) from microns to nanometer brings drastic change or enhancement on some specific
functional properties like bio-compatibility of medical prosthesis, optical properties for
‘general optics, LASER optics and X-ray optics’, fabrication density for micro-electronics, i.e.,
density of Integrated Circuits (IC), flow-ability of fluid in micro-fluidic channels, Q-factor of
LINAC cavity, corrosion resistance, mechanical properties of micro-parts, etc. Moreover,
nano-finishing (or polishing) is also used for maintaining precision on part’s dimensions, e.g.,
slip-gauges, precision balls of noise-less and ultra-high speed bearings for hard disc drive and
aero-space applications.
In present era, technological advancements in engineering and biomedical fields need advanced
materials. Nanofinishing of such advanced materials poses challenges to the researchers and
engineers of a wide range of industries. There are a few properties of engineering materials
which pose challenges for nanofinishing, such as, ‘hardness’ resists removal of material,
ductility & malleability induces surface damages, and brittleness induces surface as well as
sub-surface damages. These issues are briefly discussed as follows.
1. Hardness: It allows the surface of workpiece to resist against the indentation of abrasive
particles, which affects material removal rate (MRR) during finishing process, and it also
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reduces the finishing rate [1]. To overcome this challenge, hard and stiff tools are used along
with appropriate techniques to soften the superficial surface of workpiece.
2. Ductility and malleability: These properties allow the material to flow in the zone of plastic
deformation and results in generation of defects like scratches, pits, etc. during the abrasive
based finishing operation [2,3]. To overcome this problem, hard loop based processes are used;
they are, in general, path controlled and deterministic in nature such as diamond turn machining
(DTM) process.
3. Brittleness: Fracture toughness [KIC = σc(πc)0.5 = (2γE)0.5 as per Griffith’s theory, where σc
is critical stress, c is the crack length, γ is the surface energy per unit area and E is the Young’s
modulus of elasticity] indicates the ability of material to resists generation of surface and subsurface damages [4]. To avoid such surface damages, ductile mode of machining is preferred
while finishing brittle materials. This mode is possible in DTM by adjusting the process
parameters like rake angle, cutting edge sharpness, feed rate, etc. [5]. In addition, the soft loop
processes need to use spherical abrasive particles to process them under the ductile mode [6].
In general, lapping process does polishing with a force controlled mechanism of the lapping
pad. This process does not ensure uniformity of ‘force per particle’ on abrasive particle as the
force/particle depends on the shape and size of the abrasive particle. The variation in the
force/particle changes the material removal rate (MRR) which leads to the morphological
defects, and hence, the surface finish does not reach upto the nanometric scale. To overcome
this problem, flexible nano-finishing processes have been developed in which the polishing
medium exhibits some extent of flexibility to gain uniformity on the force/particle. These
flexible processes have been developed overtime, and they are known as magnetic abrasive
finishing (MAF), abrasive flow finishing (AFF) and magnetorheological finishing (MRF).
These processes are capable of generating nanofinished surface in the order of 1-100 nm. The

2

flexible polishing pad has some stiffness value at a given set of finishing parameters, which
acts to mitigate variation in the force/particle towards generating near uniform MRR, and
results in controlling the uniformity of peaks in the order of few nanometers. Further, removal
of these nano-peaks is very difficult. Hence, there is a need to design and develop a process in
which the material removal is higher on the nanometric peaks by softening them. The nanopeaks can be softened by few possible techniques as follows;
-

Chemical reaction,

-

Thermal heating,

-

Electrical discharge,

-

LASER softening.

In the present research work, a method of chemical reaction has been incorporated to remove
the nano-peaks and achieve the surface finish in the atomic scale. The chemical methods are
selected in which the species of the chemicals react with nano-peaks in two different ways,
namely, (1) chemical reaction on relatively unstable atoms, which is generally possible on
sharp peaks, and (2) stress-assisted chemical reaction. After the chemical reaction, the reacted
portion (local) of workpiece needs to be softened so that material removal can be precise (in
the form of cluster of atoms). In view of this, a hybrid nano-finishing process namely, chemomechanical magnetorheological finishing (CMMRF) process, has been developed by the
combination of chemo-mechanical polishing (CMP) and magnetorheological finishing (MRF)
processes [7].
The motivation behind the development of the CMMRF process is to mitigate the inherent
limitations of CMP and MRF processes, and to develop an advanced flexible nanofinishing
process for getting ultra-precision surfaces on few engineering materials.
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Fig.1.1: Characteristics comparison of CMP, MRF over CMMRF for (a) working gap on
polishing pressure, (b) material removal rate (MRR) with time, (c) time on surface finishing.
In addition, theoretical study of various aspects of CMMRF process has become another
motivation towards better utilisation of the process for various engineering applications.
CMMRF is comparatively a new and emerging nano-finishing process, which works on the
basis of chemical reaction followed by mechanical abrasion controlled by magnetorheological
effect. In this process, chemo-mechanical polishing (CMP) and magnetorheological finishing
(MRF) processes are combined together. By combination of CMP and MRF, following
important properties are achieved in CMMRF process, as shown in Figs.1.1 (a-c). Fig.1.1 (a)
shows that CMP is highly sensitive (not suitable for fragile as well as 3-D surfaces) for
pressure. Whereas, CMMRF is amenable for the working gap variation, and it exerts more
pressure compared to MRF. As far as MRR is concerned, Fig.1.1 (b) shows that the MRR is in
the following order, CMP ≥CMMRF>MRF. Fig.1.1 (c) shows that the surface finish (or Ra
value) during the initial stage of finishing varies in the following order, CMP<CMMRF<MRF.
However, the surface finish quality becomes better on CMMRF treated sample in 2 nd stage, i.e.
CMMRF≤CMP<MRF. Hence, advantages of CMMRF can be written as follows;
1) High material removal rate,
2) Almost ideal surface finish on atomic scale (sub-nanometer level),
3) Tactful polishing of fragile work-surface to avoid damage, and
4) Capable to finish/polish 3-dimensional surfaces.
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As far as nano- and sub-nano- finishing of brittle and ductile materials is concerned, CMP,
CMMRF and focus ion beam (FIB) finishing are competent processes. FIB shows extremely
low finishing rate, due to which this process is not suitable for industrial applications. In case
of CMP, generating defect free surface finish at nanometric scale is not possible on ductile
materials, and the reasons for the same are as below.
1) Degradation of polishing pad: due to the chemical reaction and mechanical abrasion,
polishing pad wears and degrades its texture. This degradation of pad texture results in
unwanted abrasion on workpiece and leads to scratches on soft and ductile materials.
This problem can be suppressed upto certain extent by applying regular conditioning of
polishing pad using diamond dresser.
2) Dislodgment of pad: delamination and dislodgment of polishing pad is an obvious
effect observed during CMP process, which gets contaminated with abrasive particle
and behaves as a big particle for abrasion. When, such contaminated pad comes into
contact with workpiece, sudden rise in the pressure occurs locally which causes the
formation of scratches.
These problems are of concern in case of ductile materials [8,9]. However, CMMRF utilises
flexible magnetic polishing pad in which such problems will not occur. Thus, CMMRF is an
appropriate process for nano and sub-nano finishing of all kinds of engineering materials.
In CMMRF, polishing medium is mainly composed of water based magnetorheological (MR)
polishing fluid with suitable chemical, corrosion inhibitors, iron particles, abrasive particles
and additives for maintaining pH value and zeta potential.
In general, CMMRF comprises various aspects such as MR fluid, mechanical abrasion using
magnetic force, chemical reactions, as presented in Fig. 1.2. This process can be analysed indepth using the suitable theoretical tools like quantum chemical modelling, reactive molecular
dynamics simulation (MDS), classical MDS, CFD and FEA.
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Fig.1.2: Major aspects of CMMRF process, and suitable tools (as presented in cloud callout)
for the process investigations.
A set of experimental study on silicon substrate was carried out using CMMRF process in year
2010 [7], which is not enough to understand the process capabilities. It is observed that there
is scant information available in the literature for CMMRF and related field. After carrying out
extensive literature survey, it is found that there is scarcity of scientific information and
understanding about the CMMRF process mechanism for material removal and surface
modification at atomic scale on various engineering materials. Hence, research gap areas are
identified and summarized as objectives as follows.
1.2 Objectives
One of the objectives of this work is to understand behaviour of magnetorheological (MR) fluid
and synthesis of water based MR fluid for CMMRF application. The objective is also to acquire
understanding on the mechanism of material removal at atomic scale. Moreover, the present
work includes the modelling and simulation of CMMRF process to predict the process outcome
like material removal and surface finish.

6

There are many research papers which deal with finishing of non-ferromagnetic materials, and
some are also there which report limitations and applications of magnetic field assisted
finishing processes on ferromagnetic materials. Hence, present research work is implemented
on non-ferromagnetic materials having different mechanical properties such as Al and SS304L
as ductile materials and Si as brittle material. Accordingly, the objectives of the present
research work are summarised as follows.
I)

Study of MR fluid stability against sedimentation using computational fluid dynamics
(CFD) simulation towards the development of a standard water based MR fluid for inhouse use.

II)

Quantum-chemical modelling of chemical reactions to synthesize physically stable MR
fluid.

III)

Mathematical modelling of MR fluid, simulation and experimentation to investigate
important parameters of CMMRF process. FEA-CFD simulation and experimentation
of MR fluid based polishing pad to investigate polishing pressure.

IV)

Classical Molecular Dynamics simulation (MDS) for understanding material removal
mechanism on stainless steel (multiple alloyed and ductile material) using mechanical,
chemical and chemical assisted mechanical abrasion.

V)

Reactive MDS on aluminium (ductile material) for chemical, mechanical and chemomechanical material removal.

VI)

Reactive MDS on silicon (brittle and hard material) for chemical, mechanical and
chemo-mechanical material removal.

VII)

Mathematical modelling of CMMRF process and FEA based simulation to predict
material removal and surface finish.

VIII)

Experimental study of on aluminium, and silicon to validate simulated results such as
material removal and surface finish.
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IX)

Experimental study on stainless steel and copper workpiece to demonstrate capability
of CMMRF process.

1.3 Organisation of the report
In Chapter-1, relevance and motivations are reported with objectives of the present research
work. Applications and need of nano-finishing are clearly brought out in this chapter. In
addition, challenges and merits of some nanofinishing processes are also summarised with
suitable scope for academic research.
Chapter-2 is devoted for the literature survey including understanding of conventional
finishing processes, advanced finishing processes such as MRF, CMP, modelling of MR fluid
and experimental investigations on CMMRF process. It also discusses about the research gaps
and scope of work. This chapter also brings out scope of research work in the field of theoretical
as well as experimental aspects.
MR fluid is modelled and simulated in Chapter-3. Various parametric investigations have been
carried out about MR polishing fluid of CMMRF process. Behaviour of MR fluid is analysed
for the magnitude of and nature of the polishing pressure developed at the interface of MR fluid
and workpiece, It has also defined the required working gap to process a wide range of
engineering materials. In this chapter, chemical reaction is also discussed for synthesis of water
based MR fluid using density functional theory.
Molecular dynamics simulations on steel, aluminium, and silicon have been carried out in
Chapter-4 to investigate the mechanism of material removal towards surface modification at
atomic scale. In this chapter, finishing force is taken as a parameter from the polishing pressure
analysed in chapter-3. This chapter investigates merits and demerits of mechanical finishing
and chemical assisted mechanical finishing on aluminium as well as silicon workpiece to
8

understand the behaviour of material removal, and achieving the nanometric level of surface
finish in ductile as well as brittle materials. MD simulation is also used to define four types of
finishing process to bring down the surface roughness from few microns to few angstroms.
CMMRF process is mathematically modelled and simulated in Chapter-5. To simulate
mathematical model of CMMRF process, reactive MDS results are used to compute the
coefficients for this model. This work helps to predict the process outcome at macro scale. In
this chapter, material removal and improvement in surface finish are studied at different levels
of parameters.
Chapter-6 discusses experimental investigations on aluminium, silicon, stainless steel and
copper as workpiece materials. This chapter also includes results and discussion. In this
chapter, the simulated results of mathematical model are also compared and validated.
Capability of chemical assisted finishing of CMMRF is studied in this chapter. It is found that
the process has capability to finish ductile materials and brittle materials of the order of subnanometer.
The concluding remarks on the completed work are summarized in Chapter-7. The references
and Appendix are appended in the last.
----------x----------
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Chapter-2
LITERATURE SURVEY
2.1 Introduction
This chapter deals with various finishing processes including conventional as well as advanced
nano-finishing processes. Mechanisms of all such processes are discussed to gain better
understanding about the problems associated with them when aimed to achieve surface finish
in nanometric scale. In addition, key features are identified with MRF, CMP and CMMRF
processes which are known as nano-finishing processes. Thereafter, a list of gap areas and
scope of research work are also presented in this chapter.
2.2 Conventional finishing processes
There are mainly three different types of conventional finishing processes which are widely
used in industries to improve surface finish, shape and size accuracy, and these processes are
grinding, lapping and honing.
2.2.1 Grinding process
Grinding process is the most common and popular abrasive based finishing process in which
grinding wheel is used as a cutting tool. It is often used in manufacturing industries. Grinding
wheel is made of abrasive particles and bonding material. In this process, material removal
takes place with the help of a rotating grinding wheel under the specified normal load and
lateral movement against workpiece. Working principle of grinding process is shown in
Figs.2.1 (a-c). Material removal mechanisms in grinding was modelled and analysed on the
basis of the cutting-edge geometry and kinetics of the process. The model includes the
phenomena of friction, ploughing and cutting involved during material removal [10].
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FN: Indentation force

FT: Cutting force

RR: Net reactive force

Fig.2.1: (a) Schematic of grinding process, (b) material removal during grinding process. (c)
Forces involved during material removal by single abrasive particle.
When the abrasive particle interacts with the workpiece material, the material follows the
elastic-plastic deformation before the chip formation takes place as shown in Fig. 2.1 (b). This
phenomenon repeats continuously with all abrasive grains exposed to the workpiece and results
in material removal.
Denkena et. al. [11] have analysed, classified and discussed the fundamentals about the chip
formation and material removal mechanisms by means of experimental investigation.
Grinding process has capability for high material removal rate (MRR) as compared with other
finishing processes. Hence, it is useful to improve surface finish from very rough surface to
finished surface in very small span of the grinding time. However, surface finish of the ground
surface becomes few hundreds of nanometers, and it is almost impossible to achieve surface
finish less than 100 nm by grinding process. The challenges associated to achieve surface finish
11

less than 100 nm with conventional grinding are wear out of abrasive grits, loading of dislodged
abrasive grits on the wheel, loading of debris on the wheel during grinding process, and
uncontrolled grinding force variation from one abrasive particle to others, because of random
orientation of the abrasive grits in the wheel [12].
Yao et. al. [13] have mathematically modelled the grinding force and grinding temperature.
This model was used to investigate the chip formation force, friction force and temperature
distribution in contact zone between the workpiece and wheel. When the grinding force and
the grinding temperature increase, the workpiece material adheres locally to the grinding
wheel. The grinding temperature gets affected mainly because of two reasons, viz. poor thermal
properties of grinding wheel and low cooling efficiency. These phenomena cause additional
surface damage to the workpiece.
2.2.2 Lapping process
Lapping process is useful to improve the flatness accuracy and surface finish upto few tens of
nanometers, in which lapping pad or plate is used to abrade the workpiece using loosely bonded
abrasive particles. Schematic of lapping process is shown in Fig. 2.2. Material removal in this
process takes place due to relative movement between lapping pad and workpiece, which is
described in mathematical model proposed by ‘Preston’ [14].
The material removal mechanisms have been investigated and reported by using an acoustic
emission (AE) monitoring technique [15]. It was found that there are two important criteria for
describing the material removal mechanisms like ductile vs. brittle machining and two body
vs. three body abrasions. Later, the effect of lubricants has been investigated by using various
lubricants such as deionized water, hydrocarbon oil, ethanediol, isopropanol, and ethanol to
optimise the process performance [16].
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Fig.2.2: Schematic of lapping process. The depth of abrasion (δ) depends on size and
orientation of abrasive particles.
In this process, the material removal rate is low as loosely bonded abrasive grits are used to
abrade under low polishing pressure with respect to the grinding process.
2.2.3 Honing process
Honing is another finishing process to finish internal surfaces of cylindrical components, in
which honing tool rotates and reciprocates along the axis of the cylinder. The honing tool
consists of abrasive grits bonded sticks on radially stretchable arm. As the honing tool rotates,
the arm expands radially and exerts the polishing pressure or radial force on the workpiece.
This process produces a cross-hatched pattern which improves bearing ratio and useful for
automobile parts. Schematic of honing process is shown in Fig.2.3.
A theoretical approach has been attempted for the dynamic modelling of the honing process.
Forces and moments have been studied to gain better understanding for the material removal
during honing process [17,18].
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Fig.2.3: Schematic of honing process.
2.2.4 Summary of conventional finishing processes for surface finish quality
Table 2.1: Comparison and observations of various conventional finishing processes
Sr. Finishing Mechanism
of
No. process
Material removal
1
Grinding Abrasion
with
permanently
bonded abrasives,
and the polishing
pressure defined by
the depth of cut.

Surface quality

Remarks

-Ra ≈ 0.2-0.5 μm [12].
-Not suitable for mirror
finish.
-Finished surface consists
defects such as scratches,
cracks, lattice distortion
and phase transformation.

2

Lapping

Abrasion
with
loosely
floating
abrasive particles
and the polishing
pressure
comes
from lapping pad.

3

Honing

Abrasion
with
permanently
bonded abrasives.
Polishing pressure
generates
from
centrifugal force
on the honing stone
and spring force.

-Ra ≈ 0.02-0.5 μm [19].
-Suitable
for
mirror
finish.
-Finished surface consists
of defects such as
scratches, digs, microcracks, lattice distortion
and phase transformation.
-Rt ≈ 0.2-10 μm [19].
-Not suitable for mirror
finish.
-Finished surface consists
defects such as scratches,
cracks, lattice distortion
and phase transformation.

Indentation force depends
on abrasive size and their
orientation. Whereas, the
material removal depends
on
indentation
force,
sharpness of the abrasive
particles and the grinding
wheel loading.
Indentation force depends
on abrasive size and the
lapping pressure. The
material removal mainly
depends on indentation
force, sharpness of the
abrasive and orientation of
the abrasive.
Indentation force depends
on abrasive size and
rotational speed of honing
tool and flexibility of the
stretchable arm as well.
Material removal on this
process
has
similar
interpretation.
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Surface finish and the quality of finished surface depend on material removal rate and the type
of degenerative layers associated with finishing process. Few aspects of conventional finishing
processes are compared and summarised in the following Table 2.1.
In the conventional finishing process, the indentation force becomes more on bigger abrasive
particle, as the polishing medium is mechanically hard and stiff [20]. Thus, the material
removal depends on abrasive size and its orientation, which are responsible for variation in
material removal from one place to other on the finished workpiece. Hence, achieving
nanofinished surface using conventional process is tedious and difficult. There are a large
number of advanced finishing processes in which indentation force is least prone to the abrasive
particles size and their orientation by using flexible medium for polishing or by using abrasive
free processes as discussed in the next section.
2.3 Advanced finishing processes (AFPs)
With the development of novel materials, difficult to machine materials, and complex
geometrical shapes, the conventional finishing processes cannot achieve the desired surface
finish to cater the requirements of the present high tech industries. The electronics industries
are constantly in demand of high precision parts for miniaturisation of various types of memory
devices with high data packing densities. This is possible when the device fabrication has been
improved from macro and micro to nano-level of fabrication. The nano-fabrication cannot be
realised unless surface finish in atomic scale and the form accuracy of the scale of few
nanometers on large components are achieved. To finish surfaces in atomic scale (0.2-0.5 nm),
material removal has to be controlled in the form of atoms or cluster of atoms. There are a few
processes which give extremely low but controlled material removal rate (MRR) such as Elastic
Emission Machining (EEM) and Ion Beam Machining (IBM).
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Fig.2.4: Classification of micro-nano finishing processes.
These processes remove material at atomic scale on the surface of workpiece to achieve surface
finish in the range of 0.2-0.5 nm. However, these processes take enormously long finishing
time due to extremely low MRR.
In the last 2-3 decades, some soft loop based finishing processes have been developed such as
magnetic float polishing (MFP), magnetic abrasive finishing (MAF), magnetorheological
finishing (MRF), and abrasive flow finishing (AFF). These processes are capable to generate
surface roughness in the range of 10-100 nm on metals with flexible finishing medium and,
therefore, these processes are also known as flexible nano-finishing processes. However, these
flexible processes have few limitations, while finishing the engineering materials, such as
surface defects, sub-surface damages and low finishing rate. Chemo-mechanical polishing
(CMP) process is an example of an efficient finishing process, which is extensively used in IC
(integrated circuit) industries to process metals and non-metals for generating nanometric and
atomic level of surface roughness respectively. The CMP process has capability to process the
materials at high polishing rate with extremely good surface finish, 0.2 to 0.3 nm in case of
hard materials like semiconductors or ceramics. However, CMP is not capable of finishing
geometries other than circular and flat wafers as it utilises polishing pad which is highly
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sensitive to working gap. In addition, a hard loop based finishing process was developed by
using single crystal diamond tool in an ultra-precision lathe machine and this process is called
as diamond turn machining (DTM). DTM has capability to generate shape and size accuracy
of the order of few hundreds of nanometers, and surface finish of the order of few nanometers.
Fig. 2.4 shows a classification of most of the micro and nano-finishing processes from the field
of traditional as well as advanced manufacturing. There are only few abrasive based AFPs such
as AFM, MAF, CMP, MFP, EEM, MRF and MRAFF. Research carried out in some of these
processes are discussed in the subsequent sections.
2.3.1 Abrasive Flow Machining (AFM) process
AFM process was introduced in 1960s for deburring and polishing of intricate inner surfaces
or edges by reciprocating abrasive laden viscoelastic polymer under the applied hydrostatic
pressure. Operation configuration of AFM is categorised in three different types such as one
way AFM, two way AFM and orbital AFM. The two way AFM has become more popular
because of its simplicity. In this process, two vertically opposed cylinders are used to flow the
abrasive medium in a passage in which the workpiece is held firmly with tooling as shown in
Fig.2.5. Literature of AFM process has been reviewed and discussed as follows.
Material removal is experimentally studied by Rhoades, and it is reported that the size, hardness
and sharpness of abrasive particle and extrusion pressure play a vital role [21]. He has also
reported that the medium viscosity is a critical parameter for the same. The medium viscosity
temporarily rises when the medium is suddenly forced through a restrictive passage and causes
high material removal. Hence, low viscosity medium was recommended for nanofinishing of
narrow passages, and high viscosity medium for large passages.
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Fig.2.5: Schematic of abrasive flow machining process.
Williams and Rajurkar [22] have reported that the effect of medium’s viscosity is more
significant on material removal as compared to extrusion pressure.
Jain and Adsul [23] reported that the material removal depends on initial surface roughness
and hardness of the workpiece. They have also reported that the material removal and reduction
in surface roughness increases with increase in percentage concentration and size of abrasive
particle as these parameters play significant role during AFM process.
Loveless et al. [24] have also reported that the initial surface roughness affects material removal
during AFM process. The surface generated by WEDM is more suitable for AFM when
compared to others.
Jain et al. [25] have carried out simulation of finished surface profile and material removed
considering the interaction of abrasive particles with workpiece. In this work, a finite element
based simulation has been carried out for the prediction of the stresses developed during AFM
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process. It is assumed that force on each abrasive particle is same and it results in the same
depth of indentation for uniform material removal. Subsequently, a study [26] has reported on
the effect of abrasive concentration and mesh size on medium viscosity at different
temperature.
Rajeshwar et al. [27] have developed a mathematical model using constitutive equations of
Maxwell model and carried out simulation to study the medium flow. It was reported that there
is a linear relationship between MRR and shear stress acting on the worksurface. Gorana et. al.
[28] studied the mechanism of AFM process by developing a theoretical model of forces acting
on a single abrasive particle.
2.3.2 Magnetic Abrasive Finishing (MAF) process
Magnetic Abrasive Finishing (MAF) is a non-conventional superfinishing process in which
magnetic abrasive particles experience finishing force under the influence of magnetic field in
the finishing zone to remove material in the form of micro/nano chips towards generation of
good quality of surface finish. Schematic of MAF process is shown in Fig. 2.6 (a-b). The MAF
process was patented by Harry P. Coats in 1940 [29,30]. Afterward, a series of research work
was carried out in the late 1950’s and 1960’s [31]. Literature of MAF process has been
reviewed and discussed as follows.
a)

b)

Fig. 2.6: Schematic of magnetic abrasive finishing. (a) for cylindrical workpiece [32]. (b) for
flat workpiece [33].
19

Kremen et al. [29] have developed an empirical expression for estimation of machining time.
Later they proposed that the material removal rate is large at the beginning of the process due
to large unevenness on the surface of workpiece, and decreases with decrease in unevenness.
Kim and Choi [34] have developed a mathematical model to predict the surface finish with
respect to the processing time. The simulation-results agree well with the experimental
obseravtions.
Khairy [35] reported that the process has capability to produce extremely fine surface finish
in the range of 10-50 nm. Mori et al. have [36] proposed a theory for explaining the formation
of magnetic abrasive brush during MAF process. They have also calculated normal force which
agrees well with experimental result.
Jayswal et al. [37,38] and Kwak [39] have developed a finite element model and carried out
simulation to evaluate the distribution of magnetic forces associated during MAF process. The
simulation results were verified with the experiments.
Hou and Komanduri, [40–42] have presented a thermal model with FEA based simulation. It
was found that the flash temperature was the function of pressure, sliding speed and scratch
length made by the abrasive during nanofinishing. Kumar and Yadav [43] have developed a
model for the heat flux generated on workpiece surface, and they have carried out FEA based
simulation. The effects of various process parameters including the temperature rise in the
workpiece have been studied and reported.
Mishra et al. [44] have carried out FEA based simulation and studied the heat generated at the
workpiece surface due to the rubbing action of magnetic abrasive particles on the work surface.
They have estimated the temperature at the rubbing zone in the range of 34–51°C.

20

Shinmura and co-workers have extensively studied the MAF process on various materials from
1984 to 1995 [31,45]. They have studied the effects of various process parameters like
magnetic flux density, working gap, types of abrasives, types of workpiece, and cutting speed
on finishing characteristics.
Singh et al. [46] have studied the effect of electromagnet input voltage, working gap, rotational
speed of electromagnet and mesh size of SiC abrasive particle on the surface finish and material
removal. They found that high voltage, low working gap, high rotational speed and fine
abrasive particles are desirable for improving the surface finish.
Singh et al. [47] have investigated the forces acting during MAF process by the experimental
means, and a correlation between the surface finish and the forces was presented. They found
that forces and improvement in the surface finish increase with the increase in magnetic flux
density by increasing current to the electromagnet and decreasing in the working gap.
Ahmad et al. [48] have carried out an experimental optimization work and reported that the
influence of the sintered magnetic abrasive particle on the machined surface with appropriate
size of the particle, optimizes the surface finish.
Jain et al. [49] have experimental studied MAF on ferromagnetic and non–ferromagnetic
materials. They reported that the magnetic flux density increases by three times on
ferromagnetic material as compared to non–ferromagnetic workpiece. Final achieved surface
finish was 20 nm and 60 nm in case of ferromagnetic and non–ferromagnetic stainless steel,
respectively. In addition, normal magnetic force was much higher in case of ferromagnetic than
non–ferromagnetic workpiece material but no significant change was found in tangential
cutting force.
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Heng et al. [50] have reviewed MAF process and they have also highlighted the limitations
associated with this process such as a micro-scale workpiece material is not possible as fragility
to MAF and negligible surface finishing on ferromagnetic materials (e.g. nickel and cobalt
alloys).
The researchers have reported that there are many process parameters which affect the material
removal and surface finish. However, magnetic field strength, abrasive particles size and
working gap have been found to be most significant parameters to control surface finish as well
as MRR. In addition, the surface finish significantly depends on the type of workpiece material
used.
2.3.3 Magnetorheological Finishing (MRF)
MRF process was initially developed for nanofinishing of optics, ceramics and semiconductors
and subsequently it was commercialised by QED Technologies Inc. [51–53].
Magnetorheological (MR) fluid has been used with abrasive particles for finishing in which
finishing force on the abrasive particles is controlled by changing the flow properties of MR
fluid enabled through the magnetic field. Additionally, the material removal mechanism was
conceived using hydrodynamic lubrication theory of journal bearing, in which the material
removal occurs due to shearing by magnetically stiffened MR fluid on the surface of work
piece. Schematic of MRF process is presented in Fig. 2.7.
Kordonski and Golini [54] have reported the surface stresses and material removal during MRF
process. The MRR was predicted using generalized Preston’s model.
Nano-alumina and nano-diamond abrasive particles mixed in MR-fluid were used as effective
abrasive particles which are suitable for manufacturing of infrared optics [55].
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Fig. 2.7: Schematic of MRF process [53].
Finishing force along tangential and normal directions during magnetorheological finishing of
freeform surface is carried out, and it is reported that the normal force is found to be more
dominant compared to the tangential forces [56]. Furthermore, MRF process was used to obtain
nanometric surface finish on free form surfaces of knee implant.
While comparing to AFM, MAF and MRF, the MRF process has better capability in terms of
final surface finish achieved as discussed in Table 2.2. This capability is possible because of
the MR fluid medium which provides better cushioning to abrasive particles and it has better
control for indentation when abrasive sizes are varied.
Thus, MRF process is capable to generate uniform MRR hence uniform scratch formation. This
leads to generate Ra value from 1- 10 nm as the finishing force can be controlled precisely.
On the other hand, MRF also results in some micro/nano scratches because of which getting
Ra value less than one nanometer is challenging. Hence, to achieve surface finish less than one
nanometer, there is a need to incorporate chemical to mitigate the scratch formation.
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Table 2.2: Comparison of AFM, MAF and MRF processes.
Parameters
Finishing
properties
of medium

AFM
Medium
properties
cannot be
controlled
precisely.

Effect
of Effect
of
particle size particle size
distribution variation
would result
in variation
of finishing
force due to
the variation
in
the
viscosity of
the medium.

MAF
MRF
It
can
be It can be controlled by
controlled
by changing
magnetic
changing
field or working gap
magnetic field or
working gap
Effect of particle
size
variation
would result in
small extent of
variation
of
finishing
force
due to change in
the
magnetic
properties of the
medium/ mixture.
However,
the
magnetic brush
exhibits
some
amount
of
stiffness.

Effect of particle size
variation would result
in small variation of
finishing force as the
magnetic ribbon of
MR fluid exhibits
some
amount
of
stiffness as well as
damping characteristic
but the magnetic
properties
of
the
medium would change
which is responsible
for change in the force.

Remarks
MAF and MRF
have
better
control over the
finishing force
(indentation and
cutting force)
MRF
has
capability
to
shows
less
immune to the
size variation of
the
abrasive
particle
size
distribution.

2.3.4. Chemical Mechanical polishing (CMP)
Main constituent of CMP process is polishing pad adhered over a flat platen which rotates
under a specified polishing pressure against workpiece in the presence of polishing slurry.
Whereas, a carrier is used to hold the workpiece. The polishing pressure and relative velocity
between workpiece and pad results material removal and it gets enhanced due to the chemicals
of polishing slurry in CMP process towards attaining atomic level of surface finish [57,58].
Schematic of CMP process is shown in Fig. 2.8.
CMP process has been extensively used for surface finishing of the order of a few angstrom
and flatness in range of few hundreds of nanometers. In CMP, polishing slurry contains
chemical which converts top layer of the surface of workpiece into soft passivation layer and
helps to remove the material by mechanical means. This technique helps to achieve surface
finish in the range of 0.2-0.4 nm with comparatively large material removal rate.
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Fig.2.8: Schematic of CMP process [59].
This process has many parameters to control the process like pH value, size of abrasive
particles, concentration of abrasive particles, quality of micro-texture of polishing pad, relative
rotation speed, polishing pressure, temperature, etc. [57].
2.4 Chemo mechanical magnetorheological finishing (CMMRF)
Chemo mechanical magnetorheological finishing (CMMRF) has been developed in the recent
past by combining the constructive aspects of CMP and MRF, and overcoming some of their
undesirable effects during nanofinishing operation. CMMRF is one of the most important
emerging nano-finishing processes, which is capable to generate surface roughness of the order
of nanometer using a magnetic field based flexible polishing pad. This process was initially
developed and experimental study was carried out on mono-crystalline silicon substrate [7].
Comparison between CMP, MRF and CMMRF processes has been presented in Table 2.3.
MR fluid is a main part of CMMRF process, which is used to form a flexible polishing pad
under the influence of magnetic field using permanent magnet.
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Table 2.3: comparison between CMP, MRF and CMMRF
Sr. Basis
No. comparison
1
Finishing rate

MRF

CMMRF

Suitability

≈10nm/ min

≈1nm/ min

≈10nm/ min

Final surface finish
(Ra) on metal &
alloys
Final surface finish
(Ra) on
semiconductor &
ceramics
Surface complexity
(2D & 3D)

<1.0nm

≈10nm

<1.0nm

CMP &
CMMRF
CMP &
CMMRF

≈0.2-0.4nm

≈1.0nm

≈0.4-0.5nm

CMP &
CMMRF

Flat-circular
wafers (2D)

Type of materials to
process

6

Surface defects
or scratch-dig value
Residual stress

Suitable for brittle
materials but not
for
ductile
materials because
of
scratch
formation in large
number.
10-5 on brittle 40-20
materials only.
Negligible
Significant

2-D as well
as 3-D
surfaces
All
materials

MRF &
CMMRF

5

2-D as well
as 3-D
surfaces
Not suitable
for
malleable &
ductile
materials

10-5

CMP &
CMMRF
CMP &
CMMRF
MRF &
CMMRF
MRF &
CMMRF

2

3

4

7
8
9

for CMP

Tactful finishing on
fragile materials
Life of polishing pad

Negligible

Not suitable

Suitable

Suitable

Limited

High

High

CMP &
CMMRF

2.4.1. MR fluid
MR fluid is a smart fluid, whose rheological properties can be controlled under varying
magnetic field. This fluid comprises abrasive particles and carbonyl iron particles (CIPs) in a
carrier medium [60]. The fluid behaves like a Newtonian fluid without magnetic field and it
behaves as a Bingham plastic fluid under the influence of magnetic field. The transformation
of MR fluid behaviour from Newtonian to Bingham plastic occurs by inducing magnetic force
in MR fluid due to magnetic field [61] under specific value of time which is known as response
time. In general, the response time is few milliseconds to create a chain of CIPs, and few
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seconds to form thick layers of MR fluid [62]. The abrasive particles acquire magnetic force
from CIPs to abrade superficial layer of workpiece precisely. In general, the magnitude of
magnetic force on MR fluid depends on the intensity of magnetic field. The carrier medium
belongs to either hydrocarbon oil based fluid or water based fluid. In CMMRF process, water
based MR fluid is used as water dissolves all types of the polar chemicals which are necessary
to maintain chemical assisted material removal on the work piece.
In general, applications of MR fluid are classified into four major classes. These classes are
expressed on the basis of operation like, shear mode, valve mode, squeeze mode and
combination of them [63]. Amongst all these modes of operation, squeeze mode exhibits
highest pressure in the working zone and the shear mode is responsible for better shearing
stress. It was also reported that the polishing pressure plays a vital role for material removal in
CMP process [57]. It means, there is a need to achieve pressure more than a threshold value
towards material removal during nanofinishing. Hence, squeeze mode in combination of the
shear mode is suitable for CMMRF based nanofinishing process.
2.4.2. Summary of literature survey of finishing processes
Chronological order of technological development in the field of CMP, MRF and CMMRF is
summarised as follows.
 MR fluid was invented by Rabinow in late 1940s [64].
 CMP process was conceptualised and developed by Bob Walsh, in 1961 [57].
 MRF process was developed by Kordonski and Jacobs in1996 [51].
 MR Polishing fluid for hard metal in MRAFF is investigated by Jha and Jain, in 2006
[65].
 Sedimentation study of MR fluid by agglomeration of CIPs is carried out by Kciuk, et.
al in 2009 [66].
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 An experimental investigation was carried out using CMMRF process on silicon [7].
 An integrated simulated study using FEA has been carried out on the MR fluid under
shearing force by Parlak et. al, in 2012 [67].
 Modelling, experimental and characterisation of hydrocarbon oil based MR fluid for
nanofinishing were reported by Jain, Jha, Das and Sidpara at IITK during 2004-2014
[56,68–73].
 CMP process was investigated for steel by Hu, et al., in 2012 [74], and Jiang, et al., in
2015 [75].
 Experimental investigation into Ball end –MRF of silicon is investigated by
Saraswathamma, et al., in 2015 [76].
 Abrasive-free and ultra-low abrasive CMP is reviewed by Penta in 2016 [77].
 A theoretical study on swirl assisted MR finishing for tubular component is carried out
by Kheradmand et al., in 2016 [78].
 Dual-rotation MR finishing is developed for better Ra value by Wang et al., in 2016
[79].
 MD simulation for CMP process for silicon was carried out by Wen et al., in 2017 [80].
 Modelling and simulation of Ball End MRF process is carried out by Alam and Jha, in
2017 [81].
The literature survey shows that CMMRF process has many advantages and few gap areas
which are discussed in the following section.
2.5 Modelling and simulation tool for micro and nano-finishing process
Modelling and simulation of any mechanical process needs an understating about the suitable
modelling tools. These tools are classified on the basis of size scale and time scale as presented
in Fig.2.9.
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Quantum Chemical (QC) modelling is also known as ﬁrst-principle-based molecular dynamics
which does the computational work on various chemicals to find out behaviour of the
molecules by solving the time-independent Schrodinger wave equation [82]. To solve this
equation, there are few approximation techniques as follows.
1. Hartree-Fock theory works on basis of an approach of wavefunction which relies on
the mean-field approximation [83,84].
2. Density Functional Theory obtains the energy from the electron density rather than the
more complicated wavefunction [85].
3. Combination of multiple techniques.
QC methods are, in general, applicable to all types of chemical systems. However, this
modelling work is computationally intensive which makes them inapplicable for large systems,
e.g. more than 100 atoms. Hence, QC modelling has become a primarily applicable for single
point or local energy minimization.
Molecular Dynamics Simulation (MDS): In general, MDS does the computational work by
employing a suitable potential function under an environment of statistical ensemble to the
system by using the verlet (velocity-verlet and displacement- verlet) algorithm to compute the
time dependent positions of all atoms of the system [86].
This tool has been categorised in two branches. One is reactive-MDS which utilises reactive
force field potential function and describes the relationship between energy and geometry with
a set of relatively simple potential functions. Their simplicity of the potential function allows
to be applied to much larger systems than QC systems (thousands of atoms on single
processors; millions of atoms on multiprocessors). The parameters used in the potential
functions are developed by fitting them against a large set of data, which is generated from the
QC simulation. In general, this potential function includes various functions of energy as a set
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of parameters such as bond energy, atom energy, lone-pair energy, molecule energy, valence
angle energy, double-bond valence angle penalty, valence angle conjugation energy, hydrogen
bond energy, torsion energy, conjugation energy, van der Waals energy, Coulomb energy,
electric field energy, and charge equilibration energy [87]. Hence, this technique is suitable to
reveal chemical as well as physical phenomena of a system.

Fig.2.9: Hierarchy of process modelling at various scales
There is another form of MDS which utilises much simple potential functions like, Morse
potential, Lennard Jones potential, embedded atom method (EAM), Tersoff potential, etc. This
method is also known as classical MDS in which the potential function deals with bond energy
and the bond length which makes it much simpler in the field of molecular dynamics simulation
[88].
There are few techniques to simulate the system in meso-scale such as dislocation dynamics
simulation [89], Brownian dynamics simulation [90] and kinetic Monte-Carlo simulation [91].
Dislocation dynamics simulation is suitable for structural mechanics and micro/nano finishing
process. Dislocation dynamics is used to study about the crystal plasticity, in which the motion
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of dislocation lines and their interactions with themselves are simulated by discretizing them
followed by adaptive re-meshing within the crystal (or within a grain or sub-grain). Thus the
mechanical properties of the crystal in plastic zone of deformation can be investigated at mesoscale.
The Finite Element Analysis (FEA) is a numerical method which solves the problems of
engineering and mathematical physics [92]. FEA can solve the problems in case of complicated
geometry, loading and the material properties efficiently by dividing the geometry in small
sub-domains which are known as mesh. In each subdomain, the governing equations are
applied and a set of elemental matrix is calculated (which correlate force and displacement
vector), thereafter, all elemental matrices are combined to form a global matrix which is further
used to solve the relationship between force vector and displacement vector using given
boundary and initial conditions. To analyse the results, post processing step is used. In the
computational work, the geometry gets meshed using meshing technique followed by further
processing by using a suitable solver to solve the problems under given environment of
governing equations, boundary conditions and initial conditions. At the end, the post processing
module is used to analyse the results for extracting the required information.
2.6 Gap areas
Based on the literature survey, it is concluded that there are some gap areas in the nanofinishing
techniques which needs further work as listed as follow.
I.

Analytical model and behaviour of MR fluid have not been explored for finishing
pressure.

II.
III.

Process optimization for higher MRR in CMMRF has not been done.
MRF process modelling for surface modification at atomic scale has not been explored.
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IV.

MD simulation of CMP for finishing of some commonly used industrial materials such
as stainless steel, aluminium, inconel, titanium etc., has not been carried out.

V.

CMMRF mechanism of material removal on ductile and brittle material is not available.

VI.

CMMRF process-models (empirical and mathematical both) and combined effects of
mechanical abrasion and chemical reactions are not available.

VII.

Multi-scale modelling for material removal in CMMRF is not carried out.

These gap areas show that there is a need for in-depth scientific understanding and detailed
investigations in the field of CMMRF process. Hence, research areas have been identified
which need to be investigated for enhancing the process performance in terms of material
removal rate, percentage of improvement in Ra value, finishing rate, final Ra value etc. In view
of this, specific plan for this research activity is listed as follows.
1) Experimental study supports process capability. However, there is a need to understand
science behind the process for better utilisation of the process. Therefore, MR fluid
behaviour for the formation of polishing pad is an important area to implement it for
CMMRF process. This area needs to characterise the CMMRF polishing pad, and behaviour
of MR fluid in micro and nano-scale.
2) Material removal mechanism of any finishing (or machining) process is an important area.
In CMMRF, the material removal is at nanometric scale. Thus, material removal at
nanometric scale is one of the significant areas. In this area, material removal mechanism
for ductile and brittle materials need to be investigated.
3) Mathematical modelling is another area which is useful to understand the process behaviour
by using mathematical relation, and it is also useful to predict the process outcome.
Based on the research gap areas, scope of the present work has been derived and presented in
the following section.
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Fig.2.10: Research plan
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2.7 Scope of research work
In general, a clean and scientifically sound understanding about process mechanism helps
for commercialisation and deployment at mass scale. Hence, it is essential to understand and
model the process behaviour at various-scale (atomic, micro, and macro-scale) under the
influence of various process parameters.
To gain complete and intensive understanding of CMMRF process, there is a need to study
on water based MR fluid, chemical interactions involved in CMMRF and material removal
mechanism. In view of this, following areas of research activities have been identified as a
scope for this research work.
I.
II.

Modelling, simulation, and synthesis of MR fluid for CMMRF process.
Study the mechanism of material removal at atomic scale for CMMRF process.

III.

Modelling and simulation of CMMRF process at macroscopic scale.

IV.

Experimental validation and demonstration of process capability to generate surface at
nanometric scale in ductile as well as brittle materials.

These research works need to carry out various activities, and these activities have been
mentioned as per the research work plan of this Ph.D. thesis as shown in Fig.2.10.
-------------X-------------
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Chapter-3
ANALYSIS OF MAGNETORHEOLOGICAL FLUID FOR CMMRF PROCESS
3.1. Introduction
Water based MR fluid is one of the main constituents of CMMRF process and it forms
polishing pad under the influence of magnetic field due to a permanent magnet. This fluid
works with the combination of squeeze and shear mode to generate and apply the required
polishing pressure for material removal by adjusting the working gap. After carrying out the
literature survey, following gap areas are identified to study and analyse the
magnetorheological fluid for CMMRF process.
 Formation of polishing pad: FEA and CFD integrated simulations are carried out to
study the formation of polishing pad due to magnetic field.
 Mechanism to generate polishing pressure: Mathematical modelling, simulation and
experiments are carried out to understand this mechanism.
 Sedimentation behaviour of MR fluid: This study is carried out using CFD simulation
for different types of water based MR fluid.
 Synthesis of MR fluid: To synthesize water based MR fluid, suitable chemical reactions
are studied and analysed using QC modelling to get physically and chemically stable
fluid.
In view of this, MR fluid is analysed to characterise the polishing pad, to understand flow
behaviour with and without magnetic field, and to study the chemical reactions involved within
the MR fluid. These studies will be beneficial towards CMMRF process modelling and
optimisation.
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3.2. Formation of polishing pad
MR fluid behaves as Newtonian fluid without magnetic field and hence it does not form the
necessary tool for nano-finishing. On the other hand, MR fluid forms a flexible polishing pad
under the influence of magnetic field. In this section, FEA-CFD integrated simulation is carried
out to understand the formation of polishing pad for CMMRF process.
3.2.1. Modelling and simulation of magnetism in MR fluid: FEA and CFD simulation
To study the effect of magnetic field, different portions of polishing pad are modelled such as,
magnetic field in magnet, air, polymethyl methacrylate (PMMA) plate and MR fluid as shown
in Fig. 3.1 (a). In this section, magnetic field is used to compute magnetic force towards flow
of MR fluid.
3.2.1.1. Boundary conditions for FEA simulation
The magnetic potential of the side faces of the permanent magnet are set to zero, as magnetic
lines flow along the direction of magnetisation within the magnet. Dimension for extreme
portion of ambient air is obtained by ensuring the magnetic field less than 0.01 Tesla, and hence
the extreme portion of the ambient air is also set to zero potential to represent infinitely large
space for the magnetic field.

a)

b)

Fig.3.1: Schematic for the boundary condition of permanent magnet for FEA simulation. (a)
Full model. (b) Half model, i.e. axisymmetric model.
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Magnetization of the magnet was obtained from experiment to match with 0.6 Tesla of
magnetic field as shown in the schematic, Fig.3.1 (a). Since, boundary condition and geometry
are symmetric about z-axis, half model is presented in Fig. 3.1 (b) which is further used during
simulation.
3.2.1.2. Boundary conditions for CFD simulation
CFD modelling is applied only on MR fluid and air. Velocity for the extreme portion of air,
i.e. outer boundary of model, is set to zero. Normal velocity of fluid on the surface of magnet
and on the surface of PMMA plate are set to zero. Pressure on the outer boundary of air is set
to 1bar.
3.2.1.3. Initial conditions for FEA-CFD simulation
Initial value of magnetic field is set to zero except the magnetization of the magnet. Moreover,
initial values for velocity and pressure are also set to zero and 1 bar respectively.
3.2.1.4. Modelling for Magnetic field
Magnetic field is computed by solving Gauss’s law and constitutive relation of magnetism [93]
as described in the following Eqs. (3.1-3.3).
𝛻. 𝐵 = 0

(3.1)

B=μo(H+M)

(3.2)

M=χvB; and H=𝛻. (𝑉𝑚)

(3.3)

Where, ‘B’ is the magnetic flux density which is also defined as gradient of the magnetic
potential (Vm), ‘H’ is an external magnetic flux density, ‘M’ is the magnetisation of magnetic
material, ‘χv’ is the volume magnetic susceptibility, ‘μo’ is the magnetic permeability in vacuum
which is equal to 4π×10−7 V·s/(A·m).
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3.2.1.5. Modelling for magnetic force
The magnetic flux inside MR fluid magnetises carbonyl iron particles (CIPs) of MR fluid, and
results in alignment of these CIPs due to the induced magnetic forces which are stored in the
form of magnetic energy. The magnetic energy per unit volume (ξ) is expressed and written as
per Eq. 3.4.

𝜉=

|𝐵 |2
|𝐻 |2
𝐵. 𝐻
𝐵. 𝐵
=
=
= 𝜇𝑜 𝜇𝑟
2
2𝜇𝑜 𝜇𝑟 2𝜇𝑜 𝜇𝑟
2

(3.4)

Where, ξ is the magnetic energy per unit volume stored in MR fluid.
According to the principle of the conservative force [94], the magnetic force can be written as
gradient of the magnetically stored energy due to externally applied magnetic field from a
magnet. Hence, magnetic force density (F) is expressed in Eq.3.5 which is the magnetic force
per unit volume and unit of magnetic force density is ‘N/m 3’.
𝐹 = 𝛻(𝜉)

(3.5)

Magnetic force density is further simplified in terms of the magnetic potential and expressed
as per Eqs. 3.6 and 3.7 for Cartesian and cylindrical coordinate system, respectively. These
equations are useful to simulate MR fluid for flow due to magnetic field.

𝐹 = 0.5𝜇𝑜 𝜇𝑟 𝛻 {(

𝜕𝑉𝑚 2
𝜕𝑉𝑚 2
𝜕𝑉𝑚 2
) +(
) +(
) } = 𝐹𝑥 𝑖̂ + 𝐹𝑦 𝑗̂ + 𝐹𝑧 𝑘̂
𝜕𝑥
𝜕𝑦
𝜕𝑧

𝜕𝑉𝑚 2
𝜕𝑉𝑚 2
) +(
) } = 𝐹𝑟 𝑖̂ + 𝐹𝑧 𝑘̂
𝐹 = 0.5𝜇𝑜 𝜇𝑟 𝛻 {(
𝜕𝑟
𝜕𝑧

(3.6)

(3.7)

Where,
𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚
𝐹𝑥 = 𝜇𝑟 𝜇𝑜 (
+
+
)
𝜕𝑥 𝜕𝑥 2
𝜕𝑦 𝜕𝑥𝜕𝑦
𝜕𝑧 𝜕𝑥𝜕𝑧
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𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚
𝐹𝑦 = 𝜇𝑟 𝜇𝑜 (
+
+
)
𝜕𝑥 𝜕𝑦𝜕𝑥
𝜕𝑦 𝜕𝑦 2
𝜕𝑧 𝜕𝑦𝜕𝑧
𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚
𝐹𝑧 = 𝜇𝑟 𝜇𝑜 (
+
+
)
𝜕𝑥 𝜕𝑧𝜕𝑥
𝜕𝑦 𝜕𝑧𝜕𝑦
𝜕𝑧 𝜕𝑧 2
𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚
𝐹𝑟 = 𝜇𝑟 𝜇𝑜 (
+
)
𝜕𝑟 𝜕𝑟 2
𝜕𝑧 𝜕𝑟𝜕𝑧

and

𝜕𝑉𝑚 𝜕 2 𝑉𝑚 𝜕𝑉𝑚 𝜕 2 𝑉𝑚
𝐹𝑧 = 𝜇𝑟 𝜇𝑜 (
+
)
𝜕𝑟 𝜕𝑧𝜕𝑟
𝜕𝑧 𝜕𝑧 2

3.2.1.6. Modelling for flow of MR fluid
MR fluid flows and it takes specific shape due to the magnetic force by which the polishing
pad forms. The flow behaviour of MR fluid obeys Navier-Stokes equation as shown in Eq.3.8
(a-b) [95]. Where, Eq.3.8 (a) shows the conservation of linear momentum, and Eq.3.8 (b) shows
the continuity equation which is derived by considering the conservation of mass.
𝜕(𝜌𝑢)
2
+ (𝑢. 𝛻 )(𝜌𝑢) = −𝛻𝑝 + 𝛻. [𝜇(𝛻𝑢 + (𝛻𝑢)𝑇 ) − 𝜇 (𝛻. 𝑢)𝐼] + 𝐹
𝜕𝑡
3

(3.8a)

𝜕𝜌
+ 𝛻. (𝜌𝑢) = 0
𝜕𝑡

(3.8b)

Where ‘u’ is the fluid velocity, ‘p’ is pressure, ‘ρ’ is the mass density, ‘I’ is the unit matrix,
‘μ’ is the dynamic viscosity, and ‘F’ is the magnetic force density [95].
3.2.1.7. Simulation
In the present work, COMSOL4.3a multi-physics software has been used by coupling of few
aspects such as magnetism and fluid flow using an algorithm of Arbitrary Lagrangian-Eulerian
(ALE) method to apply moving mesh technique.
While simulating the magnetism, Gauss’s law of magnetism of Maxwell equation and
constitutive relation are solved to compute the magnetic force density. In addition, the NavierStokes equation is solved to simulate the flow behaviour of MR fluid. Thereafter, suitable post
processing tools have been used to analyse the simulated results. Few assumptions are also
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made for the present simulation as presented in Table 3.1. Composition of MR fluid in volume
is as follow, 30% CIPs, 2.5% alumina particle, 2.5% silica particle, 3% glycine, 2% glycerol
and 60%water.
Table 3.1: List of assumptions which are used to simulate CMMRF polishing pad behaviour.
S.N.
1

2
3
4
5

6
7

Assumptions for
MR fluid

Remarks
It is similar to the magnetic fluid except viscosity, and the
viscosity is equal to [5919 + 10191logB + 6111(logB)2 +
1223(logB)3 Pa-s] which is taken from Das et al., 2008 [96].
Relative permeability µr=10 (This value is computed from B-H curve) [97].
of MR fluid
Friction between MR 0.2 [98].
fluid and solid surface
Magnetic force density Positive gradient of magnetic energy. It is taken from
principle of conservative force [94].
Magnetization of the Magnetisation equal to 1000 kA/m, was derived from
permanent magnet
experimental data to match magnetic flux density with
experimental data, i.e. 0.6 Tesla on magnet-surface.
Workpiece
Incompressible solid body and non-magnetic with µr=1.
Negligible effect of In this work, the effect of electric field (variable or constant
minor electric field
with respect to time) is not studied as the electric field less
than 1 kV/mm will neither polarise the MR fluid nor
generate magnetic field more than 4 mT. Hence, its effect is
insignificant to CMMRF process.

3.2.2. Results and discussion
3.2.2.1. Magnetic field
A finite element analysis is carried out to study about the distribution of magnetic field as per
the schematic of Fig.3.1 (b) by solving Gauss’s law and constitutive relation of magnetism, and
the result is shown in Fig.3.2.
It is observed that the magnetic lines of force flow uniformly within the specified medium and
the flow of magnetic lines changes significantly when the medium changes. For better
understanding, the magnetic flux density is analysed, and presented in Figs.3.3 (a-b). This
result shows that the magnetic flux density increases by introducing MR fluid as shown in Figs.
3.3 (a-b).
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Fig. 3.2: Lines of magnetic flux distribution in which arrows show the direction.
The magnetic flux density increases on the edge of the magnet with respect to the central
portion as shown in Fig. 3.3 (a). Fig. 3.3 (b) shows two spikes in which one spike comes from
the boundary of MR fluid and other spike comes from the edge of magnet. Further, the magnetic
flux density in different cases has been computed and plot as shown in Fig. 3.4.
Fig. 3.4 plots the distribution of magnetic flux density along radial direction at different
condition such as, on the surface of PMMA (z=0) plate without MR fluid, on the plate with
MR fluid (z=0), within MR fluid at z= 1.5 mm, and on the bottom surface of MR fluid at z=2.5
mm as labelled on Figs. 3.1 and 3.2.

Spike due to
the boundary
of MR fluid.

Spike due to the
edge of magnet.

Spike due to the
edge of magnet.

Fig. 3.3: (a) Plot of the magnetic flux density on the surface of PMMA plate (z=0) without
MR fluid, (b) Plot of the magnetic flux density on the PMMA surface (z=0) with MR fluid.
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Fig. 3.4: Plot of magnetic flux density at various places of MR fluid.
The magnetic field magnetises MR fluid which further results in inducing the magnetic forces
to store the magnetic energy. The magnetic force and the magnetic energy are analysed and
discussed as follows.
3.2.2.2. Magnetic force
The distribution of magnetic forces is computed on MR fluid and presented in Fig. 3.5.

Fig. 3.5: Distribution of magnetic force density in the MR fluid after applying magnetic field
at time, t=0s. Arrows show the direction of the forces and contour lines indicate their intensity.
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a)

b)

Fig. 3.6: (a) Magnetic force density at the interface of magnet and MR fluid (z=0), surface of
MR fluid (z=2.5 mm), inside of MR fluid (z=0.5 &1.5 mm), (b) Zoomed view for the radial
distance from 6 to 11 mm.
Force density has been computed and plotted at different z-sections of MR fluid as presented
in Figs. 3.6 (a-b). This result shows that the magnetic force density is relatively low except at
radial location from 6 mm to 11 mm. It is noticed that the magnetic force is more near the radial
location of 7 mm which is an interface of MR fluid and ambient air. At the surface of MR fluid,
the magnetic lines of flux come out with greatest degree of divergence which increases the
value of magnetic field and its gradient. It causes increased value of magnetic force density at
the surface of MR fluid irrespective of ‘z’ as shown in Fig. 3.6 (b). It is also observed that the
magnetic force density is comparatively high at the interface of MR fluid and PMMA plate
(i.e. z=0) near the edge of magnet as shown in Fig. 3.6 (b), and the magnetic force is
comparatively less inside the MR fluid, because of the uniform magnetic flux density which is
unable to bring significant value of the gradient in magnetic field.

3.2.2.3. Flow of MR fluid and formation of polishing pad
The magnetic force density as shown in Fig. 3.6 (a) tries to deform the shape of MR fluid, and
the deformed MR fluid changes distribution of the magnetic flux which causes further change
in the magnetic force density as shown in Figs. 3.7 (a-c).
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Fig. 3.7: (a) Magnetic flux with direction after applying magnetic field, t =0s; (b) Magnetic
flux at t =0.2s; (c) Magnetic flux at t =1.0s, i.e. stable shape of the MR fluid.

When MR fluid deforms by the magnetic force as shown in Figs. 3.7 (b-c), the magnetically
stored energy of the MR fluid reduces towards realization of final shape and formation of
polishing pad of CMMRF process. To analyse this mechanism, the magnetically stored energy
of MR fluid is computed and plotted in Fig. 3.8. It is observed that the MR fluid gets stiffened
and forms the pad after some time, as the magnetic energy of MR fluid stabilises within 0.4
second, Fig. 3.8. During this process, the reduction in magnetic energy causes movement of
magnetic particle (CIP) which further gets dissipated through frictional or damping energy
because of the relative movement between CIPs.

Fig. 3.8: Energy optimization of MR fluid in the range of 0.2-0.4s after introducing magnetic
field using a permanent magnet.
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Fig. 3.9: (a) Final shape of MR fluid (in half of 2D model) due to magnetic force after
t =0.4s, (b) shape of the MR fluid in 3-D.

The final shape of polishing pad is presented in Figs. 3.9 (a-b) which is obtained from FEACFD simulation. It shows that the size of polishing pad is comparable with magnet’s crosssectional size, as the magnetic particles of the MR fluid try to align along the region of high
magnetic force density which is along the boundaries of magnet.

Fig.3.10: (a) Experimentally formed polishing pad of the MR fluid using a permanent
magnet, (b) cut section view of the experimentally formed pad to realize shape of the MR
fluid under magnetic field.
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To validate the simulation in this section, a polishing pad of MR fluid was constructed
experimentally and analysed as shown in Figs. 3.10 (a-b) which seems almost similar to the
shape of simulated pad. It also shows that the magnetic particles are piling up near the edge of
magnet and the polishing pad size is comparable with cross-section of magnet, as shown in the
Fig. 3.10 (b). Next step is to analyse the extent of polishing pressure generated by the MR fluid.
3.3. Mechanism to generate polishing pressure
Before attempting the mathematical model formulation, it is necessary to understand
mechanism of CMMRF process. Therefore, various aspects of MR fluid for CMMRF process
are presented towards development of the mathematical model and schematic for the same is
presented in Fig. 3.11. Magnetic field is generated by a permanent magnet and it helps to
magnetise CIPs of MR fluid. It subsequently results in the formation of a polishing pad for
CMMRF process. Since size of CIPs is of the order of few microns, they form micro-textures
on the surface of the polishing pad which is similar to CMP pad [99,100].

Fig.3.11: Schematic of CMMRF for modelling and simulation of MR fluid.
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Magnetic energy = 0.08 mJ
Magnetic force = 30 mN

Magnetic energy = 0.23 mJ
Magnetic force = 120 mN

Fig. 3.12: Finite element analysis to understand magnetic field, magnetic force and magnetic
energy with varying working gap. (a) Distribution of magnetic field at 15mm of working gap.
(b) Distribution of magnetic field at 08mm of working gap.
These micro-textures are used to hold abrasive particles during nanofinishing operation. The
abrasive particles acquire force from the magnetic forces of CIPs to abrade ‘chemically
passivated layer’ precisely. In general, magnetic force on MR fluid depends on magnetic flux
density and its gradient [101]. The magnetic force provides stiffness to the magnetically formed
polishing pad.
In view of this, FEA based simulation is carried out to understand magnetic force on the MR
fluid by solving Eqs. (3.4-3.5), and the results are presented in Figs.3.12 (a-b). These results
show the magnetic force and energy at different working gaps. It has been observed that the
magnetic energy increases as the working gap decreases provided the magnetic strength of
magnet and volume of MR fluid are unchanged. The reason is that the larger working gap
provides more space to stabilise the CIPs magnetically, towards optimal placement of the CIPs
and it results in less magnetic energy.
Thus, following phenomena have been identified towards the mathematical modelling.
 The CIPs form chains under the influence of magnetic field because of magnetic lines
of force [102] and due to this the magnetic energy gets stored because of the externally
applied magnetic field on magnetically susceptible CIPs of the MR fluid [103].
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 The stored magnetic energy changes in the MR fluid due to the movement of CIPs
chains in the z-direction while squeezing the polishing pad against the work surface.
Change in the stored magnetic energy is responsible to develop polishing pressure on
the work surface during CMMRF operation.
3.3.1. Mathematical modelling and simulation
Magnetic force gets induced by the magnetic field of a permanent magnet, which is responsible
to provide a specific shape to MR fluid as shown in Fig.3.13 (a). This shape is created due to
grouping of CIPs along denser magnetic lines of forces [102]. Grouping and alignment of the
CIPs towards higher magnetic flux density lead to minimise the magnetic energy, and it forms
a magnetically stable pad of MR fluid as shown in Fig. 3.9. When this pad of MR fluid gets
squeezed to maintain the working gap as shown in Fig.3.13 (b), the magnetically stored energy
of MR fluid increases. Increase in magnetic energy of the MR fluid builds polishing pressure
by deforming the shape of magnetically stiffened fluid from Fig.3.13 (a) to Fig.3.13 (b). This
polishing pressure has also been measured at different working gap by using a force
dynamometer during CMMRF finishing process as shown in Fig.3.14.

Fig. 3.13: (a) Formation of pad of MR fluid under free condition and (b) formation of pad of
MR fluid during working condition at a specified working gap.
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4 mm
gap

1.8 mm
gap

1 mm
gap
1.2 mm
gap

Fig. 3.14: Force due to 0.8 ml of MR fluid at different working gaps.

The working gaps are 4.0 mm for 0–10 s which shows almost zero polishing force, 1.8 mm for
10–22 s which shows 5 N of average polishing force, 1.2 mm for 22–32 s which shows 25N of
average polishing force, 1.0 mm for 32–42 s which shows 50N of average polishing force and
the process is unloaded after 42 s which shows zero force afterwards.
It is assumed that there is a work-done on MR fluid to squeeze it, which is ‘W’, and the stored
magnetic energy on the MR fluid is equal to ‘ξ’. According to the first law of thermodynamics,
heat input can be expressed as algebraic sum of work done and change in internal energy of
the system [104] which is considered as MR fluid in the present case. Hence, energy balance
equation for MR fluid is expressed as Eq.3.9.
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∆𝑄 = 𝑊 + ∆𝑈 = 𝑊 + (𝐶𝑣 ∆𝑇 + ∆𝜉 )

(3.9)

When the working gap decreases, temperature of MR fluid becomes unchanged because of
water as a main ingredient of MR fluid. Thus, ∆T = 0 and ∆Q = 0, as no source is added for
heat input. Hence, Eq.3.9 is modified as shown in Eq.3.10.
0 = 𝑊 + (0 + ∆𝜉 ) ⟹ 𝑊 = −∆𝜉

(3.10)

‘W’ is further simplified using following equations to compute magnetic polishing pressure
(Ps) of MR fluid.
𝑃𝑠

𝑃𝑠 𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ⇒ 𝑃𝑠 𝑑𝑉 + 𝑉𝑑𝑃𝑠 = 0 ⟹ 𝑑𝑊 + 𝑉𝑑𝑃𝑠 = 0 ⟹ 𝑊 = − ∫ 𝑉𝑑𝑃𝑠
0

(3.11)

= −𝑉𝑃𝑠
Where, V is the volume of MR fluid with is kept constant by considering MR fluid as an
incompressible fluid.
By using Eqs. 3.10 and 3.11, ‘Ps’ is derived and expressed in Eq. 3.12.
𝑃𝑠 = ∆𝜉/𝑉

(3.12)

Increase in the magnetic energy (∆ξ) is computed by subtraction of magnetic energy at a
specified working gap with respect to the initial equilibrium state of MR fluid. The magnetic
energy of MR fluid under the influence of an externally applied magnetic field ‘B’ is defined
and expressed [65,103] as per Eq.3.13.
𝜉 = −𝑀. 𝐵 = ∑ 𝜌𝑉𝐶𝐼𝑃 𝜒𝑚 𝐵2 /𝜇𝑜

(3.13)

Where, ρ is mass density of MR fluid, VCIP is volume of the magnetic particle, χm is the mass
susceptibility of the magnetic particle.
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Fig 3.15: a) Model of CMMRF and b) Free body diagram of polishing pad.
Moreover, there are some more forces such as friction force and damping force which are
incorporated in the model. For further formulation of polishing pressure to incorporate all
forces, a simplified model is presented in Figs.3.15 (a-b).
This model of CMMRF describes that the MR fluid generates pressure by combination of
frictional force, damping force and magnetically stored energy. In Fig. 3.15 (a), the
displacement X2 is a linear movement of MR fluid during squeezing it. The value of ‘X2’
would be ‘X1’ at the top of the polishing pad and it would be ‘zero’ at the lower region (it is
interface of polishing pad and work surface) of the polishing pad. It is assumed that the
polishing pad is a flexible element. Thus the following formulation is obtained by using free
body diagram of Fig. 3.15 (b).
Using Newton’s second law of motion for the polishing pad, Eq.3.14 can be derived.

𝑚

𝑑2𝑥
𝑑𝑥
= 𝑃𝐴 − 𝑘𝑥 − 𝑐
− 𝑓 ; 𝑊ℎ𝑒𝑟𝑒,
2
𝑑𝑡
𝑑𝑡

𝑥 = 𝑋1 − 𝑋2

(3.14)

After freezing the working gap, acceleration and velocity of the spindle along the axis of
rotation would be zero, therefore the Eq.3.14 is modified and expressed as Eq.3.15.
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0 = 𝑃𝐴 − 𝑘𝑥 − 0 − 𝑓 ⇒ 𝑃 = (𝑘𝑥 + 𝑓 )/𝐴
(3.15)
⇒ P=Ps+Pf
Where, Ps is pressure developed due to the magnetic energy which can also be called as spring
pressure.
Thus, Ps = ∆ξ/V. Besides, pressure due to friction (Pf) is evaluated by computing the friction
force density (f /V) using Kelvin force [105] in Eqs.3.16-3.17.

𝑓/𝑉𝐶𝐼𝑃

𝜇 𝜌 𝑉𝐶𝐼𝑃 𝜒𝑚
𝜕𝐵 2
𝜕𝐵 2
𝜕𝐵 2
√[(𝐵 ) + (𝐵 ) + (𝐵 ) ]
=
𝜇𝑜
𝜕𝑥
𝜕𝑦
𝜕𝑧

4𝜇 𝜌 𝑉𝐶𝐼𝑃 𝜒𝑚
𝜕𝐵 2
𝜕𝐵 2
𝜕𝐵 2
√[(𝐵 ) + (𝐵 ) + (𝐵 ) ]
𝑃𝑓 =
𝜇𝑜 𝜋𝑑 2
𝜕𝑥
𝜕𝑦
𝜕𝑧

(3.16)

(3.17)

Where, μ is the co-efficient of friction between two CIPs, and ‘d’ is the diameter of CIPs.
The mathematical model of polishing pressure is further simulated as per the flow chart of
Fig.3.16.
Depth of material removal under a given processing time depends on polishing pressure and
shearing force which are key factors for better polishing rate and percentage of change in
surface finish (%∆Ra). The polishing pressure is continuously monitored and controlled for
better surface finish and material removal during the CMP process [58].
Hence, it is essential to identify the key parameters which affect the polishing pressure
significantly in CMMRF process. In view of this, the mathematical model (as shown in Eq.
3.15) is simulated as per the flow chart in Fig. 3.16 to investigate the effect of controlling
parameters on the polishing pressure. It is found that the two parameters viz. working gap and
volume of MR fluid have impact on the polishing pressure significantly as shown in Fig. 3.17.
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Start

Enter process parameters

Compute magnetic field using Gauss law and form a pad of MR fluid by
placing CIPs along denser magnetic field and equi-potential lines.
Refinement of the magnetic lines due to the magnetic susceptibility of CIPs.

Calculate magnetic energy of initial state of MR fluid (ξ1).

No

Yes

∆ξ/ξ <0.01

Calculate modified magnetic energy (ξ2) and pressure due to friction (Pf) after
placing CIPs within applied working gap. Calculate polishing pressure (P)=Ps+Pf

Stop

Fig. 3.16: Flow chart for simulation of the polishing pressure.

Fig. 3.17: Simulated results on polishing pressure due to the effect of volume of MR fluid at
three levels of working gap.
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It shows that pressure starts from zero at different value of volume when working gap is varied
from 0.4 to 1 mm. The reason is that the lesser value of MR fluid does not fill the gap between
PMMA plate and work piece, and due to this pressure does not build unless minimum required
volume of MR fluid is applied.
3.3.2. Experimentations
The experimental set-up encompasses 3-axis computer numerical control (CNC)machine,
finishing head with magnets, and workpiece as shown schematic in Fig.3.11.
Table 3.2: parameters of polishing pad of CMMRF process
Sr.No.
1
2
3

Parameters
Diameter of magnetic particles
Diameter of abrasive particles
Additives
to
maintain
properties of MR fluid

Value
1-5 µm
1-5 µm
Glycerol and glycine
in Deionized water

Remarks
Composition (vol/vol):
30% CIPs +5% abrasive
+ 3% glycine + 2%
glycerol + 60%water

4
5

Rotational speed of magnet
Working gap

6

Permanent magnet

7
8

Volume of MR fluid
Time for CMMRF

250 rpm
0.2-4.5 mm, i.e. 0.28, 0.3, 0.33, 0.35, 0.4, 0.5, 0.8,
1, 1.5, 2, 3, 4, 4.5 mm.
Nd-B-Fe, N50
Maximum magnetic flux
density = 0.6 Tesla.
0.2-1 ml
15 minutes

During the experiments, force dynamometer (KISTLER make; Model no. 5070) is used to
record axial force (to correlate with polishing pressure). Finishing head consists the magnets
(N50 grade) with PMMA plate as per the schematic of Fig.3.1, which is mounted on the spindle
of the CNC machine. Parameters for the experiments are listed in Table 3.2. Force obtained
during experiments at various working gaps are reported in Table 3.3.
Table 3.3: Axial force (thrust force) recorded with varying ‘working gap’.
Gap (mm)

5

4

3

2

1.5 1

0.8

Force(N)

0

0

2

4

12

125 135

50

0.5

0.4

0.35 0.33 0.3

210 238

263

0.28

275 288
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In order to investigate the effect of working gap (or polishing pressure) on nanofinishing of
hard brittle materials like silicon carbide (SiC) and ductile material like aluminium, a set of
preliminary experiments are conducted and results are presented in Table 3.4
Table 3.4: Results of CMMRF for finishing of SiC and Al with different working gap
Sr.
No.
1
2
3
4
5
6
7
8
9

Working gap
(mm)
0.28
0.3
0.33
0.35
0.4
0.5
0.8
1
1.5

Initial Ra (nm)
SiC
Al
85
120
87
110
84
122
86
117
83
113
85
124
86
108
84
107
87
113

Final Ra (nm)
SiC
Al
3
94
4
87
6
96
10
88
30
83
65
72
80
12
83
6
86
4

Improvement of Ra (%)
SiC
Al
96.5
21.7
95.4
20.9
93.0
21.3
88.4
24.8
64.0
26.5
23.5
41.9
7.0
88.9
1.2
94.4
1.1
96.5

3.3.3. Results and discussion
To compute pressure, thrust force is measured using the force dynamometer and it is divided
by contact area using following expression, pressure = (force x working gap)/volume of MR
fluid. The experimental results of Fig. 3.18 show that the trends of the relationship between

Pressure (kPa)

working gap and pressure are similar to the simulated results shown in Fig. 3.17.

Volume of MR fluid (mL)
Fig. 3.18: Experimental plot of pressure with respect to the volume of MR fluid at varying
working gap, and other finishing parameters are taken from Table 3.2.
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Pressure (kPa)

Volume of MR fluid (mL)
Fig. 3.19: Comparison between simulated and experimental results at working gap =0.4 mm.
3.3.3.1. Effect of volume of MR fluid
Fig. 3.18 shows that higher working gap reduces polishing pressure provided volume of MR
fluid is unchanged. Simulated results for the effect of volume of MR fluid are validated at
working gap equal to 0.4 mm as shown in Fig. 3.19. As the volume of MR fluid increases,
pressure increases upto some extent, thereafter it starts decreasing when the working gap is
unchanged. Fig. 3.19 shows that the polishing pressure increases from zero to an optimal
pressure which is 30 kPa at a fixed working gap of 0.4 mm and 0.5 ml of MR fluid. Beyond
the optimal value, pressure decreases gradually. Building of polishing pressure due to increase
in volume of MR fluid happens because of the following two different phenomena.
- 1st phenomenon: When volume of MR fluid increases from zero to the optimal value, MR
fluid gets magnetized which induces additional magnetic field as it has 10 times higher
permeability compared to ambient air. Magnetisation of MR fluid helps to channelize and
concentrate the magnetic flux coming out from magnet and due to this MR fluid experiences
more magnetic force by increasing magnetic flux density as shown in Figs. 3.3 (a-b). When
volume of MR fluid increases, it tries to cover the whole diameter of magnet at z=0 and it
becomes less on the work-surface which forms conical shape of MR fluid. This conical shape
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acts as a magnetic horn to intensify magnetic flux density as well as magnetic force. At higher
volume of MR fluid, the MR fluid turns down into magnetic horn shape and it channelizes
maximum magnetic flux towards the surface of workpiece. Due to this, the polishing pressure
increases upto a certain value of volume of MR fluid (or, optimum volume of MR fluid).
- 2nd phenomenon: When volume of MR fluid increases beyond the optimal value, shape of
MR fluid changes from conical to cylindrical and diameter of the cylinder at the interface with
the surface of workpiece increases. This increase in diameter channelizes magnetic flux in large
area at the work-surface, which reduces the magnetic flux density by definition such as
“magnetic flux density = (flux of magnet)x(working gap)/(volume of MR fluid)”. Thus, higher
volume of MR fluid results in the reduction of polishing pressure (Fig. 3.19, beyond 0.5 mL
volume of MR fluid).
In general, polishing pressure starts increasing with when volume of MR fluid increases from
zero to the optimal value due to the 1st phenomenon, and when the volume increases beyond
the optimal value, 2nd phenomenon dominates over 1st phenomenon which results in the
reduction of polishing pressure. Hence, it is recommended to use volume of MR fluid near the
optimal volume of the MR fluid for higher finishing rate (or higher material removal rate).
There are deviations between simulated and experimental results when Fig. 3.17, Fig. 3.18 and
Fig. 3.19 are compared, because of the assumptions made while modelling the process to make
it simple and solvable.
3.3.3.2. Effect of working gap
Simulations are carried out to understand the effect of working gap on polishing pressure, and
the results are presented in Fig. 3.20. Fig. 3.20 (a) shows that the pressure on the MR fluid
occurs by confining it under the influence of magnetic field. The pressure at the interface of
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MR fluid and workpiece is called as polishing pressure, and its variation is plotted with respect
to radial distance, Fig. 3.20 (b). It shows that there is a peak value near the edge of magnet as
the magnetic force density becomes higher at this place.

Zone-1

Zone-2

Fig. 3.20: (a) Pressure distribution on MR fluid, (b) Plot for the pressure along radial
direction on the work surface at working gap = 0.7 mm, and volume =0.56 ml (c)
Characteristic plots of polishing pressure on work surface with varying working gap.
The polishing pressure is also plotted with respect to varying gap as shown in Fig. 3.20 (c) in
which two zones are observed to process a wide range of engineering materials through
CMMRF process. The 1st zone occurs when working gap is less than 0.5 mm, in which
polishing pressure is very high (≈ few hundreds of kPa) and high sensitive to the working gap
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i.e. of the order of 5MPa/mm. Hence, the 1st zone needs mechanism to maintain the working
gap precisely so that the unwanted impact pressure and generation of defects (dig or scratch)
on work surface can be avoided. The 2nd zone is when the working gap is more than 0.5 mm,
typically 0.5–1.5 mm. Pressure in this zone is less sensitive to the working gap, which is of the
order of 50 kPa/mm. The polishing pressure in this zone is one order lesser than the 1 st zone.
Hence, the 2nd zone can be used with a machine having lesser precision on working gap
adjustment mechanism, without any noticeable damage on the surface. The advantages and
disadvantages of these zones are presented in Table 3.5.
The polishing pressure varies along radial direction as shown in Fig. 3.20 (b). The simulated
polishing pressure is converted into axial force by integrating the pressure on the surface of
workpiece. This force is validated with the experimentally measured force (as shown in Table
3.3) as shown in Fig. 3.21, and it shows good agreement.
Table3.5: Characteristics of Zone-1 and Zone-2
Sr. No
1
2

3

Zone-1
Working gap=0.2 to 0.5mm.
Polishing pressure=50 to 700 kPa which
is suitable to polish hard materials such
as ceramics, SiC, Si, SiO2, Al2O3, Glass,
etc. [106,107].
Gap sensitivity = 5 MPa/mm. Thus, the
control of working gap needs to be
precisely maintained, i.e. less than 0.02
mm.

Zone-2
Working gap=0.5 to 1.5mm.
Polishing pressure=2 to 50 kPa which
is suitable to polish soft & ductile
materials such as Cu, Al, Brass, Steel,
etc. [106,108–110].
Gap sensitivity = 0.05 MPa/mm. Thus,
the control of working gap is not so
critical, and it can be maintained upto
0.1 mm or less.
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Fig. 3.21: Experimental validation of simulation on MR fluid (Note: simulated pressure in
converted into force).
3.3.3.3. Effect of zone-1&2 on surface finish
Table 3.5 reports the effect of working gap into zone-1 and zone-2. In view of this,
experimental investigation is carried out on brittle (SiC) and ductile (Al) materials as results
are presented in Fig. 3.22 by plotting the results of Table 3.4. It is found that the zone-1 results
better surface finish for SiC, and zone-2 for aluminium. While nano-finishing of SiC in zone1, MR fluid applies more polishing pressure which is enough to remove all micro-peaks and
valleys on the work-surface. When working gap increases, MRR of workpiece reduces which
results in poor surface finish in the given time period as the low polishing pressure requires
more time to remove the initial lay pattern of work-surface.
Further increase in working gap brings the nanofinishing process at the zone-2 in which low
pressure generates which is unable to remove material from hard and brittle materials like SiC.
Thus, zone-2 for SiC shows low improvement in surface finish, and zero when working gap is
more than 1 mm as 1 mm gap builds only 6 kPa of polishing pressure which is insufficient to
abrade SiC.
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Zone-1
Zone-2

Fig. 3.22: Experimental results for surface finish (Ra) on SiC and Al at different working gap,
and other parameters are used from Table 3.2.
In case of aluminium workpiece, zone-1 generates very high polishing pressure which creates
deep scratches and results in more roughness. As the working gap reduces from 0.28 to 0.4
mm, scratching of surface does not reduce, and due to this, surface finish does not improve.
When, the working gap comes to zone-2 then the extent of surface scratching reduces, and
improvement in Ra value takes place significantly as shown in zone-2 of Fig. 3.22.
In this result, it is clearly observed that the zone-1 and zone-2 are suitable for the improvement
in surface finish on SiC and aluminium workpiece, respectively, and thus CMMRF is
recommended to use zone-1 for hard or brittle materials and zone-2 for soft or ductile materials.
3.4. Sedimentation behaviour of MR fluid
CMMRF process utilises water based MR fluid with solid particles and chemicals. Density of
solid particles is higher (3 to 8 times usually) as compared to the liquid medium and this results
in sedimentation under the gravitational force. The sedimentation of MR fluid is another
important parameter, which affects the process quality in terms of ‘lack of repeatability’ during
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mass production. Hence, it is necessary to identify sedimentation behaviour of the MR fluid
under given environmental conditions.
3.4.1. CFD simulation of MR fluid for sedimentation
To investigate the sedimentation phenomenon, CFD based simulation is carried out. Schematic
for this simulation is shown in Fig. 3.23. CFD simulation is carried out on three different
compositions of fluids as shown in Table 3.6.
Dynamic viscosity of the MR fluid gets affected due to the presence of solid particles, and
dynamic viscosity increases with increasing concentration of solid particles [111]. The
viscosities of these MR fluids shown in Table 3.6, are calculated and their values are as follows.
 Viscosity of Fluid-1=0.00264 Pa.s,
 Viscosity of Fluid-2=0.0014 Pa.s,
 Viscosity of Fluid-3=0.0009 Pa.s.

Fig. 3.23: Simulation cell for sedimentation study in MR fluid
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Start

Input Parameters namely, viscosity, particle mass, density of
fluid and particles, particle size distribution, etc.

Computation of pressure and flow of fluid using Navier–
Stokes equations under specified boundary conditions.

Calculate velocity and position of particles using the governing
equations under the specified boundary conditions.

Count and store number of particles in the specified box of the
simulation. Post processing of this data will be done to generate
final plot.

Stop

Fig. 3.24: Flow chart for CFD simulation to study about the sedimentation phenomenon in
MR fluid.

Table 3.6: Composition (volume/volume) of MR fluid for CFD simulation.
Chemical
De-ionised (DI) water
Glycerol
Carbonyl iron particles (CIPs)

Composition volume/volume
Fluid-1
48 %
12 %
40 %

Fluid-2
64 %
16 %
20 %

Fluid-3
72 %
18 %
10 %

3.4.1.1. Governing equation
CFD simulation is carried out for the liquid medium of MR fluid using the Navier–Stokes
equations. The solid particles are allowed to move under the influence of various forces which
are listed as follow.

63

1) Gravitational force (Fg)=m.g
2) Buoyancy force (Fb) =(ρf/ρs)m.g
3) Drag force due to viscosity (Fvf)=3πηd(v-vf)
4) Inertia force (ma)=m(∂v/∂t) =m.g-(ρf/ρs)m.g-3πη.d(v-vf) =(ρs -ρf)g/ρs-3πη.d(v-vf)/m
Boundary conditions are listed as below.
 All faces namely, face1, face2, face3, face4 & Bottom face have zero velocity along
the normal to the face.
 Interaction between particles and side faces (side face 1-4): bounce condition is applied.
In the bounce boundary conditions, velocity of the particles after striking the faces
becomes equal but opposite in nature along the normal direction as discussed later.
Velocity after strike, V= Vi – 2 (n.Vi)n, where, ‘Vi’ is incidence velocity of the particle
and ‘n’ is normal vector of the face.
 On top face, atmospheric pressure is maintained.
 On bottom face, particles velocity is set to zero.
 For particle-particle interaction, interaction force is set as per Lennard-Jones
formulation.
3.4.1.2. Initial conditions for the simulation are listed as follows.
 Fluid velocity =0 and pressure=1atmospheric pressure.
 Particles velocity=0.
 Particle distribution: For the present study, BASF make carbonyl iron particles (CIPs)
of HQ grade are selected whose size ranges from 1 to 5 µm. Hence, random distribution
of the particles diameter has been set on the scale of 1-5 µm.
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CFD simulation to investigate the sedimentation of MR fluid, has been carried out and
presented in a flow chart of Fig. 3.24.
3.4.2. Experiments for sedimentation study of MR fluid
In this work, a set of experiments are conducted on different types of MR fluids in which
composition of the MR fluids is varied as shown in Table 3.6. These MR fluids are prepared
by mixing their ingredients with the help of ball milling operation for 30 minutes as shown in
Table 3.6. Thereafter, these fluids are poured in a test tube having a scale of least count of 0.2
mm.
The depth of sedimentation is monitored and measured with time under LASER light by visual
means as shown in Fig.3.25. During the sedimentation study, a demarcation line is observed
by two different phases in which one phase becomes denser and it becomes optically opaque,
but the second phase becomes light and optically transparent. Thus, the demarcation line can
be clearly monitored and quantified under the influence of LASER light, as shown in schematic
of Fig.3.25.
From the analysis point of view, percentage of sedimentation is calculated which is the change
in position of the demarcation with respect to the total change in the demarcation line after
10hrs. Whereas, the initial position of the demarcation line is taken at the top layer of fluid as
shown in Fig. 3.25 (a). Fig. 3.25 (b) is a photograph taken on the actual setup of test tube
without laser light, and it is difficult to identify layers of demarcation lines. Although, the
demarcation lines are clearly visible in case of the effect of LASER light, as shown in Fig. 3.25
(c) of actual test set-up. Results of the sedimentation are presented with varying time as shown
in Table A1 of Appendix.
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a)

Test tube with scale

c)

Initial position of
demarcation line
Position of demarcation
line at time= t
Test tube holder

Fig. 3.25: (a) Schematic for measurement of sedimentation depth under 650 nm and 5 mW
laser. (b) Snap-shot of the test tube without laser light. (c) Actual photograph of test tube
under laser light.

3.4.3. Results and discussion for the sedimentation of MR fluid
CFD simulation and experimentation are conducted to study the sedimentation behaviour on
different types of MR fluid such as fluid-1, 2, and 3 of Table 3.6.

Fig. 3.26: Plot of CFD simulated results for the percentage of sedimentation with respect to
time for MR fluid-1, 2, and 3, and also compared with experimental data.
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Results of Table A1 are plotted in Fig. 3.26 which shows the sedimentation behaviour of solid
particles such as micron size iron particles in the liquid medium (mixture of water and
glycerine). In this figure, the simulated results are compared with experimental data points
plotted together for the sake of validation.
It is seen that the sedimentation is faster in case of fluid-3 which contains least quantity of solid
particles (10% of iron particles as shown in Table 2) as compared to fluid-1 and 2. When the
percentage of iron particles increases by changing the MR fluid from the fluid-3 to fluid-1, the
percentage of sedimentation reduces. Behaviour of the change in sedimentation occurs due to
a change in dynamic viscosity by altering the concentration of solid particles in the mixture as
per ‘Frankel-Acrivos’ equation [111]. After initial sedimentation time (which is 1000 s in
present case), the particles concentration increases at the bottom and leads to an increase in
dynamic viscosity as per the Frankel-Acrivos equation. Hence, the 2nd region indicates slow
sedimentation as shown in Fig. 3.25, and the behaviour of sedimentation is categorised in two
regions.
In the 1st region (time from 0 to 1000 s as shown in Fig. 3.26), particles settled down fast.
Whereas, the particles sediment comparatively slows down in the 2nd region (time beyond 1st
region or more than 1000 s), which is varying almost linearly with time.
Figs. 3.27 (a-c) show the particles sedimentation with varying time, t=0s, 500s and 1500s. The
trajectories of the particles are shown in Fig. 3.27 (d) in which it is clearly seen that the smaller
particles (1µm diameter which is represented by black colour) travel less distance compared to
other particles. Hence, it can be stated that the sedimentation occurs mainly due to the
gravitational force on the solid particles and opposed by viscous force which depends on
surface area.

67

a) t = 0 s

b) t = 500 s

c) t = 1500
s

d)

Fig. 3.27: (a-c) Particles sedimentation with varying time generated by CFD simulation. (d)
Trajectories of particles tracing.
Few different types of forces are perceived to affect the behaviour of sedimentation, which are
gravitational force (Fg), buoyancy force (Fb), inter-atomic force between solid and liquid phase
(FIAF) and viscous force within the liquid phase (FVF). Here, Fg assists for sedimentation, and
remaining forces oppose the sedimentation.
The buoyancy force depends on density of liquid medium and volume of the solid particles and
it is 1 to 2 orders smaller with respect to the gravitational force, as density of solid particles
becomes 1 to 2 order higher than the liquid phase in the MR fluid. This drastic change in density
is responsible for the particles agglomeration and sedimentation.
The inter-atomic force is used to link the surface of solid phase and helps to maintain continuity
against the density variation, which can be either ionic force or secondary force. This force
helps to transfer the gravitational force to neighbouring molecules of liquid, and the viscous
force gets induced as per viscosity force of Stokes’s law. The viscous force becomes inversely
proportional to the square of size of the particle (1/r2) as compared to the gravitational force.
Therefore, the viscous force dominates over the gravitational force when the size of the
particles reduces, and the sedimentation rate becomes negligible in case of nano-particles
suspended fluid [112].
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3.5. Synthesis of MR fluid
To synthesize water based MR fluid, suitable chemical reactions are studied and analysed
using QC modelling for physically and chemically stable fluid.
3.5.1. Quantum chemical (QC) modelling and simulation of MR fluid
In CMMRF process, volume of magnetic particles becomes almost six times higher with
respect to abrasive particles [113] in the mixture of solid particles. Mass density of abrasive
particles including alumina and silica particles are approximately half of iron particles. Thus,
the weight contribution of abrasive particles is approximately 6-10 % which is very small.
Hence, the present modelling work is simplified, and it is assumed that the main content of
solid particles is CIPs which are responsible for the quality (in terms of physical stability) of
MR fluid. Surfactants is another important ingredient of the liquid medium which improves
agglomeration and sedimentation of the particles. In view of this, density functional theory
(DFT) based quantum-chemical modelling and simulation is carried out to investigate the
chemical reaction towards synthesis of chemically and physically stable water-based MR fluid
for CMMRF application.
QC modelling has been carried out with the help of orbital method of density functional theory
(DFT) using ORCA 3.0.3 program [114].
The density functional theory is derived from ‘Z’ particles Schrödinger equation (as shown in
Eq.3.18) and it is entirely expressed in terms of the density distribution of the ground state
ρGS(r) and the single particle wave function φj.
𝐻𝜓 = 𝐸𝜓
where, 𝜓 = 𝜙1 (⃗⃗⃗
𝑟1 )𝜙2 (⃗⃗⃗
𝑟2 ) … … 𝜙𝑍 (⃗⃗⃗
𝑟𝑍 )

(3.18)

Where, ‘H’ is Hamiltonian operator, ‘𝜓’ is the wave function, and ‘E’ is energy Eigen value or
proportionality constant.
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Fig.3.28: (a) Atomic model of sodium stearate; (b) Small cut-portion of sodium stearate to
study the quantum chemical calculation.
Time-independent Schrödinger equation: The Schrödinger equation is known as a fundamental
equation to describe quantum mechanical behaviour of atoms/molecules. In this formulation,
kinetic and potential energies are transformed into a Hamiltonian operator (H) which acts as a
wave-function to generate the evolution of the wave function, as shown in Eq.3.18.
Simulation: Unrestricted ‘Becke, three-parameters, Lee-Yang-Parr’ (B3LYP) functional,
optimized with basis sets: SVP def2 and auxiliary basis sets: SVP/J level to understand
chemical interaction between Fe-atom (from CIPs) and ‘sodium stearate’ as a surfactant of the
MR fluid. Orbit of each electron is optimised in the field of all other electrons through a selfconsistent field (SCF) technique.
The molecule structure for the present calculation is constructed using Avogardo software
[116], which is obtained after geometry optimization under universal force field (UFF) [115]
using algorithm of ‘steepest descent’. To reduce computation effort, sodium stearate chain is
reduced, as shown in Fig.3.28 (b). Although, Fig.3.28 (a) shows the complete chain.
During the QC simulation, distance between Fe-atom and O-atom of sodium stearate is varied
by scanning it from 5.0 Å to 1.7 Å. Results are analysed with suitable post processing and
discussed in the section of ‘results and discussion’.
3.5.2. Results and discussion
In the present case of MR fluid, micro-particles are used in which size of the particles is
distributed in the range of 1 to 5 µm for better magnetic susceptibility of the fluid. The inter70

atomic force (FIAF) between solid particles and liquid phase can be increased by applying nanocoating over the solid particles with low density materials towards mitigation of the drastic
variation in the mass density [117,118]. Moreover, nano-coated solid particles can be interlinked through a long hydrocarbon chain so that the change in density from liquid phase to
solid phase can be varied gradually, and particles sedimentation can be avoided. To apply nanocoating and linking of solid particles, sodium stearate compound has been used, and the
mechanism of nano-coating over the CIP surface is analysed using a density functional theory
(DFT).
For DFT calculations, distance between Fe-atom and O-atom of sodium stearate is scanned
from 5.0 Å to 1.7 Å to compute interaction energy by optimising molecular geometry, and
plotted as shown in Fig. 3.29.
Fig. 3.29 shows that the interaction energy varies as sodium stearate comes near to iron
hydroxide. Chemical interactions during this process happen because of some phenomenon as
follows;
1) Formation of hydrogen bond (H-bond): When Fe-O interatomic distance between Featom of iron hydroxide and O-atom of sodium stearate decrease from 5.0 Å to 4.0 Å,
H-bond gets formed as shown by yellow dotted line in Fig.3.29, and energy reduces by
0.6 eV. Likewise, structure of these two molecules becomes more stable with the Hbond as the Fe-O distance changes from 4.0 Å to 3.5 Å, as energy reduces further by
0.25eV. Hence, sodium stearate is suitable to build H-bond when it is mixed with iron
particle and water, and the mixture gets stabilised as energy reduces by 0.85 eV
(0.6+0.25 eV) without any noticeable extent of the required activation energy.
2) Bond breaking: Na-O bond of sodium stearate breaks when the Fe-O bond length
decreases from 3.5 Å to 2.8 Å. In this process, the Na-O bond dissociation requires an
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activation energy equal to 0.2 eV. This activation energy can be achieved by applying
warm water for chemical dissociation as the warm water carries 0.22 eV energy at 80
O

C (0.1907 eV for H-bond + 0.0304 eV equivalent for 80 OC temperature = 0.22 eV)

[119].
3) New ionic bond formation: After gaining the required activation energy, a new
chemical reaction occurs in which Fe-atom gets bonded with O-atom of the sodium
stearate. During this activity, the molecules energy reduces by 1.1eV as shown in Fig.
3.29 and the interatomic distance reduces from 2.8 Å to 2 Å, which causes stable
chemical bond formation between Fe-surface and carboxylate ion. At this stable
condition, the equilibrium length of Fe-O bond is equal to 2.05 Å.
4) Repulsive interaction of Fe-O bond: Once a stable chemical bond establishes between
Fe-atom of the iron hydroxide and O-atom of sodium stearate, further reduction in the
interatomic bond of Fe-O results a repulsive force because of ‘Pauli Exclusion
Principle’ as shown in Fig. 3.29.

Fig.3.29: Variation in the change of interaction energy with respect to the inter-atomic
distance between Fe-atom of CIP and O-atom of sodium stearate.
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Based on these quantum chemical investigations, chemical reaction between sodium stearate
and CIPs has been derived and discussed as follows.
When sodium stearate gets dissolved in water, carboxylate anions and sodium cations are
produced as shown in Eq. 3.19.
CH3(CH2)16COO-Na+ +H2O  CH3(CH2)16COO-(aq)+ Na+(aq)

(3.19)

Fe-atoms from CIPs also have tendency to form Fe2+ species when it comes in contact of water.
The metal ions like Na+ or Fe2+ form iron-stearate, when they come near to carboxylate anions,
because, iron-stearate compound is more stable than sodium stearate as discussed previously.
Hence, the sodium stearate will get transformed into iron stearate on the surface of carbonyl
iron particles under the presence of warm water as shown in Eq. 3.20 and 3.21.
2CH3(CH2)16COO-Na+ +2H2O+Fe2+  [CH3(CH2)16COO-]2Fe2+ +2H2O+2Na+

(3.20)

[CH3(CH2)16COO-]2Fe2++4H2O+2Na+[CH3(CH2)16COO-]2Fe2++2H3O++2NaOH

(3.21)

These chemical reactions help for the nano-coating over the iron micro-particles using
carboxylate anions, and it is described in a simple schematic in Fig. 3.30. In general, length of
the carboxylate becomes 2.44 nm (this is obtained by the geometry optimization using an
universal force field (UFF) algorithm [115]) which is responsible for the nano-coating over the
micro particle of CIPs as shown in Fig. 3.30.
Moreover, glycerol is also added in this slurry to link the nano-coated layer with base liquid
medium using hydrogen bonds by connecting free carboxylate ion with nano-coated CIPs. This
phenomenon results in multiple layering of carboxylate ions by using hydrogen bond which is
weaker as compared to Fe- carboxylate ionic bond.
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2.44 nm

Layer of carboxylate ion

Fig. 3.30: Chemical interaction between CIPs and sodium stearate in water medium.
Hence, a model of CIPs has been made and presented in Fig. 3.31 (a-b). This model shows a
single layer and multi-layers of nano-coating over CIPs, which reduces the packing factor of
CIPs towards mitigation of particles agglomeration as well as particles sedimentation.
The MR fluid-4 is now prepared by stirring sodium stearate (8%) with water (80%), glycerol
(2%) and iron particles (10%) at temperature equal to 80 OC till 30 minutes for homogeneous
mixing. Subsequently, the synthesised MR fluid is cooled down upto room temperature in
ambient air.

a)

Multiple carboxylate
chain (by H-bonds)

b)

1-carboxylate chain
(ionic bond with Fe)
Fe-particle (CIP)

Fig. 3.31: (a) Model of iron particle with sodium stearate. (b) Model to link multiple iron
particles using sodium stearate and H-bond.
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The fluid-4 is placed on test tube for the sedimentation study, and continuously monitored upto
10 hrs under laser light, in which the demarcation line of sedimentation was not detected. Thus,
it is identified that the fluid-4 shows extremely low sedimentation, as sodium stearate improves
physical stability of the MR fluid against sedimentation. Hence, water based MR fluid for
CMMRF and other applications can be synthesised by using sodium stearate and glycerol at
warm condition (80 OC).
3.6. Summary
In this chapter, few different types of modelling and simulation techniques have been carried
out to gain better understanding of polishing pad for CMMRF process. Significant outcomes
of this chapter are summarised as follows.
 Lines of magnetic field and its gradient apply magnetic force on MR fluid which helps
to store magnetic energy in the MR fluid. Magnetic force depends on magnetic
properties of MR fluid, magnetic field strength, and gradient of magnetic field strength.
Magnetic force creates chains of CIPs and provide a new shape to MR fluid.
 In fraction of a second (<1 s), the magnetic energy gets saturated and builds a
characteristic shape to the MR fluid, by re-arrangement of CIPs chain governed by the
magnetic force towards formation of polishing pad. Size of polishing pad depends on
the physical spread of boundaries or corners of permanent magnet.
 During CMMRF operation, MR fluid applies polishing pressure on the work surface.
At fixed working gap, polishing pressure increases with volume of MR fluid till optimal
polishing pressure, and thereafter, the polishing pressure starts decreasing. Hence, the
polishing pressure cannot be achieved beyond the optimal pressure at a specific
working gap.
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 Working gap is more sensitive parameter for the polishing pressure as the polishing
pressure decreases exponentially when working gap increases.
 CMMRF process has two zones of operation as far as polishing pressure is concerned.
These two zones have been identified to process a wide range of engineering materials.
Wherein, hard and brittle materials are suitable to process in zone1 which needs high
precision machine to maintain consistent working gap with the tolerance level of the
order of ±20 μm or better. Zone 2 is identified to process ductile and malleable materials
in which machine accuracy and precision are not so critical, in which working gap need
to be maintained within ±0.1 mm of the tolerance level.
 Rate of sedimentation is another parameter of MR fluid, which is inversely proportional
to the concentration of solid phase in MR fluid. Sedimentation shows two regions, in
the 1st region, the solid particles settle down fast during initial phase of sedimentation.
The 2nd region shows very slow sedimentation.
 DFT based simulation shows that sodium stearate reacts chemically over the Fe-atoms
of CIPs to form a layer of few nano-meters. In addition, hydrogen bonds are used for
multi-layer nano-coating over the CIPs by incorporating sodium stearate with glycerol
at warm temperature of water to mitigates sedimentation of the MR fluid. Based on this
result, MR fluid is synthesised and used for further experiments.
-----------X-----------
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Chapter-4
MOLECULAR DYNAMICS SIMULATION OF CMMRF PROCESS
4.1. Introduction
CMMRF is an abrasive based nano-finishing process for ductile as well as brittle materials, in
which material removal takes place under the ductile mode for precisely controlled abrasion.
Such abrasion yields material removal rate (MRR) of the order of a few nanometres per ‘stroke
of abrasion’ for the improvement in surface finish at nanometric level. Such an abrasion is
known as nano-abrasion and it can be classified into two major types. The 1st type is called
mechanical finishing and the 2nd type is known as chemical assisted mechanical finishing at
atomic scale. A schematic of a typical nano-abrasion is presented in Fig. 4.1 for the ductile
mode of machining by maintaining –ve rake angle and the un-cut chip thickness of few
nanometres. This type of nano-abrasion needs to be investigated for the interaction between
workpiece and abrasive particles, leading to material removal at nanometric scale. At molecular
level, the interaction between abrasive particle and workpiece is very difficult to study by
experimental techniques. Experimental results are often not useful to reveal the science of the
material removal process due to the complexity of the process dynamics.

Fig. 4.1: Schematic diagram of nano-abrasion.
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Molecular dynamics (MD) simulation [120] is a theoretical method which offers high temporal
and spatial resolution. The MD simulation is almost an ideal approach to investigate and
analyse about a process at atomic scale [121,122], and therefore it has become a significant
tool for such studies.
In this chapter, MD simulation is extensively carried out to investigate CMMRF process at
nanometric scale on three different materials, namely aluminium, silicon and stainless steel.
MD simulation work is divided into three sections to study the effect of mechanical finishing,
chemical reaction, and chemical assisted mechanical finishing. In the chemical assisted
mechanical finishing, chemical reaction is studied on two possible routes, i.e. chemical reaction
from the chemical species of the finishing medium and from the chemically active abrasive
particles. Forces for the MD simulation are obtained from the polishing pressure which is
discussed in chapter 3. At the end of the chapter, mechanism of material removal to generate
defect free surface at nanometric scale during CMMRF process for ductile as well as brittle
materials is also discussed.

Fig. 4.2: Flow chart for MD simulation to study mechanical finishing, chemical reaction and
chemically assisted mechanical finishing.
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In brief, MD simulation is carried out on ductile and brittle materials, as per the flow chart
shown in Fig. 4.2 to analyse the following critical attributes of CMMRF process.
 Classical MD simulation to analyse the effect of mechanical abrasion at nanometric
scale during nanofinishing process of silicon as brittle material, and aluminium and
stainless steel as ductile materials.
 Chemical reactions using reactive MD simulation on aluminium and silicon.
 Chemical assisted mechanical abrasion using reactive MD simulation on aluminium
and silicon.
 Study of material removal behaviour on ductile as well as brittle materials for
mechanical finishing and chemical assisted mechanical finishing.
 Chemical assisted mechanical abrasion using classical MD simulation on stainless steel
of SS304L grade with atomic composition equal to 10% nickel, 20% chromium and
70% iron.
 Parametric quantification at nano-scale towards modelling and simulation of CMMRF
at macroscale.
4.2. MD simulation for mechanical finishing
MD simulations (MDS) are carried out with usage of the large-scale atomic/molecular
massively parallel simulator (LAMMPS) [123]. Furthermore, software package OVITO [124]
is applied for visualization and analysis of the simulation results. This simulation is carried out
for the analysis of nano-finishing on two different types of materials, namely aluminium and
stainless steel as ductile materials, and silicon as brittle material. Here, aluminium belongs to
the class of ductile material, silicon belongs to brittle material, and stainless steel of SS304L as
another ductile material with a number of multiple alloying elements (mixture of Fe, Cr, Ni,
etc.). To study about the chemical reaction and chemically assisted mechanical finishing,
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reactive MDS is used on aluminium and silicon workpiece. In case of stainless steel, classical
MDS is used to simulate the effect of chemically active abrasive particle instead of chemically
active slurry, as the reactive force field data set is not built for stainless steel which limits the
implementation of reactive MDS on stainless steel.
4.2.1. MD simulation Methodology
Fig. 4.3 shows a schematic model of mechanical finishing using a spherical abrasive particle
on workpiece of aluminium, silicon and stainless steel. The workpiece has a shape of
rectangular slab with an asperity which represents surface roughness or surface un-evenness.
The workpiece is composed of three layers viz. Newtonian layer, thermostat layer and
boundary layer, whereas the abrasive particle is composed of Newtonian atoms. The boundary
layer is used to restrain movement of workpiece in which atoms movement or vibration is
seized.

Fig. 4.3: Schematic model of mechanical finishing.
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Atoms of the thermostat layer are maintained at constant temperature (i.e. 300 K by rescaling
of atoms velocity) which helps in dissipating the heat generated during finishing process in the
form of heat conduction in the bulk material of workpiece itself. This layer is used to separate
Newtonian atoms and boundary layer. Newtonian atoms are used for material deformation and
other analysis in which the positions and velocities of atoms are calculated based on Newton’s
second law of motion. Periodic boundary condition (PBC) has been imposed along X and Yaxis to minimize the size effects and realize the conditions for bulk material with reasonable
computation effort. The parameters used in the classical MD simulation for mechanical
finishing are presented in Table 4.1. In general practice of chemo-mechanical polishing (CMP),
colloidal silica (SiO2), is used for nano-finishing of silicon and quartz (SiO2). In this case,
workpiece does not deform as the hardness of abrasive particle and workpiece are same, and
material removal takes place as shown in Figs. 4.4 (a-b). Fig. 4.4 (a) shows chemical bonding
when abrasive particle makes proximity with workpiece, thereafter, few atoms of workpiece
get removed by moving the abrasive particle as shown in Fig.4.4 (b).

Fig. 4.4: (a) Chemical bonding between abrasive particle and workpiece after attaining
sufficient proximity. (b) Removal of material with the help of relative movement between
abrasive particles and workpiece.
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In the present work, iron particle is used for material removal from aluminium workpiece and
silicon as abrasive particle is used for material removal from stainless steel as well as silicon
workpiece so that the material removal can be reduced to mitigate the severe surface damages.
Table 4.1: Parameters of the MD simulation used for mechanical finishing.
Sr.
No.
1

Parameters

Value/description

Workpiece materials

2

Abrasive particles

3

Aluminium as ductile material, silicon as brittle material
and SS304L as alloyed material.
Iron abrasive for aluminium workpiece, and silicon
abrasive for silicon and stainless steel workpiece.
0 nm, 0.5 nm, 1.5 nm, and 2.0 nm.

Depth of abrasion for
material removal
Inter-atomic potentials EAM for Al-Al, Al-Fe, Fe-Fe and SS304L.
TERSOFF for Si-Si. BHM for Si-Fe and Si-Cr.
MEAM for Si-Ni.
Boundaries
Shrink along Z-axis, and periodic boundary condition
along other directions.
Atoms grouping
Fixed layers of atoms (bottom) are set to be rigid.
Thermostat layer in which temperature is fixed at 300 K
to dissipate heat generated during finishing process.
Remaining atoms are allowed to move as per Newtonian
atoms.
Statistical ensembles
Constant number of atoms, volume and energy (NVE) is
also known as the micro-canonical ensemble.
Ambient temperature
300 K, as water is used at room temperature in MR fluid.
Time step
One femto-second (1 fs)

4

5
6

7
8
9

4.2.2. Interatomic potentials for simulation
Movement of atoms affects the behaviour of material in view of metallurgical, mechanical,
chemical, etc. Hence, accurate movement of atoms is the key of successful MD simulation to
get correct output, which is mainly governed by interatomic potential. Interatomic potential is
the potential energy required to escape an atom from the influence of another atom.
This interatomic potential is also helpful in extracting the required output parameters. Since
abrasive particle and workpiece material are different by their chemical elements and lattice
structure, suitable pair potential needs to be implemented.
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4.2.2.1. Interatomic pair potential for workpiece of Aluminium
Interaction between aluminium to aluminium is well described by EAM [125] type to simulate
atomic interaction and the same is used in aluminium workpiece for the present work.
4.2.2.2. Interatomic pair potential for workpiece of Silicon
To simulate the lattice structure like cubic diamond (DC) of silicon, Tersoff potential is used
on ABOP (analytic bond-order potential) derived interaction on Si-Si [126]. Tersoff potential
has capability for 3-body interaction with attractive Morse potential, short range repulsive
potential, bond-order, and bond angle information.
4.2.2.3. Interatomic pair potential for workpiece of Stainless steel
Major alloying elements of any stainless steel have Fe, Cr and Ni atoms. Interaction between
these atoms is well described by an embedded atom method (EAM) type interatomic potential
for the ternary FeNiCr system [127]. The potential for Fe-Cr-Ni is extensively benchmarked
against density functional theory, and, is validated with the consistent experimental values
[127].
4.2.2.4. Interatomic pair potential for abrasive particle
To model and simulate two different type of abrasive atoms, different types of pair potential
functions are chosen. For example, BCC structured Iron is simulated using EAM type [125]
and DC structure silicon is simulated using Tersoff type [126].
4.2.2.5. Interatomic pair potential for the interaction between workpiece and abrasive particle
To build inter-atomic potential between abrasive particle and workpiece, following interatomic
potential functions are implemented.
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BMH potential for Fe-Si [128]
For the interactions between stainless steel
BMH potential for Cr-Si [128]
(mixture of Fe, Cr & Ni) and silicon (Si)
MEAM potential for Ni-Si [129]
For Aluminium (Al) as workpiece and Iron
EAM potential for Al-Fe [125]
(Fe) as abrasive
For abrasion on silicon (Si) with silicon (Si)

Tersoff potential for Si-Si [126]

4.2.3. Equilibration of MD simulation
Before introducing dynamics of nano-finishing process during MD simulation on a constructed
model, it is essential to equilibrate the model for rearranging atoms placement on workpiece as
well as on abrasive particle. This technique is used to place all atoms in a well-defined
equilibrium positions, and by this technique, cohesive energy (or potential energy per atom) of
materials gets stabilized. For example, equilibration result of SS304L workpiece and Si
abrasive particle are presented in Figs.4.5 (a-b) which show that the cohesive energy stabilises
with time.

Fig.4.5: Variation of cohesive energy with time step during equilibration for (a) workpiece of
SS304L, (b) abrasive particle of Si.
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Here, potential energy at any state of a system is described as an energy required to move away
all atoms in such a way so that the interatomic distance between atoms of the system are located
more than the cut-off distance which is responsible to nullify the interaction due to
neighbouring atom. After a certain time-step, the cohesive energy becomes saturated, and
fluctuates about a constant value which indicates that the equilibrium condition has been
achieved. The equilibrated conditions are further used to implement for actual parameters of
nanofinishing process for material removal.
4.2.4. Analysis Techniques
4.2.4.1. Common neighbour analysis (CNA)
Structure analysis is an essential part of post processing for MD simulation to characterize
arrangement of atoms, which helps in discriminating between several structures. Common
neighbour analysis is an efficient algorithm to characterize local structural changes in the
simulated system.
For example, two atoms can be stated as bonded in a known structure (like FCC, BCC, HCP,
DC, etc.) provided their separation (or interatomic distance) has been maintained within a
specified cutoff distance (rc). Common neighbor analysis is also being used to filter the atoms
in crystalline systems according to its relevance with phases and defects. Adaptive common
neighbor analysis method available in OVITO [124] is used in this study to analyze the
structural changes during nanofinishing process.
4.2.4.2. Forces between abrasive particles and workpiece
The interaction force between abrasive particles and workpiece has been computed by taking
negative derivative of the inter-atomic potentials between them, as expressed in Eqs.4.1 & 4.2.
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𝐹𝑖𝑗 = −

𝜕𝑉(𝑟𝑖𝑗 )
;
𝜕𝑟𝑖𝑗

(4.1)

𝑛

𝑚

𝑚

𝑚

⃗⃗𝐹𝑖 = ∑ 𝐹𝑖𝑗 ;

𝐹𝑥 = ∑ ⃗⃗𝐹𝑖 . 𝑥𝑖 ;

𝐹𝑦 = ∑ ⃗⃗𝐹𝑖 . 𝑦𝑖 ;

𝐹𝑧 = ∑ ⃗⃗𝐹𝑖 . 𝑧𝑖 ;

𝑗=1

𝑖=1

𝑖=1

𝑖=1

(4.2)

Where, Fij is the force on ith atom of workpiece by jth atom of abrasive particle, and Fi is the
total force on the ith atom of workpiece by all atoms of abrasive particle. xi, yi, and zi are unit
vectors along x, y & z axis. ‘m’ and ‘n’ are number of atoms on workpiece and abrasive particle,
respectively.
4.2.4.3. Atomistic stress
During nanofinishing process, atoms of abrasive particle and workpiece interact and lead to the
development of stresses for material deforming followed by material removal in the form of
tiny chips as shown in Fig.4.1. In general, virial stress [130] is used to compute stress on
individual atoms. From the analysis point of view, von-Mises stress [131] has been computed
which tells about the equivalent stress on a specific atom instead of having a set of stress matrix.
4.2.4.4. Centro-symmetry parameter (CSP)
The centro-symmetry parameter is an important technique to distinguish lattices of a structure
by using various types of crystal defects. Kelchner et al. [132] have developed CSP to quantify
the local loss of centro-symmetry at an atomic site, which represents the crystal defects. CSP
is a powerful tool to analyse the deformation and defects evolution in the materials. The CSP
of an atom, with ‘N’ number of neighbor atoms, is expressed as in Eq.4.3.
𝑁/2

2

⃗⃗⃗𝑖 + ⃗⃗⃗⃗⃗⃗⃗⃗⃗
𝐶𝑆𝑃 = ∑ |𝑅
𝑅𝑖+𝑁 |
𝑖=1

(4.3)

2

Where, ‘N’ is the nearest neighbor and it is 12 for FCC lattice structure, and 8 for BCC lattice
structure. For a defect free FCC material, CSP is zero. The CSP becomes positive in case of
defects such as cavity, dislocations and dangling bonds.
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4.2.4.5. Temperature
During abrasive based nanofinishing process, material removal zone is quite small and it is
experimentally difficult to measure temperature in the nano-finishing zone. The temperature
building has its subsequent effect on material removal at nanometric scale. Hence, molecular
dynamics simulation is used to calculate kinetic energy of the workpiece atoms for mapping
the temperature at every time-step as per Eq.4.4.
𝑛

3
1
𝑛𝐾𝐵 𝑇 = ∑ 𝑚𝑖 𝑣𝑖2
2
2

(4.4)

𝑖=1

Where ‘n’ is the number of atoms, ‘vi’ and ‘mi’ denote the velocity and mass of ith atom, ‘KB’
is the Boltzmann constant and T is the average temperature.
Above discussed analysis techniques are applied on ductile and brittle materials. Aluminium
and silicon are modelled as pure bulk material, which are not suitable to study the defect
generation within the bulk material. Multiple alloyed materials are responsible to create
various types of defects/ dislocations. Hence, stainless steel was used as alloyed material,
which consists three different elements namely, iron (Fe), nickel (Ni), and chromium (Cr).
4.2.5. Analysis of mechanical finishing on ductile material (aluminium)
In this section, mechanical finishing of aluminium workpiece is analysed and presented to
understand the mechanism of this process for material removal and surface modification.
4.2.5.1. Structure analysis on Aluminium
Lattice structure of MD simulated results is analysed by CNA technique and presented in Figs.
4.6 (a-c). Fig. 4.6 (a) shows lattice structure of workpiece and abrasive particle before
interaction between them, in which aluminium workpiece shows a lattice structure of FCC and
iron abrasive shows another lattice structure of BCC.
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a)

b)

c)

Fig. 4.6: Structural variation in aluminium with different levels of finishing time at
indentation depth equal to 1 nm. (a) before interaction between abrasive and workpiece. (b)
During abrasion of workpiece. (c) After abrasion.

When abrasive particle approaches workpiece, material of workpiece deforms by changing the
parent lattice structure in a mixture of FCC, BCC and HCP lattices as shown in Fig. 4.6 (b).
After passing away of abrasive particle from the zone of abrasion, removed chip (it occurs
when the interatomic distance (R) increases beyond the cut-off length (Rc) as described in the
interatomic function) from the workpiece recovers its own lattice structure of FCC as shown
in Fig. 4.6 (c). This structure recovery phenomenon also happens with the workpiece material.
4.2.5.2. Finishing forces and potential energy of Aluminium
Finishing forces during mechanical finishing are computed along cutting (i.e. x-axis) as well
as indentation (z-axis) directions with different levels of indentation depth as shown in Figs.
4.7 and 4.8 respectively. When proximity between abrasive particle and asperity builds, an
attractive force of the range of 2-3 nN is generated as shown in Fig. 4.7. This attractive force
occurs due to the free electron clouds available on metals to create metallic bonds.
88

Peak in repulsive
force

Deep in attractive
force
Fig. 4.7: Finishing force on Al along cutting direction or x-axis.
Subsequently, repulsive force dominates while passing the abrasive particle over the asperity
with the maximum value of 27, 20, 11 and 6 nN for the indentation depth equal to 2, 1, 0.5 and
0 nm respectively. When the indentation depth increases, surface of abrasive particle makes
more proximity with the asperity, as Fig. 4.7 shows a shift in time for the peak repulsive force
as well as the deep attractive force with different levels of indentation depth. After completion
of material removal from workpiece, force reduces.

Fig. 4.8: Indentation force along normal to Al work-surface or z-axis.
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Force along z-axis is presented in Fig. 4.8 which also shows similar behaviour as shown in Fig.
4.7. But the force along z-axis becomes less than zero after abrading the asperity, and this
happens as the chip attached to abrasive particle gets attracted toward the surface of workpiece.
Maximum repulsive forces along x-axis and z-axis indicate the required stiffness of MR fluid
during CMMRF operation under a specified set of process parameters. These parameters are
capable to calculate the indentation force along z-axis by using polishing pressure of MR fluid.
Mechanical finishing of aluminium workpiece shows that the repulsive force (positive value)
between workpiece and abrasive particle dominates along both x and z axes, which deforms
workpiece and causes chemical instability by increasing the potential energy. After completion
of the abrasion, the deformed material tries to relax which reduces the potential energy up to
some extent. This potential energy increases with the time of finishing upto some value,
thereafter, it reduces and saturates as shown in Fig. 4.9. An increase in potential energy from
initial surface to final surface brings the chemical instability due to mechanical finishing as
indicated in Fig. 4.9 which shows a jump in the potential energy by 4eV (app.) as compared to
the equilibrated sample of workpiece.

Increase in P.E.

Fig.4.9: Potential energy on the asperity of Al workpiece.
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A jump in the potential energy leads to increase in the surface reactivity by reducing the
required activation energy as described by Arrhenius equation [133], and due to this, the
finished surface with higher potential energy brings chemical instability.
4.2.5.3. von-Mises stress in Aluminium
MDS results are further analysed to understand the extent of mechanical stresses developed on
the finishing zone at nanometric scale and presented in Figs. 4.10 (a-c) with different times of
finishing process.
This result shows that the surface of workpiece contains atoms with nominally higher stress
value as compared to the atoms at the core of workpiece as shown in Fig. 4.10 (a). When the
abrasion starts, the contact zone between abrasive particle and workpiece shows more stress
which is very near to the theoretical value of shear strength, i.e. G/2π which is equal to 10 GPa
approximately in case of aluminium, as shown in Figs.4.10(b-c). But, stress level inside the
workpiece is still small in magnitude.

a) Time = 0 ps

Workpiece

b) Time = 12 ps

Workpiece

c) Time = 13 ps

Workpiece

Fig.4.10: Distribution of von-Mises stress in Al during mechanical finishing at indentation
depth equal to 1 nm. (a) stress distribution before abrasion. (b-c) stress distribution at two
different times of abrasion.
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Fig.4.11: Temperature variation during mechanical finishing of aluminium.
4.2.5.4. Temperature rise in Aluminium
Average temperature near the finishing zone has been computed and plotted as shown in
Fig.4.11. This temperature goes upto 600, 500, 440 and 360 K at indentation depth equal to 2,
1, 0.5 and 0 nm respectively. At these temperatures, FCC is the only stable lattice structure for
aluminium workpiece. Hence, phase recovery happens after mechanical finishing as discussed
during CNA analysis. Fig. 4.11 also shows a small rise in temperature, and it happens because
of an attractive force between abrasive particle and workpiece as seen in Fig. 4.8. This small
amount of attractive force perturbs the surface atoms of workpiece which results in addition in
energy and rise in temperature.
4.2.6. Mechanical finishing of brittle material (silicon)
4.2.6.1. Structure analysis on Silicon
Figs. 4.12 (a-d) show lattice structure of silicon during the mechanical finishing process. When
abrasive particle approaches asperity of workpiece, the interface between them undergoes
phase alteration in the form of non-crystalline or amorphous phase as shown in Fig. 4.12 (c).
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Fig. 4.12: (a-d) Structural variation at different time intervals of mechanical finishing of
silicon at indentation depth equal to 1 nm.
During this process, it is also observed that the abrasive and workpiece are getting deformed
near the interface as shown in Figs. 4.12 (b-c). Fig. 4.12 (d) shows the debris or chip formation
in the form of amorphous phase (non-crystalline structured lattice). Moreover, the finished
surface also shows amorphous phase of the order of few atomic layers as shown in Fig. 4.12
(d). This amorphous phase remains permanent, and it does not vanish after the finishing
process.
4.2.6.2. Finishing force and potential energy of silicon
Results of finishing forces along x-axis and z-axis are calculated and presented in Figs. 4.13 4.14, respectively. The finishing forces are higher in case of silicon as compared to aluminium
workpiece.
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Fig.4.13: Finishing force on Si workpiece along cutting direction at different values of
indentation depth.
During initial contact of finishing of silicon, it does not show the attractive force as compared
to aluminium. Silicon always shows the repulsive force as it has covalent bonds and no free
electron clouds with respect to aluminium. It is also observed that there is a small amount of
repulsive force at zero depth of indentation in which atoms of abrasive particle tries to move
apex atoms of workpiece due to the Pauli-repulsion. Thus, it can be stated that adhesion
between abrasive particle and workpiece during finishing is possible by building an ionic bond
between them which is helpful for material removal in soft and ductile materials.

Fig. 4.14: Indentation force along normal to Si work-surface or Z-axis.
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Increase in P.E.

Fig. 4.15: Potential energy on the asperity of workpiece during mechanical finishing of
silicon at different values of indentation depth.
Fig. 4.15 shows the variation in potential energy with finishing time, which is almost similar
to the aluminium workpiece. After finishing, there is an increase in potential energy of
workpiece by 550 eV which is two orders of magnitude higher as compared to aluminium.
Hence, the mechanically finished silicon surface is much more unstable (chemically) as
compared to aluminium, and due to this the deformed atoms do not recover to its own original
lattice structure. Hence, brittle materials are strongly recommended to be machined or finished
by using some softening means (chemical passivation or thermal softening).
4.2.6.3. von-Mises stress in silicon
Figs. 4.16 (a-d) show von-Mises stress in silicon workpiece at different time intervals of
mechanical finishing. This result shows that the Mises stress of workpiece atoms are near to
zero and homogeneous as shown in Fig. 4.16 (a). When the abrasion starts, maximum stress
reaches near to the theoretical value of shear strength, i.e. G/2π which is equal to 35 GPa
approximately in case of silicon, as shown in Figs.4.16 (b-c). But, stress level inside the
workpiece is still small in magnitude. After completion of finishing, abraded surface and chip
of workpiece show some residual stress with respect to zero as shown in Fig. 4.16 (d).
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a) Time = 0 ps

b) Time = 8.5 ps

c) Time = 15.5 ps

d) Time = 32 ps

Fig. 4.16: von-Mises stress on silicon workpiece during different time of mechanical
finishing at indentation depth equal to 1 nm.
4.2.6.4. Temperature rise in silicon
Average temperature near the polishing zone has been computed and plotted as shown in Fig.
4.17. This temperature goes upto 1500, 1300 and 1200 K for indentation depth equal to 2, 1
and 0.5 nm. So high temperatures are enough to soften the workpiece material for deformation
followed by material removal. However, this temperature is less than the melting temperature
(1700 K). In general, mono-crystalline silicon gets softened when temperature increases
beyond 800 K, and due to this the workpiece deforms before material removal takes place
during mechanical finishing.
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Fig. 4.17: Variation in average temperature of the asperity of the silicon workpiece with
varying time and different values of indentation depth during mechanical finishing.
MD simulation on aluminium and silicon are presented as highly ductile and brittle materials
respectively. These materials of MD modelling do not include any alloying elements which is
almost an ideal case to investigate material removal and surface modification phenomenon.
In general, materials for industrial applications are not in pure form, as they contain some
amount of impurity and alloying elements. For example, stainless steel is most popular material
for industrial applications, which contains Ni, Cr and Fe as the major alloying elements. Hence,
a set of MD simulation is also carried out on stainless steel and the same is presented in the
subsequent section.
4.2.7. Mechanical finishing of stainless steel (SS 304L)
4.2.7.1. Structure analysis on stainless steel
Figs. 4.18 (a-b) show lattice structure during the material removal from the spherical asperity
of stainless steel using purely mechanical abrasion, in which the material deformation occurs
in the form of a chip by changing the lattice structure from FCC to a mixture of BCC and HCP.
The material removal at nanometric scale happens when localised lattice transformation takes
place in the abrasion zone, and this phenomenon is similar to aluminium workpiece as well.
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Type of structure

Type of structure

t=12.0 ps

Atom types
Fe Cr Ni Si -

t=12.0 ps

Cubic diamond
FCC
HCP
BCC

t=34.0 ps

0 nm

Cubic diamond
FCC
HCP
BCC

3 nm

t=5.0 ps

3D topography
Section view of scratch

Fig. 4.18: Material deformation and chip formation at atomic scale during mechanical
abrasion on stainless steel. (a-b) CNA on material removal at different time of abrasion,
which shows information about the transformation of lattice structure. (c) Types of atoms
involved as alloying elements. (d) Surface morphology after mechanical finishing process.
Fig. 4.18 (c) shows types of atoms involved in this abrasion process, in which red indicates Featom, blue indicates Cr-atom, golden indicates Ni-atom and white colour indicates Si-atom.
Fig. 4.18 (d) illustrates topography of the workpiece after the mechanical abrasion process in
3-D as well as 2-D images.
4.2.7.2. Finishing force and potential energy on stainless steel
Finishing force on the workpiece is computed by pair interaction with respect to the abrasive
particle. Figs. 4.19 - 4.20 show the finishing force along cutting and indentation directions for
varying finishing time (5–25 ps). It was observed that the finishing force in both directions (Xaxis and Z-axis) increases as the abrasive particle approaches and passes over the asperity.
After attaining maxima, the force starts decreasing till it reaches to zero.
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Fig. 4.19: Finishing force along cutting direction or x-axis on SS304L.

Fig.4.20: Finishing force normal to the surface of SS304L workpiece, or indentation force.
The finishing force also depends on the indentation depth. Higher the indentation depth, larger
is the finishing force. The force along the cutting direction is somewhat similar in nature, but
it is not same in magnitude, and the peak magnitude is maximum at different times as
indentation depth increases. Similar trend is also noticed for z-axis. The reason for the shift in
time due to indentation depth happens, as abrasive particle needs less time to approach the
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asperity by attaining reduced distance between them when indentation depth is increased. This
shift in time can be conceived from the geometry of MDS model as higher indentation depth
faces more materials to abrade and causes less time to make proximity with peaks of
worksurface with respect to lower value of indentation depth.
Fig. 4.21 illustrates the variation in potential energy of the workpiece with varying time, and
different levels of indentation depth during the abrasion process. Potential energy goes up till
its maximum value (known as peak potential energy during the process) and then comes down
before it saturates after the end of the abrasion process. Moreover, the potential energy of the
abraded workpiece is always higher when compared to the initial workpiece, which also
depends on the depth of indentation. As the depth of indentation increases, the peak potential
energy and the final potential energy also increase which indicate that the workpiece material
gets deformed mechanically which is not desirable for a nanofinishing process. Because, such
type of abraded surface with high potential energy becomes unstable and, would interact with
environment (chemical species and dust particles). This type of interaction would lead to impair
the surface quality at atomic scale.

Fig. 4.21: Variation of potential energy of SS304L workpiece during mechanical abrasion
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Thus, the nanofinished surface should not be subjected to ‘mechanical abrasion’/ ‘mechanical
finishing’. Only, the surface with high roughness or sharp asperities is suitable for purely
mechanical abrasion-based finishing process.
4.2.7.3. von-Mises stress in stainless steel
von-Mises equivalent stress at different times of polishing is presented in Figs. 4.22 (a-b) to
understand severity of stress involved during this process. The stress gets generated at the
interface or contact region of abrasive and workpiece, and it travels inside the workpiece
material to assist material deformation as shown in Fig. 4.22 (b).

a)

b)

GPa
30

0

Fig. 4.22: (a) Atomic distribution of von-Mises stress before initial contact of finishing. (b)
Atomic distribution of von-Mises stress during initial contact of polishing.
4.2.7.4. Centro-symmetry parameter (CSP) analysis in stainless steel
Stainless steel is a kind of alloyed metal in which types of defects or the phase transformation
are not similar to aluminium and silicon. The types of defects/ dislocations are somewhat
complicated to analyse in stainless steel. Hence, CSP analysis is carried out in this case. Figs.
4.23 (a-d) show various sub-surface defects generated during mechanical finishing with
varying time. These defects are identified by using Centro-symmetry parameter (CSP) on the
work-piece. To evaluate the defects, only selected atoms have been analysed whose CSP values
are more than unity (or numeric value equal to 1).
As finishing process progresses, various defects occur underneath the top surface. These
defects comprise stacking faults, “V-shaped” dislocation loop, point defects, and atomic cluster
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defects. The sub-surface defects are quantified and plotted with varying polishing time as
shown in Fig. 4.23 (e). The number of defects increases suddenly as mechanical contact made
between the abrasive particles and workpiece is established. After attaining the maxima of
defects, the number of defects starts decreasing and becomes almost asymptotic, Fig. 4.23 (e).
Initially, all types of defects are generated as shown in Figs. 4.23 (b-c). Thereafter, the
dislocation loop gets mitigated and atomic clusters form as shown in Fig. 4.23 (d). Hence, the
defects are nucleated at the top surface of finishing region (Fig. 4.23 (b)) of the workpiece, and
migrate inside the workpiece. Movement of these defects to free surface of the workpiece
annihilate themselves. However, some of the dislocation defects do not have sufficient energy
to migrate to the free surface; and form atomic cluster defects.
Stacking fault is a type of defect which alters the periodic sequence of crystalline atomic layers.
The stacking fault can also be stated as a wrong layer inserted into the periodic sequence, a
change of the layer sequence or a different translation between two subsequent layers. When
two stacking faults combine orthogonally, it forms “V” shaped dislocation, Fig. 4.23 (c).
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Fig. 4.23: Sub-surface defects during mechanical finishing on stainless steel at different
levels of time steps (a-d). (e) Plot for generation of sub-surface defects in percentage and
variation of the defects as the polishing process progresses.
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Fig.4.24: Temperature variation during the abrasion process with different depth of
indentations as labelled on the plot on SS304L.
4.2.7.5. Temperature rise in stainless steel
Initial temperature of the entire system including the base of the workpiece becomes 300 K as
the Newtonian atoms are equilibrated at 300 K and the thermostat atoms are set at 300 K.
When abrasion of a single stroke is applied with a known value of indentation depth (0, 0.5, 1
and 2 nm), the workpiece deforms by the abrasive particles resulting in chip formation and the
temperature variation as shown in Fig. 4.24. This change in temperature occurs for a small
contact time, and it gets stabilised to the ambient temperature as time progresses. In this case,
the maximum temperature attained is around 700 K.
4.2.8. Correlation for material removal
Material removal and indentation depth significantly depend on the indentation force.
Indentation force has relation with polishing pressure of CMMRF process, and MDS results
are presented in Table 4.2 to develop a mathematical formulation to represent a relationship
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between the indentation force and material removal for three engineering materials. This results
show indentation force (Fz) and cutting force (Fx) at different levels of material removal (in
depth).
Table 4.2: MDS results on stainless steel, aluminium and silicon.
Depth of
removal (nm)
0
0.5
1
2

Stainless steel
Fz (nN) Fx (nN)
0
0
24
16
48
35.2
104
88

Aluminium
Silicon
Fz (nN) Fx (nN) Fz (nN) Fx (nN)
0
0
0
0
6.4
4.8
104
32
12
9.6
200
72
25.6
22.4
240
56

A mathematical correlation is also expressed as follows.
Let, the cross-sectional area of the abrasive indented inside the workpiece =A=πr2; and r2=R2 (R-h)2 ≈ 2hR. Thus, the average stress on workpiece (σ)=Fz/A=F/2πhR. This stress can be
equated to the stress developed in the workpiece in the form of maximum stress level or
theoretical tensile strength (E/2π) of workpiece. Now, Fz is expressed in Eq. (4.5).
Fz= Cx(E/2π)x2πhR

(4.5)

Here, Fz=indentation force in nN, h=depth of indentation in nm, R=radius of abrasive particle
in nm. From MDS results of Mises stress, it is seen that material removal happens at theoretical
value but stress value changes from one atom to others as shown in Fig. 4.10 (c) and Fig. 4.17
(c). Thus, the average value of stress of the abrasion zone will be lower than the maximum
stress, and it can be correlated by a factor ‘C’ which will be a function of chips’ size and shape
as chip forms ahead of abrasive particle to resist the motion of abrasive particle. C=correlation
factor which takes care to correlate theoretical strength to flow material in terms of average
flow stress. It is found to be equal to 0.05 in present case. This correlation is validated with
MDS results as shown in Fig. 4.25.
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Fig.4.25: Correlation between indentation force and material removal along depth is made by
using MDS results for aluminium, silicon and stainless steel.

Thus, there will be a correlation between indentation force and material removal, which is
governed by the hardness of workpiece material as one of the significant property. However,
behaviour of phase transformation and temperature building depend on other parameters also.
For example, the phase transformation depends on the type of materials, such as ductile and
brittle material. In case of silicon, the phase transformation is taking place from diamond cubic
to amorphous phase. In other words, aluminium shows the phase transformation from FCC to
the mixture of BCC and HCP.
4.2.9. Discussion on mechanical finishing
In case of ductile material, the material removal takes place by elasto-plastic deformation
which occurs mainly due to the phase transformation of lattice structure. During abrasion,
abrasive particle moves along [100] direction which is x-axis and as abrasion progresses,
abrasive particle tries to push the asperity in all possible directions which depends on the
normal to the surface of abrasive particle at the contact between them. However, FCC lattice
has only three slip directions which are a line family of <1 -1 0>, BCC has another two sets of
slip directions which are a line family of <1 -1 1> and HCP shows three slip directions which
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are <1 1 -2 0>. To facilitate material deformation and flow of chip along a defined direction
made by abrasive particle, lattice transformation takes place so that the slip direction can match
with the normal direction towards minimisation of the energy for the chip flow efficiently and
due to this FCC phase is getting converted in to BCC and HCP as shown in Fig. 4.6 (b).
When abrasion takes place, the finishing force applies excessive stress (as shown in Fig. 4.10)
on the workpiece to increase potential energy which induces strain energy of workpiece and it
also gets transformed from the strain energy to the thermal energy. Moreover, the thermal
energy also gets conducted and reduced due to the thermal conductivity of material. In present
case, conductivity is modelled by applying a set of thermostat atoms as described in the section
of MD simulation. Hence, abrasion increases temperature upto some value due to the strain
induced thermal energy, thereafter, it reduces upto room temperature with the help of
conduction, as shown in Fig. 4.12. This variation in temperature also assists for the phase
transformation and phase recovery.
In case of brittle material, material deformation takes place in form of elastic deformation
followed by rupture, and the elastic deformation causes distortion of lattice structure in the
same phase. When finishing stress exceeds beyond the elastic limit, the interatomic distance
between atoms becomes more than the cut-off length which results in undefined and random
position of atoms. Thus, the phase of material gets transformed into amorphous phase. After
this phenomenon when amorphised atoms come closer to each other, these atoms do not form
any defined lattice as rearrangement of atoms in a well-defined structure of ‘diamond cubic’
needs excessive energy, and due to this, phase of workpiece after finishing process does not
recover as shown in Figs. 4.12 (a-d). Potential energy of material also increases with the
finishing force as the force does the bond breaking without allowing plastic deformation of
parent lattices and increases Gibb’s free energy of the abraded atoms drastically. This jump in
potential energy is approximately two orders of magnitude higher in case of silicon with respect
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to aluminium as aluminium consumes a good amount of energy through the plastic deformation
as discussed earlier.
As far as abrasive particle is concerned, it degrades or damages due to the following reasons.
 Adhesion of chip on abrasive particle through strong bonds like ionic bond and metallic
bonds.
 Wear of abrasive particle happens by phase transformation when workpiece hardness
is comparable with abrasive particle.
These types of damages are temperature dependent also. When finishing force increases, local
temperature increases which yields intensive damage to the abrasive particles. To avoid such
problem, mechanical finishing at low temperature or under a cooling medium such as water
should be used.
The outcome on the study of finishing process by mechanical abrasion is categorised as
advantages and disadvantages of mechanical finishing.
4.2.9.1. Advantages of mechanical finishing
This process is useful for material removal and there are following parameters which help in
higher MRR.
1. Temperature rise: Local temperature near the finishing zone depends on the indentation
and abrasion force. Higher force induces more temperature and it can go upto the
melting point of material. By getting higher temperature, workpiece material gets
softened selectively and yields in easier material removal.
2. Phase transformation: The finishing force changes lattice structure and its orientation
towards the plastic deformation followed by the chip formation.
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3.

Finishing force: Indentation and cutting force are responsible for material removal. It
is observed that the material removal increases approximately linearly with increasing
indentation and cutting force.

It is now observed that the mechanical finishing helps in material removal at nanometric scale
by using two mechanisms (temperature rise and the phase transformation). However, there are
some challenging aspects which deteriorate the surface quality. These aspects are listed and
reported as disadvantages of mechanical finishing as follows.
4.2.9.2. Disadvantages of mechanical finishing
MD simulation reveals that mechanical finishing damages the surface quality and the same are
discussed as follow.
1. Potential energy: potential energy of workpiece after mechanical finishing increases,
which makes them chemically unstable and corrosive. From the potential energy graph,
it is observed that the optically finished (or nanofinished) surface is not recommended
for mechanical abrasion. This process damages surface quality at the atomic scale.
2. Lattice structure: lattice structure of workpiece gets altered after mechanical finishing.
For example, FCC lattice of stainless steel or aluminium is changed to HCP and BCC.
Diamond cubic (DC) lattice of silicon changes to amorphous phase.
3. Sub-surface damages: sub-surface damages are observed and it is found that the subsurface defects increase as mechanical finishing progresses.
4. Surface morphology: In general, hard tool does material removal and generates its
impression on comparatively softer workpiece. Thus mechanical finishing creates
surface defects in the form of digs and scratches and the same effect is observed in
MDS after morphological analysis. This effect seizes the process capability to generate
atomically flat surface.
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4.2.9.3. Details of mechanical finishing
To understand the phenomenon of mechanical finishing, a schematic has been made by
considering some of the significant attributes and presented as shown in Fig. 4.26.
When force is of the order of few nano-newton, few atoms get removed and a little deformation
of the lattices take place which recovers back after finishing and due to this there is a slight
change in potential energy in ‘ultra-precision zone’ as shown in Fig. 4.26. As force increases
beyond this zone, workpiece material gets permanently deformed and it also damages the
lattices permanently which results in an increase of potential energy to make the surface

Parameters (SQ, AD and PE)

chemically unstable.

Surface quality (SQ)
Abrasive degradation (AD)
Potential energy (PE)
Ultraprecision
zone

Finishing force (nN)
Fig. 4.26: Effect of finishing force on surface quality, abrasive particle degradation and
potential energy due to mechanical finishing.
Surface quality is a parameter which indicates the surface quality in term of roughness which
improves when finishing force increases from 0 nN to few nN or less. In this case, finishing
force does smoothening of roughness without altering phase and potential energy of nano-peak
when the force is within the ultra-precision zone. Maintaining of such small force need ultrahigh precision machine tool or tactful tool so that the finishing force cannot go beyond the
vertical dotted line (as shown in Fig. 4.26). When force becomes more than tens of nano110

Newtons, it creates scratches and digs in nanometric scale which increases surface roughness,
and accordingly the surface finish quality starts deteriorating as shown in Fig. 4.26.
Finishing force leads to increase in temperature which assists material loading and the wear
rate on the abrasive particle, and due to this the quality of abrasive particles degrades with
finishing force as shown in Fig. 4.26.
In brief, the mechanical finishing is not capable to generate defect free and atomically flat
surface. Therefore, it is required to mitigate the disadvantages of this process. In view of this,
effect of chemical and chemical assisted mechanical finishing is studied and reported in the
following sections.
4.3. MD simulation for chemical reactions
The potential energy of surface atoms varies from one place to another, and it results in
different chemical reaction rate in different zones. Similar study was also carried out by French
et.al [134] as shown in Fig. 4.27.

Fig. 4.27: Effect on potential energy per atom and adsorption due to variation of sharing
atoms [134].
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Moreover, the chemical reactions occur in the form of chemical etching or passivation.
Chemical etching results in material removal and chemical passivation results in the formation
of protective layer over the workpiece. These types of reactions are studied by using reactive
molecular dynamics simulations as per flow chart shown in Fig. 4.2. Details for the MD
simulation on chemical reactions are discussed as follows.

4.3.1. MD simulation for chemical reaction on Aluminium, Silicon and Stainless steel
To carry out MD simulation for chemical reactions, reactive force field (ReaxFF) potential
functions [135] are used for aluminium and silicon materials. ReaxFF technique was developed
by Duin and Kimberly [136] to bridge the gap between quantum chemical and classical MDS.
In case of stainless steel, hybrid type of potential function is used which consists EAM, MEAM
and MORSE. Details for the chemical reactions are given in Table 4.3.
Table 4.3: Selection of materials to study chemical reaction through MD simulation
Sr. No.
1

Workpiece materials
Aluminium

2

Silicon

3

Stainless steel

Chemical medium
Water, Aqueous KOH,
Aqueous H2O2 and Aqueous
HNO3
Water, Aqueous KOH and
Aqueous H2O2
Chemically active oxygen for
the oxidising agent such as
HNO3, H2O2, etc.

Remark
Effect of alkaline,
bleaching and acidic
medium on Al.
Effect of alkaline and
bleaching medium on Si.
Effect of oxidising agent
on steel.

Fig. 4.28: Schematic of the model for reactive MD simulations to study chemical reactions.
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Schematic for the MD simulation is presented in Fig. 4.28. In this study, possible chemical
reactions are studied and their effects are also investigated on material removal, morphological
changes and chemical contamination on workpiece.
Details about chemical building for MDS: Steps to build the data file for a specific chemical to
simulate using LAMMPS, is reported in the section A2 of Appendix.
4.3.2. Chemical reaction
In this study, chemical environment is used to understand chemical reactions listed in Table
4.4.
Table 4.4: List of inter-atomic pair potential for chemical reaction.
Sr.No. Workpiece
material
1
Aluminium
2
Silicon
3
Stainless steel

Chemicals
H2O, KOH, H2O2 & HNO3
H2O, KOH, H2O2 & HNO3
Oxidiser

Inter-atomic pair potential for
chemical reaction.
Reactive force field
Reactive force field
Hybrid of EAM, MEAM, Morse
and Tersoff

4.3.3. Effect of chemical reaction on rough surface
In this study, a conical asperity is incorporated to represent surface roughness. It is found that
the chemical reaction gets intensified on sharp and nano-peaks.
For example, results of stainless steel are presented. Figs. 4.29 (a-d) show the effect of chemical
reactions on stainless steel due to oxidiser. Fig. 4.29 (a) shows lattice structure of workpiece
before chemical reaction, in which all atoms belong to FCC lattice except on the top surface
with one atomic layer. Fig. 4.29 (b) illustrates the phase transformation due to the chemical
reaction which exhibits higher reaction rate at sharp apex as shown in Fig. 4.29 (c). After
removing of the chemically affected layers, lattices of workpiece are mapped and presented in
Fig. 4.29 (d) which show that the chemical reaction yields the smooth surface formation.
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Colour Type of structure

Un-structured atoms
Face centred cubic
Hexagonal packing
Body centred cubic

Fig. 4.29: Chemical reactions on stainless steel with oxidising agent. (a) Surface with sharp
asperity without chemical. (b) Chemically reacted surface due to oxidisers. (c) Meshing of
perfect FCC lattice after chemical reaction. (d) Mesh of surface after removal of chemically
reacted layers.
From this it is understood that the chemical reaction gets intensified near the sharp edges (there
will be high possibility for such sharp edges in rough surface) of workpiece. There is a need to
understand the mechanism of chemical reaction using various types of chemical species such
as alkaline medium, bleaching agent, and acidic medium. These reactions are carried out using
reactive-MD simulation and reported in the following section.
4.3.4. Effect of chemicals on aluminium
Three different chemicals are used namely, aqueous KOH (alkaline medium), aqueous H2O2
(bleaching medium) and aqueous HNO3 (acidic medium) to study their effects on aluminium
workpiece. Workpiece contains 8505 numbers of atoms in which 467 atoms are exposed to the
chemical media on the surface of workpiece.
4.3.4.1. Effect of alkaline medium on aluminium
Alkaline, or base media are chemicals which have pH value more than 7 when it is mixed with
water. In general, it consists hydroxide ions (OH-) such as potassium hydroxide (KOH), sodium
hydroxide (NaOH), calcium hydroxide (CaOH), etc. Effect of the chemical reaction due to
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alkali medium such as aqueous KOH is studied on aluminium workpiece, and it is found that
the aqueous KOH solution attacks Al-Al bonds and forms Al-OH as shown in Fig. 4.30. This
bond breaking occurs when the interatomic bond (R) becomes more than the cut-off length (Rc)
as described in the pair-potential function of atoms. During this reaction, KOH and H2O also
get adsorbed on the surface of bulk aluminium material.
In order to understand the chemical reaction, number of atoms is computed and plotted after
their absorption in aluminium substrate as shown in Fig.4.31. In this plot, K-atoms are not
interacting with aluminium. As, O-atoms and H-atoms interact from OH- species, the number
of O-atoms and H-atoms are in the same proportion from time duration of 0 to 0.8 ps.
Thereafter, oxidation of aluminium starts and results in the formation and evaporation of Hatoms as H2 gas. In the same time one more reaction starts, which is adsorption of water
molecule as shown in Fig. 4.30.

R>Rc

Fig. 4.30: Oxidation and removal of Al-atom under the presence of aqueous KOH.
After 1.4 ps, number of atoms for chemical reaction becomes constant which means that the
surface of aluminium is completely covered by chemicals as aluminium oxide or hydroxide.
As the atoms of workpiece surface is completely oxidised and prevents further reaction, is also
known as passivation of the surface. Thus, alkaline medium causes the formation of metal
hydroxide followed by oxidation and passivation of workpiece in which maximum of 110
numbers of oxygen atoms are absorbed.
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Fig. 4.31: Absorption of atoms from aqueous KOH into aluminium workpiece.
4.3.4.2. Effect of bleaching agent on aluminium
Bleaching agents mostly work as oxidizing agents, such as sodium hypochlorite (NaOCl) or
hydrogen peroxide (H2O2), and these agents are generally used for the removal of stains. Figs.
4.32 (a-b) show chemical reaction of aluminium workpiece under the presence of aqueous
H2O2 at time 0.1 ps and 0.3 ps respectively.

Fig. 4.32: Oxidation and removal of Al-atom under the presence of aqueous H2O2.
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In this chemical reaction three phenomena are observed, the 1st phenomenon illustrates
oxidation of aluminium due to hydroxyl anions. The 2 nd phenomenon shows adsorption of
water molecules. The last one is about formation of oxygen radicals from the hydrogen
peroxide molecules, which further results in oxidation and material removal as well.
Fig. 4.33 shows adsorption and absorption of atoms from the chemical molecules on aluminium
workpiece. It is observed that during initial stage of reaction (time ranging from 0.2 to 0.9 ps),
effects of hydroxyl anions and oxygen radicals dominates and results in more number of
oxygen transfer inside the aluminium substrate as shown in Fig. 4.33. In other words, the
hydrogen peroxide rich layer depletes with time, which causes to domination of adsorption of
water molecules and passivation of the surface of workpiece.
After 0.9 ps, number of H-atom increases with respect to O-atoms, and their quantity stabilises
with time after 1.2 ps as the surface of the workpiece gets passivated with the maximum of 220
oxygen atoms.

Fig. 4.33: Adsorption and absorption of atoms from aqueous H2O2 into aluminium
workpiece.

117

4.3.4.3. Effect of acidic agent on aluminium
In the present case aqueous nitric acid is used for chemical reaction. Figs. 4.34 (a-b) show
chemical reaction between aqueous HNO3 and aluminium workpiece. It is seen that the
chemical reaction produces aluminium oxides and nitrates on the surface of workpiece. In
addition, H-atoms get absorbed in the aluminium substrate as shown in Fig. 4.34 (b).
Results of these chemical reactions are computed and plotted as shown in Fig. 4.35. It is
observed that the oxidation process dominates initially, thereafter, adsorption of water and
nitrate formation also starts. After some more time, the chemical reaction stops as the number
of atoms does not change after 1.4 ps, which can be called as passivation, as shown in Fig.
4.35. At the time of 1.8 ps, aluminium absorbs 220 O-atoms which is similar to the chemical
of aqueous H2O2 but two time more than aqueous KOH.
From the results of Fig. 4.35, it is observed that the chemical reaction starts on the workpiece
and it stops after some time as the reaction (or transaction of atoms) saturates after a definite
time of the chemical reaction.

Fig. 4.34: Oxidation of Al-atom under presence of aqueous HNO3. (a) Position of atoms at
time =0.2 ps. (b) Chemical reaction at time=1.3 ps.
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Fig. 4.35: Absorption of atoms from aqueous HNO3 into aluminium workpiece.
4.3.5. Effect of chemicals on silicon
Three different chemicals are used namely, aqueous KOH (alkaline medium), aqueous H2O2
(bleaching medium) and aqueous HNO3 (acidic medium) to study their effects on silicon
workpiece.
4.3.5.1. Effect of alkaline medium on silicon
Potassium hydroxide (KOH) is used as an alkaline medium in this study. In order to understand
the chemical reaction, number of atoms is computed and plotted after their absorption in silicon
substrate as shown in Fig.4.36. This plot indicates that potassium atom does not interact with
silicon, hydrogen atom interacts more and oxygen atom interacts moderately. After 1.5 ps of
time, quantity of hydrogen and oxygen atoms become same, which indicates towards the
formation of silicon hydroxide (Si-OH) compound on the surface of workpiece. For better
understanding about the chemical reaction, positions of atoms are also captured at 1.6 ps and
presented as shown in Fig. 4.37 which indicates about the hydride and oxide formation on
surface.
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Fig. 4.36: Absorption of atoms from aqueous KOH into silicon workpiece.
Thus, alkaline medium causes the formation of oxide, and 3 numbers of oxygen atoms are
absorbed in silicon at 1.6 ps.

Fig. 4.37: Chemical reaction from aqueous KOH on silicon surface workpiece at 1.6 ps.
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4.3.5.2. Effect of bleaching agent on silicon
Hydrogen peroxide (H2O2) is used as a bleaching agent in this study. In order to understand the
chemical reaction, number of atoms is computed and plotted after their absorption in silicon
substrate as shown in Fig.4.38. It is observed that there is an increase in O-atom and H-atom
with time till 1 ps, and thereafter, it saturates which indicates passivation of Si-workpiece. Fig.
4.39 shows oxidation and absorption of water on surface. After 1.2 ps, the surface of the
workpiece gets passivated with 12 oxygen atoms as shown in Fig. 4.38.

Fig. 4.38: Absorption of atoms from aqueous H2O2 into silicon workpiece.

Fig. 4.39: Chemical reaction on surface of Si under presence of aqueous H2O2.
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4.3.5.3. Effect of acidic agent on silicon
In the present case aqueous nitric acid is used for chemical reaction. Results of these chemical
reactions are computed and plotted into silicon workpiece as shown in Fig. 4.40. From time 0
to 1 ps, absorption of all three atoms (O, H & N-atoms) increases, where, the absorption rate is
more in case of oxygen, moderate in case of hydrogen and least in case of nitrogen atom.

Fig. 4.40: Absorption of atoms from Nitric acid into silicon workpiece.

Fig. 4.41: Chemical reaction on surface of Si under presence of nitric acid
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Since, nitric is a strong oxidising agent, it offers more oxidation and percolation inside of
workpiece as shown in Fig. 4.41. After 2 ps, nitrogen atom starts reducing and it comes down
near to zero. However, oxygen atom remains unchanged after 1.2 ps, which indicates silicon
oxidation with passivation. This oxidation phenomenon is clearly seen on Fig.4.41. At the time
of 1.6 ps, 50 O-atoms are absorbed in silicon workpiece which is much higher than KOH and
H2O2. Workpiece contains 8505 numbers of atoms in which 467 atoms are exposed to the
chemical media on the surface of workpiece.
4.3.6. Chemical reaction on SS304L
Since, reactive force field based interatomic parameters for chemical reactions on the alloying
atoms of stainless steel (Fe/Cr/Ni) is not developed, reactive MDS is not possible in SS304L,
and due to this the chemical reaction for analysis could not be performed on this material.
Moreover, chemical reaction on the surface is possible by adding ‘Morse pair potential’. Thus,
to study the effect of chemical on SS304L, chemically active oxygen is used to model oxidising
agents like H2O2 and HNO3. Results are presented in Figs. 4.42 (a-b).
A hybrid pair potential is used through classical MDS for chemically assisted mechanical
finishing and the same is presented in the next section.
a) Time =0 ps

b) Time = 1.6 ps
Non-reacted zone with pit

Passivation layer

Fig. 4.42: Chemical reaction on the surface of SS304L. (a) Atomic configuration at initial
time, i.e. at t = 0 ps. (b) Atomic configuration after 1.6 ps of chemical reaction.
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Fig. 4.42 (b) shows two aspects of chemical reaction, namely, non-reacted zone and passivated
layer. Herein, non-reacted zone means the surface atoms which is not reacted by O-atoms and
passivated layer means the layer formed with an intact layer of metal oxides which covers the
parent atoms of workpiece to minimise further reaction, as shown in Fig. 4.42 (b). These two
aspects ensure randomisation in chemical reaction by which some part of surface does not
interact with chemicals and many places shows chemical reaction to form intact layer of metal
oxides, i.e. passivation layer.
4.3.7. Comparison of chemical reactions
Chemical reaction of MDS study is compared in a Table 4.5.
Table 4.5: effect of chemical reaction on Al, Si and SS304L

1

Number of O-atoms absorbed
in workpiece after 1.6 ps
KOH
H2O2
HNO3
Aluminium 110
220
220

2

Silicon

3

SS304L

Sr.
Workpiece
No.

3

12
-

50
-

Remark
KOH is suitable as it shows slow
reaction rate and stable passivation.
KOH is suitable as it shows slow
reaction rate and stable passivation.
Oxidisers damages surface in
random manner.

From the above results, it is observed that the chemical reaction starts on the workpiece and it
stops after some time as the reaction (or transaction of atoms) saturates after a definite time of
the chemical reaction. Hence, there is a need to apply a mechanical drive to remove the
chemically reacted layers so that the chemical reaction progresses with time. It is found that
KOH has slow reaction rate and better control on passivation of workpiece as compared with
other chemicals, which are essential for chemically assisted mechanical finishing. In case of
SS304L, oxidiser shows surface damages and due to this chemically active abrasive is
implemented to study chemically assisted mechanical finishing.
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4.4. MD simulation of chemically assisted mechanical finishing (CAMF)
Chemical environment and chemically active abrasive particles are used for material removal
during chemically assisted mechanical finishing. This mechanism deals with the chemically
assisted mechanical abrasion, which is studied and analysed. In this study, few engineering
materials are selected such as Aluminium, Silicon and Stainless Steel. Suitable abrasive
particles are used under the presence of chemical medium as listed in Table 4.6. MD simulation
is presented in two different directions. 1st type is CAMF due to the chemical mixed in MR
fluid; and the 2nd type is CAMF due to the chemically active abrasive particle. This work is
also used to demonstrate the mechanism of material removal and quantification of parameters
for mathematical modelling. Hence, a correlation has been established to compute material
removal under the specified parametric conditions for CMMRF process. As far as simulation
is concerned, a flow chart of Fig. 4.2 is implemented.
Table 4.6: List of inter-atomic pair potential for chemical assisted mechanical finishing.
Sr. Workpiece
Chemicals
No.
material
1
Aluminium Aqueous KOH as
chemically active slurry
2
Silicon
Aqueous KOH as
chemically active slurry
3
Stainless
Water
to
control
steel
temperature

Inter-atomic pair
potential
Silicon
Reactive force field
– Reactive MDS
Diamond
Reactive force field
– Reactive MDS
Silicon dioxide as Hybrid
of
EAM,
chemically active MEAM, Tersoff &
abrasive particle
Morse – Classical MDS
Abrasive particle

4.4.1. CAMF in the presence of chemically reactive slurry
In the previous results of chemical reactions, it was found that the behaviour of chemical
reactions was almost similar on aluminium and silicon. After enough time of chemical reaction,
workpiece becomes inert by attaining a chemically passivated layer on the top surface of
workpiece.
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4.4.1.1. Effect of chemical slurry (aqueous KOH) during CAMF of Aluminium
During this process, both mechanical abrasion and chemical reaction as discussed earlier, are
combined. The 1st aspect is mechanical aspect which is almost similar to the mechanical
finishing, where phase change due to mechanical pressure comes from abrasive particle as
shown in Fig. 4.43. It is found that the parent phase of aluminium is transformed to BCC and
HCP.
Moreover, the top surface of workpiece is subjected to chemical reaction and it causes phase
alteration on the parent lattice of workpiece. The 2 nd aspect of this process is chemical reaction
and its effect on mechanical finishing. Hereafter, the 2 nd aspect is studied extensively, in which
few significant mechanisms like chemical assisted material removal, surface and sub-surface
quality improvement and effect of chemicals on abrasive particles are analysed.
Fig. 4.44 shows the chemical reaction before the indentation, and it is found that the top surface
of workpiece gets oxidised near the indentation zone.

Fig. 4.43: Mechanical abrasion of aluminium due to silicon abrasive
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Fig. 4.44: Position of atoms before indentation of abrasive particle.

Fig. 4.45: Position of atoms/molecules at the time of indentation.
When an abrasive particle indents or abrades the workpiece, KOH and H2O molecules get
energized due the rise in local temperature (discussed in mechanical finishing) and cause bond
breaking of parent material because of entrapped radicals of H-atoms as shown in Figs. 4.454.46. Fig. 4.45 illustrates that the concentration of KOH increases near the abrasion
zone/direction as the mechanical deformation of workpiece increases its potential energy which
further causes more oxidation.
Fig. 4.46 shows that the oxidised surface of workpiece which interacts with the abrasive
particle having a strong bond. During the abrasion process, most of the oxidised atoms of
workpiece gets removed. The material removal in this case occurs by stretching of oxidised
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layers which results in the parent bond breaking of workpiece with relatively less stable region
or the rough surfaces. Hence, this is a method which is responsible to remove atoms from the
rough surface significantly as compared with the smooth surface, and it results in atomically
smooth surface.
Chemical oxidation to the workpiece material causes interaction of workpiece with abrasive
particle, and the chemical reaction gets intensified when high indentation or pressure is applied.
This phenomenon was studied by applying an impact with high indentation force with respect
to the abrasion, as shown in Fig. 4.47. This figure illustrates that there is a formation of dig
(shown by arrow which is caused by impact of the abrasive) during the impact load of
indentation and it yields more material removal. In addition, the removal of material occurs in
the form of oxides as discussed earlier.
In brief, chemical bonding between abrasive and workpiece occurs due to oxidation, and
material removal from workpiece starts by breaking of weak metallic bonds compared to the
newly formed oxides as shown in Figs. 4.46-4.49. Fig. 4.49 shows abrasive particle and
workpiece after chemical assisted mechanical finishing. It indicates that the finished surface of
the workpiece is free from the chemical contamination.

Fig. 4.46: Position of atoms/molecules and material removal during abrasion.
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Fig. 4.47 Material removal after abrasion in case of higher impact during indentation.

Fig. 4.48: Material removal during abrasion in the form of oxides/hydroxides.

Fig. 4.49: Structure of workpiece and abrasive after finishing process. Abrasive particle is
surrounded by alumina structure, and the finished workpiece is free from intensive oxidation.
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Jump in K-atoms

Fig. 4.50: (a) Normal force on workpiece, (b) abrasion force on workpiece, (c) chemical
reaction and material removal from workpiece.
The MDS results are further quantified and plotted to understand the chemical reaction and
chemo-mechanical abrasion in detail. These results are shown in Figs. 4.50 (a-c). As time for
finishing progresses (i.e. after 4 ps), O, H and K atoms get pushed inside of aluminium
workpiece which results in a jump of K-atoms as shown in Figs. 4.50 (c). Some atoms of H and
O reside in aluminium even after completion of finishing and removal of abrasive particle.
Whereas, K-atoms get completely removed after completion of finishing process, as shown in
Fig. 4.50 (c). With time, material removal of workpiece is also shown as a black dotted line in
Fig. 4.50 (c). Thus, these plots indicate that the chemicals get pushed by abrasive particle for
more chemical reaction, and it leads for more MRR in terms of chemically assisted mechanical
abrasion.
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Fig. 4.51: Transfer of atoms from aqueous KOH into silicon workpiece during indentation of
abrasive particle.

4.4.1.2. Effect of chemical slurry (aqueous KOH) during CAMF of Silicon
Fig.4.51 shows the chemical reaction on silicon workpiece with diamond abrasive particle
during CAMF in aqueous KOH. From time 0 to 1.8 ps, molecules of aqueous KOH get
squeezed between abrasive particle and workpiece due to constant velocity of abrasive particle,
which increases oxidation. After 1.8 ps, abrasive particle makes physical contact with
workpiece, and it leads to accelerate chemical reaction further. This plot also shows some part
of potassium atoms entrapped after 2.5 ps due to the physical force of abrasive particle on KOH
molecule.
Fig.4.52 shows position of atoms and chemical reaction in which chemical reaction increases
as the abrasive particle indents physically over Si-workpiece. In this figure, reacted layers are
propagated inside of workpiece, and marked as ‘chemically reacted zone’, whereas, other part
of surface show oxidation on the surface only. Fig.4.52 supports the effect of mechanical force
assisted chemical reaction as quantified and plotted in Fig. 4.51.
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Fig. 4.52: Chemical reaction on surface under indentation force from abrasive particle.

Fz
Fx

Abrasive particle

Chemically
formed chip

Fig. 4.53: Chemically assisted material removal and chip formation on silicon workpiece.
Fig. 4.53 shows the chip formation due to chemically assisted mechanical finishing of silicon
under an alkaline medium of KOH. It is observed that the chemically reacted layers of
workpiece get sheared off and pile up ahead of abrasive particle.
4.4.2. CAMF due to chemically active abrasive particles
There are few combinations of abrasive particles and workpiece which are responsible for this
case. In the present work, silica abrasive particle is used on stainless steel as oxygen atom of
silica has sufficient electronegativity to attract metallic atoms toward formation of ionic bond.
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4.4.2.1. Material removal due to chemically active abrasive particle on SS304L
The abrasive particle plays the role of exerting indentation force as well as chemical interaction
with work material. To study material removal mechanism due to chemically active abrasive
particle, the MD simulation was performed using SiO2 as abrasive particle, and presented in
Fig. 4.54. Figs. 4.54 (a-f) show the mechanism of material removal due to the chemically active
abrasive particle.

a)
t=5ps

b)
t=8ps

Fig. 4.54: Material deformation and chip formation at atomic scale.
(a) Atomic position for SiO2 abrasive particle and SS304L workpiece before abrasion. (b)
Atomic position during initial contact. (c) Atomic position during the finishing process.
(d)–(f) Morphological study at varying time on material removal with a chemically active
abrasive particle of diameter equal to 5.0 nm.
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Figs. 4.54 (a-b) show the interaction between abrasive particle and workpiece, in which a new
chemical bond between O-atom and Fe-atom is created as they come closer to each other. Fig.
4.54 (c) shows the material deformation (to form a chip) followed by further new bond
formation on the deformed material. In this figure, material removal is shown from the asperity,
in which the parent bond of the workpiece gets de-bonded as the newly formed bonds are
stronger. This illustrates the mechanism of material removal and formation of a smooth surface.
Morphological study of the process is shown in Figs. 4.54 (d-f) with varying time (starting
from left to right: before abrasion, during abrasion and at the end of abrasion) of the material
removal on the spherical or smooth asperity. This study was carried out to investigate the
smallest amount of material removal precisely, and the finished surface illustrates surface
disorder in the range of 1–2 atomic layers as shown in Fig. 4.54 (f). In this study, it was found
that the chemically active abrasive particle is suitable for precise level of material removal
towards generating an atomically flat surface.

α=D.Rx/2I

a=Fx-Rx/m

Fx

Fig. 4.55: Various attributes of CAMF under indentation force of Fz and velocity Vx. Where,
D, I and m are diameter, moment of inertia and mass of abrasive particle.
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4.4.3. Mechanism of material removal during CAMF
Various attributes of MDS result is combined and presented in Fig. 4.55. It shows that Fz force
helps for chemical reaction and bonding between abrasive particle and workpiece because of
higher temperature at the contact region. When velocity Vx is applied using external cutting
force (Fx), a resistive force of Rx builds due to the strong bond between abrasive and
workpiece, and it further results in rotation and translation of abrasive using angular
acceleration (α) and linear acceleration (a) as shown in Fig. 4.55. The angular acceleration
helps to remove material by de-bonding of parent bonds and results in nanometric smooth
surface and it is suitable for ductile materials to process without creating defects. When Fx
crosses the maximum value Rx (i.e. strength of the bonds between abrasive and workpiece),
abrasive also translates to generate scratch. This result also reveals that the chemical reaction
takes place and increase just ahead of abrasive particle which supports for material removal in
brittle material by forming a soft passivation layer towards higher material removal rate.
Based on Fig. 4.55, a schematic model at macroscopic scale for material removal has been
proposed as shown in Figs. 4.56 (a-c) for ductile and brittle material. Fig. 4.56 (a) shows the
intensified chemical reaction due to the mechanical force.
In ductile material, chemical reaction does the formation of metal oxide which interacts with
abrasive particles by means of attractive force and it forms strong bond with respect to the
parent bonds of workpiece. The chemical bond between abrasive and workpiece resists linear
movement of abrasive particle and forces it to rotate for material removal by piling up the chip
through abrasive particle as shown in Fig. 4.56 (b). In case of brittle materials, chemical
reaction does the formation of soft passivation layers which is comparatively less effective as
compared with ductile materials, and due to this abrasive particle moves in form of rotation as
well as translation.
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Finished
surface

Finished
surface

Fig. 4.56: Model for finishing zone of CAMF process. (a) Chemical reaction due to the
indentation of abrasive particle. (b) Material removal on ductile material. (c) Material
removal on brittle material.
Thus the material removal happens by pilling and partly shearing of passivation layer. For
modelling, the material removal can be expressed in a function of mechanical stress and
chemical concentration significantly, which is discussed and presented in the next chapter.
4.5. Discussions
From mechanical finishing, it is observed that low finishing force improves surface quality and
the force beyond 10 nN damages surface but it yields in more MRR for higher finishing rate.
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In mechanical finishing, material removal can be categorised in two types. The first type is
‘rough finishing’ using higher finishing force which is possible by implementing coarse
abrasive particles as the force is multiplication of polishing pressure and surface area of
abrasive particles. In the rough finishing process, MRR is more which reduces time to achieve
certain value of surface finish. The second type of mechanical finishing is ‘fine finishing’ in
which extremely low finishing force is required and this is possible only when abrasive size is
extremely small or fine mesh size. Fine finishing process leads to further improvement of
surface finish but it will not be free from scratch and digs.
To mitigate such defects, chemical reactions are studied so that the surface of workpiece can
be protected during nano-finishing process. It is observed that the aqueous KOH controls
passivation by creating a thin layer of oxides on both aluminium as well as silicon workpiece.
The passivation layer helps to prevent the surface of workpiece for further chemical reaction,
and it also assists material removal as studied during chemically assisted mechanical finishing
(CAMF). In CAMF, it is found that the depth of passivation layer increases with abrasion action
as local temperature of abrasion increases temperature selectively to accelerate the reaction
rate. This chemical reaction forms a protective layer against abrasion and it also creates new
chemical bonds to bridge the surface of workpiece and abrasive particle, and due to this
abrasive particle starts rolling over workpiece instead of scratching. Hence, material removal
occurs without damaging surface as observed during mechanical finishing. However, a size of
abrasive particles is capable to apply force more than the value of ‘Rx’ to scratch workpiece
when ‘a > 0’. In addition, abrasive particle rolls in case of ‘α >0’, and abrasive particle mixture
does scratching as well as rolling if a & α > 0. CAMF is also categorised in two types, i.e.
‘precision finishing’ which utilises medium size of abrasive particles (size from 100 to 500 nm
typically) and ultra-precision finishing in which abrasive particle should be less than 50 nm
size so that translation of abrasive particle can be suppressed completely. Based on the type of
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surface quality, nano-finishing process is categorised into four stages as presented in Table.
4.7.
The present work is useful to understand and optimise an abrasive-based finishing process for
the surface finish and the material removal rate.
Table 4.7: Steps in generating atomically flat surface from a rough surface
Sr.
No.
1

2

3

4

Steps of finishing

Its importance

Rough finishing: Rough finishing
using hard and coarse abrasive
and magnetic particles.
Fine finishing: Fine finishing
with hard but small abrasive and
magnetic particles.

To bring down the surface roughness value. It
is useful to remove contamination or hard layer
of the workpiece.
To bring down the surface roughness by one
order or more. In this step, the surface finish
improves but it has many defects in the form of
scratches.
Precision finishing: Finishing It brings down the surface roughness by one
with chemically active abrasive more order. But the medium size of abrasive
particle with medium size.
particle results in slight mechanical damage to
the surface.
Ultra-precision finishing: Final It gives an ideal surface finish.
finishing using ultra-fine and
chemically
active
abrasive
particles.

Thus the present study reveals following capabilities.
-

Atomic level of surface finish: It is possible by using CAMF by introducing low
finishing force which helps to remove few atoms at a time, and this process repeatedly
occurs on the nano-peaks to reduce its height upto atomically flat surface. The
phenomenon can be expressed as CAMF does intensive chemical reaction on
chemically unstable region (e.g. nano-peaks) and its removal in multiple cycles, which
helps to equalise potential energy of all atoms on the surface towards formation of
atomically flat surface. Thus, CAMF is capable for generating the surface finish of the
order of atomic level.
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-

Defect free surface: In the field of nano-finishing, generating a defect free surface is
always a challenge to researchers when the abrasive based finishing processes are being
used for ductile materials. In CAMF, chemical reaction helps to roll abrasive particle
over workpiece without allowing it to follow the motion of scratching, which helps to
remove material without creating defects on the surface.

4.6. Summary
In this chapter, molecular dynamics simulation was carried out for mechanical abrasion,
chemical reactions and chemically assisted mechanical finishing on three materials viz.
aluminium, silicon and stainless steel. Important aspects of these works are summarised as
follows.
 During mechanical finishing, material of workpiece deforms, and changes the parent
lattice structure of workpiece which leads to increase in potential energy towards
chemical instability of work surface. At lower finishing force, potential energy of
workpiece recovers back after finishing. In case of higher finishing force, increase in
potential energy becomes significant for silicon only, temperature of contact zone
increases leads to generate sub-surface defects. Material removal occurs with the help
of a phenomenon of adhesion-de-bonding in which the adhesion happens by an
attractive (ionic) force while getting proximity between abrasive particle and workpiece
and rupture of parent bonds of workpiece.
 The workpiece after mechanical finishing shows a permanent jump in potential energy
which indicates that the mechanically abraded surface will be chemically less stable as
compared to the equilibrated sample (which is an ideal condition) of workpiece by
comparing the potential energy. The jump in potential energy at 1 nm of indentation
depth for Al, Si and SS304L are 4, 550 and 250 eV respectively.
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 When the mechanical finishing starts, in both ductile and brittle materials, the
maximum stress of the contact zone becomes the theoretical value of shear strength, i.e.
G/2π irrespective of other properties of material. In addition, stress also propagates
inside the workpiece but small in magnitude.
 During mechanical finishing of silicon, when abrasive particle approaches workpiece,
the interface between them undergoes phase alteration in the form of non-crystalline or
amorphous phase. This amorphous phase remains permanent on workpiece as well as
chips.
 In brief, Mechanical finishing in ultra-precision zone (force ≈ few nano newton), is
suitable for better surface finish. In case of higher finishing force, abrasive particle
degrades and surface finish also degrades as shown in Fig. 4.26.
 In case of ductile materials like Al and SS304L, mechanical finishing does the phase
alteration in the form of BCC and HCP. These new phases partly recover back.
 Based on the study about mechanical finishing, the nanofinished surface is strongly
recommended not to be processed with any kind of mechanical abrasion. Only, the
surface with high roughness is suitable for the mechanical abrasion-based finishing
process.
 It is observed that the chemical reaction gets intensified on sharp peaks of surface and
it leads to form a smooth surface. Chemical reaction is categorised in to three steps, i.e.
adsorption, absorption due to chemical reaction and finally passivation to stop further
reaction. These three mechanisms are similar in all kinds of materials for nanofinishing.
 In chemical assisted mechanical finishing, the chemical reaction enhances by
increasing indentation force or by increasing mechanical force for finishing in addition
of chemical concentration.
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 MDS study shows that the chemically assisted mechanical finishing results in the
surface finish at atomic scale.
 The material removal in the chemically assisted mechanical finishing process
completely depends on chemical reaction on the workpiece as the removed material
belongs to the product of chemical reaction.
 CAMF shows its capability to finish both ductile and brittle materials without defects,
as CAMF assists material removal by rolling abrasive particle over work-surface
instead of scratching.
 Chemical reaction during CAMF passivates the surface of workpiece by oxidisation
which leads to form hard passivation layer and piling it up through newly formed bonds
between abrasive and workpiece towards material removal.
 In case of brittle material, chemical reaction does softening, and abrasive particle
abrades it which results in material removal of chemically reacted surface of workpiece.
-------X-------
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Chapter-5
MATHEMATICAL MODELLING AND SIMULATION OF CMMRF PROCESS
5.1. Introduction
In the previous chapter, MD simulation is carried out for mechanical finishing of ductile as
well as brittle materials, and their mechanism for the material removal was also discussed with
some issues associated in achieving nano-finished surfaces and some of the issues related to
phase transformation, surface defects, sub-surface defects, etc. MD simulation was also carried
out for studying the role of chemical reactions towards surface smoothening. Finally, chemical
assisted mechanical finishing for CMMRF was also studied through MD simulation. This study
was carried out to understand the science behind material removal on CMMRF process and a
list of possible finishing steps was developed as presented in Table 4.7. Furthermore, MD
simulation is also carried out to compute coefficients for the mathematical model of CMMRF
process as developed and discussed in this chapter.
This chapter aims to model and simulate the CMMRF process and the model is developed in
two different stages viz. first modelling of mechanical abrasion due to polishing pressure and
second with chemical assisted mechanical abrasion. From literature, it was found that the MRF
based processes are comparatively more suitable for non-ferromagnetic materials. Hence, all
theoretical and experimental work related to CMMRF process are investigated on nonferromagnetic materials only [137]. In case of MDS, the material removal occurs at atomic
scale, in which the chemical reaction is increased due to the indentation force and the material
removal is directly proportional to the chemically reacted atoms of workpiece.
FEA based simulation tool is used for CMMRF process by solving the mathematical model.
Necessary coefficients to solve the model at various levels of parameters are obtained through
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MD simulation and the results are presented in Tables 5.1. Simulation results of this
mathematical model are also discussed in this chapter.
5.2. Modelling of the CMMRF Process for Material Removal and Surface Roughness
The schematic of CMMRF process is illustrated in Figs. 5.1-5.2.
Fig. 5.1 shows schematic of CMMRF process in which CMMRF head (which consists a magnet
to magnetise MR fluid) is mounted attached with a rotary spindle to apply finishing force on
worksurface through magnetically stiffened MR fluid. During this process slurry circulatory
system supplies chemical to the worksurface through a nozzle. Moreover, feed is also
incorporated to drag the nano-finishing zone over the surface, and through this, entire portion
of worksurface gets nanofinished as shown in Fig. 5.1.
Based on the theoretical study as reported in previous chapters, mechanism of material removal
is presented for CMMRF process in Fig. 5.2. It shows that the chemical reaction alters the
superficial layer of workpiece which is further removed by abrasion action and the magnetic
forces (Fmv and Fmh) generated through magnetised CIPs of MR fluid.

Fig.5.1: Schematic of CMMRF process
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Fig.5.2: Material removal mechanism in the nano-finishing zone during CMMRF process.
In this section, model of CMMRF is discussed along with the mathematical formulation in
segment wise. These segments are divided as follows.


Modelling of Mechanical abrasion: In this segment, the shearing energy of MR fluid at
the interface of MR fluid and workpiece, is used to convert the required energy to
abrade the surface of workpiece. The material removal rate is formulated as a function
of roughness parameter, friction co-efficient, polishing pressure, finishing speed and
specific cutting energy of workpiece at nanometric scale. Here, the friction co-efficient
and specific cutting energy are taken from the MD simulation (Table 5.1), and the
pressure is computed using FEA simulation. This model is further expanded in the next
stage to include chemically assisted material removal.



Modelling of CMMRF process: As mentioned above, chemical reaction is introduced
along with the mechanical abrasion in this model. The chemical reaction effect on
material removal is added by applying a factor which is derived from MD simulation.
Further, modelling of MRR and surface finish are carried out.

5.2.1. Modelling of material removal using mechanical abrasion
Model of MR fluid is simplified by assuming it as a Bingham plastic fluid when it comes under
the influence of magnetic field (Fig. 5.3). This behaviour of Bingham plastic fluid shows a
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special behaviour of rheological property which can be expressed as per Eq. (5.1) [72]. In this
behaviour of MR fluid, yield shear strength is mainly governed by magnetic means.

𝜏 = 𝜏𝑜 + 𝜇(𝛾̇ ) = 𝜏𝑜 + 𝜇 (

𝑉
)
𝑊𝑔

(5.1)

Where, 𝛾̇ = strain rate, Wg = working gap; τ = shear stress on the MR fluid at the finishing
plane; τo = yield shear strength of the MR fluid at a given magnetic field; V= relative velocity
between MR fluid and workpiece and μ = dynamic viscosity of the MR fluid.

Fig.5.3: Schematic of MR fluid while in working condition.
In MR fluid, polishing pressure and shear stress can be correlated, as shown in Fig.5.3 and
discussed as follows.
According to force equilibrium conditions along the direction of the fluid flow, τ = μkN, and
along normal to the work surface, N = P, where μk is the friction factor between the work
surface and the MR fluid. Thus, the shear stress on the workpiece can be expressed in term of
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polishing pressure, as τ = μkP. The polishing pressure ‘P’ is taken from Fig. 3.20 (c) which was
obtained by simulation in chapter 3.
In CMMRF process, polishing pressure is used to apply indentation force on abrasive particle,
and removal of material in the form of chips that happens due to the shearing stress. This
shearing stress becomes equal to the material’s resisting stress along cutting or finishing
direction, which depends on the indentation depth of abrasive particles due to the polishing
pressure. Hence, it can be stated that the energy due to the shearing stress of MR fluid helps to
abrade the surface of workpiece.
Mechanical based material removal mechanism plays an important role for micro- and nanofinishing process such as magnetorheological finishing process in which MR fluid applies the
abrading force through abrasive particles. Hence, it is assumed that the MR fluid acts as
stiffened pad to abrade the workpeice, and the abraded volume of workpiece is directly
proportional to the energy available on the MR fluid. To make the mathematical formulation,
mechanism of such material removal is implemented as follows.
Let dVt be an elemental volume (under dZt height) removed from the workpiece during time
interval from ‘t’ to ‘t+dt’ as shown in Fig. 5.4. It is assumed that the required energy to remove
dVt volume of workpiece is taken from the energy of MR fluid at the interface of MR fluid and
workpiece. Hence, the material removal phenomenon can be expressed as per Eq. (5.2).
𝛾𝑠
𝜕𝑥
𝑑𝑉𝑡 = 𝜏𝐴 𝑑𝑡; where, 𝜏 = 𝜇𝑘 𝑃
𝛼
𝜕𝑡

(5.2)

Where, ϒs=specific cutting energy of work surface, which can be correlated with shear strength
of workpiece as discussed (Eq. 4.5) in chapter 4, τ & A =shear stress and contact area between
MR fluid and workpiece respectively. ∂x/∂t =cutting speed (V) = ωr and r = radial position on
the pad. µK is kinetic friction coefficient and P is pressure of MR fluid.
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a)

b)

α
Fig. 5.4: Surface profile for modelling of CMMRF process. (a) Assumed surface roughness
profile, (b) Zoomed view of a single peak of the profile.

From Fig.5.4 (b) another angle ‘α’ is calculated to calculate dVt, which is described as below,
Eq. (5.3).

𝜃 + 2𝛼 = 𝜋 ⇒ 𝛼 =

𝜋−𝜃 𝜋 𝜃
= − ; and 𝛼
2
2 2

(5.3)

≪ 1, as Z and X are in nm and µm, respectively.
Projected area along the cutting direction (Ac) and removed volume (Vt) are expressed as per
Eq. (5.4).
𝑍𝑡
1
𝑍𝑡 2
𝐴 = 𝑙 and 𝑉𝑡 = 𝑍𝑡 𝐴 =
𝑙, where, 𝑙
𝛼
2
2𝛼

(5.4)

= thickness of triangle of Fig. 5.4(b).
After differentiation of Vt and simplifying Eq. (5.4), dVt is expressed as per Eq. (5.5).

dVt =

Zt
l. dZt = AdZt
α

(5.5)

Now, Eq. (5.2) and Eq. (5.5) are solved to derive material removal rate, and expressed in Eq.
(5.6).
𝑑𝑍𝑡 𝛼𝜇𝑘 𝑃 𝜕𝑥
=
𝑑𝑡
𝛾𝑠 𝜕𝑡

(5.6)
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This Eq. (5.6) shows linear relationship between linear material removal rate and polishing
pressure (this pressure is directly converted into indentation force), which is similar to the MDS
result as shown in Fig. 4.26 of chapter 4. MDS results reveal that the finishing force is directly
dependent on the depth of indentation and higher depth of indentation leads to larger finishing
force. Thus this equation has similarity with MD simulation for mechanical abrasion as
discussed in section 4.3.4 of chapter 4.
5.2.2. Modelling of CMMRF process
5.2.2.1Material removal rate
In CMMRF process, material removal phenomenon takes place due to chemically assisted
mechanical abrasion. The mechanical stress in the finishing zone increases chemical reaction
as shown in Fig. 4.56 (a) of the chapter 4. Thereafter, the material removal occurs in the form
of the chemically reacted atoms of workpiece as shown in Figs. 4.45-4.48.
In view of these aspects, Eq. (5.6) is modified to incorporate stress assisted chemical reaction
followed by material removal. Stress at a given height Zt of Fig. 5.4 (b) can be written as
follows;
𝐻
𝜎𝑍𝑡 = 𝜎𝑜 ( ) ; where, 𝜎𝑜 is stress at 𝑍𝑡 = 𝐻
𝑍𝑡

(5.7)

Now, using Eqs. (5.6 and 5.7), stress assisted linear material removal rate can be presented by
Eq. (5.8).
𝑑𝑍𝑡 𝛼𝜇𝑘 𝑃 𝜕𝑥 𝜎𝑍𝑡
𝛼𝜇𝑘 𝑃 𝜕𝑥 𝐻
( )=
( )
=
𝑑𝑡
𝛾𝑠 𝜕𝑡 𝜎𝑜
𝛾𝑠 𝜕𝑡 𝑍𝑡

(5.8)
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Eq. (5.8) is further extended for the chemical assisted mechanical finishing by multiplying with
a factor Kchem as shown in Eq. (5.9). It indicates a change in the amount of material removal
rate due to chemical reaction.

MRR =

𝑑𝑍𝑡
𝛼𝜇𝑘 𝑃 𝜕𝑥 𝐻
( )
= 𝐾𝑐ℎ𝑒𝑚
𝑑𝑡
𝛾𝑠 𝜕𝑡 𝑍𝑡

(5.9)

Material removal rate (MRR) of Eq. (5.9) depends on cutting speed (∂x/∂t) and pressure (P),
and these parameters will not become same at a given coordinate of workpiece as the polishing
tool rotates and also moves with linear feed. Thus, MRR will keep increasing and decreasing
linearly in a cyclic function at a given point of workpiece with finishing time. The depth of
material removal will be the time integration of MRR without any effect of the linear feed.
Hence, average value of MRR is used to compute the depth of material removal, and after
solving Eq. (5.9), depth of material removal can be expressed by Eq. (5.10),
0.5
𝐾𝑐ℎ𝑒𝑚
𝑍𝑡 = [
𝛼𝐻𝜇𝑘 𝑃 𝑉𝑚𝑎𝑥 𝑡]
𝛾𝑠

(5.10)

Where, Vmax is the maximum rotational speed of polishing tool.
The values of Kchem, ϒS and μK, using MD simulation are computed as follows.
A set of MD simulations is carried out on aluminium and silicon to find out the values of ‘Kchem,
ϒS and μK ’. Value for ϒS and μK are 11000 MPa and 0.6 for aluminium and 48000 MPa and
0.5 for silicon workpiece, respectively. In case of the value of ‘Kchem’, a list is presented for
both aluminium and silicon workpieces as shown in Tables 5.1. ϒS and μK are computed from
the mechanical finishing of MD simulation. Kchem is computed by taking ratio of material
removal under chemical environment and without chemical environment, as shown by Eq.
(5.11).
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𝐾𝑐ℎ𝑒𝑚 =

Number of atoms removed under chemical assisted abrasion
Number of atoms removed under mechanical abrasion

(5.11)

Here, ‘number of atoms removed under the chemically assisted abrasion’ means total number
of atoms removed from workpiece at a known value of finishing force and percentage of KOH
during 5 ps of CAMF time. On the other hand, ‘number of atoms removed under mechanical
abrasion’ stands for the total number of atoms removed from workpiece in the same value of
finishing force but without using any chemical medium.
During CMMRF process, indentation force and abrasion force of abrasive particle comes from
CIP of MR fluid according to the magnetic force per CIP and it is also responsible to generate
the polishing pressure. Hence, a correlation is made by using polishing pressure of a known
working gap of CMMRF to compute maximum possible value of the indentation force for MD
simulation. This correlation is expressed by Eq. (5.12).
πd2CIP
Force = Pressure ×
4

(5.12)

Force from Eq. (5.12) is used for MD simulation, which is calculated from FEA simulation by
computing the polishing pressure at a known value of working gap and a set of specified
parameters of MR fluid.
Table 5.1: Values of parameters for Al and Si workpiece using MD simulation
Sr.
No.
1
2
3
4
5
6
7
8
9

%KOH Working gap
(mm)
0
0.5
0
1.0
0
1.5
5
0.5
5
1.0
5
1.5
10
0.5
10
1.0
10
1.5

Polishing
pressure (kPa)
50.5
6.3
2.1
50.5
6.3
2.1
50.5
6.3
2.1

Indentation
force (nN)
1200
150
50
1200
150
50
1200
150
50

Kchem of Al Kchem of
Si
0.14
0.14
0.14
0.14
0.14
0.14
0.07
0.28
0.08
0.238
0.148
0.168
0.035
0.308
0.05
0.252
0.126
0.175
150

In the present work, zone-1 (gap =0.5 mm) and zone-2 (gap=1 & 1.5 mm) of Fig. 3.20 (c) are
used to simulate CMMRF model on both Al and Si workpiece to understand the severity of
their impact on brittle as well as ductile material. This study is also aimed to validate the
investigation completed and reported in Table 3.5 of chapter 3.
5.2.2.2 Surface finish
One of the surface finish (quantification by calculating roughness) parameters is described by
symbol ‘Ra’ which is an arithmetic average of the absolute values of the profiles height
deviations from the mean line. This parameter of surface roughness, Ra can be expressed from
the Annexes of Japanese Industrial Standards (JIS) B 0031 (1994), as per Eq. (5.13).

𝑅𝑎 =

1
∫|𝑍𝑥 | 𝑑𝑥
𝐿

(5.13)

Where, L=sample length, ZX=height from the mean line at a known value of the tracing length
(X).
In case of ideal surface roughness with identical peaks and triangular in shape, a mathematical
model for surface roughness (Ra) can be expressed after modifying earlier developed
formulation [138] based on roughness profile as expressed in Eq. (5.14).

𝑅𝑎 =

(𝐻 − 𝑍𝑡 − 𝑌𝑜 )2 + 2𝑍𝑡 (𝐻 − 𝑍𝑡 − 𝑌𝑜 ) + 𝑌𝑜2
2𝐻

(5.14)

Where, Yo =(H2-Zt2)/(2H); H and Yo are height of peak and centre line of profile as shown in
Fig. 5.4 respectively.
Mathematical model for material removal as expressed in Eq. (5.9), is used to get the surface
profile after CMMRF. Towards this direction, actual surface is measured using optical profilemeter (Make: Taylor Hobson & model: CCI) then it is processed as per the simulation
procedure, shown in the flow chart in Fig. 5.6.
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5.2.2.3 Modelling of critical surface finish to calculate theoretical roughness value
Any manufacturing process of micro/nano- finishing process improves surface finish by
reducing the surface roughness value with processing time. After some time of finishing, the
roughness value gets saturated and it is called as critical surface roughness [139]. Where the
‘critical surface roughness’ is a roughness value which indicates the process capability of a
nano-finishing process, which also limits the final surface finish. For example, an atomically
finished surface is represented in Figs.5.5 (a-b) which is obtained after equilibration of
geometry during classical MD simulation. Fig. 5.5 (a) is a three dimensional view in which X,
Y and Z axis show <100> line of the lattice orientation. Fig. 5.5 (b) is a cut sectional view of
the three dimensional structure along with high packing factor. Here, X1 axis shows [1 1 0] line
orientation of the lattice.

Fig.5.5: (a) 3-dimensuonal view of atomic arrangement in a face centred cubic (FCC) lattice
structure. (b) 2-dimensional view of atomic arrangement along high packing plane.
The ideal surface can be defined as a surface in which atoms are linearly arranged as shown in
Fig. 5.6.
For an atomically ideal surface, the average roughness (Ra) value can be derived as follow;
Let us assume that the area above the Yc or mean line within unit cell is ‘Aabove’. From Fig. 5.6
(a), the area below the mean line (Abelow) within the unit cell is expressed as per Eq. (5.15). It
is also assumed that the inter-atomic distance is equal to the ‘diameter of atom (D)’ [140].
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Fig.5.6: Schematic diagram of an ideal surface profile at atomic scale.
Abelow= area of rectangle under mean line-{area of half circle - area above the mean line};

𝐴𝑏𝑒𝑙𝑜𝑤 = 𝐷𝑌𝑐 − (𝜋

𝐷2
8

− 𝐴𝑎𝑏𝑜𝑣𝑒 )

(5.15)

As per the definition of mean line, both areas, Aabove and Abelow need to be equal. Thus Yc is
derived and presented in Eq. (5.16).

𝐴𝑏𝑒𝑙𝑜𝑤 = 𝐷𝑌𝑐 − (𝜋

𝐷2
8

− 𝐴𝑎𝑏𝑜𝑣𝑒 ) ⟹ 𝐴𝑏𝑒𝑙𝑜𝑤 = 𝐷𝑌𝑐 − 𝜋

𝐷2
8

+ 𝐴𝑎𝑏𝑜𝑣𝑒

𝐷

𝑌𝑐 = 𝜋 8

(5.16)

As per the definition of ‘Ra’, it is the ratio of total modulus of area and the tracing length.
From Fig. 5.6 (a),
𝑅𝑎 =

𝐴𝑎𝑏𝑜𝑣𝑒 +𝐴𝑏𝑒𝑙𝑜𝑤
𝐷

=

2𝐴𝑎𝑏𝑜𝑣𝑒

(5.17)

𝐷

After solving the geometry of the circle as shown in the unit cell of Fig. 5.6 (a), the value of
‘Aabove’ is expressed as per Eq. (5.18).
𝐴𝑎𝑏𝑜𝑣𝑒 =

𝐷2
8

2𝑌

𝜋

(𝜃 − 𝑠𝑖𝑛 𝜃 ); 𝑤ℎ𝑒𝑟𝑒 𝜃 = 2 𝑐𝑜𝑠 −1 ( 𝑐 ) = 2 𝑐𝑜𝑠 −1 ( ) (5.18)
𝐷
4

After replacing the value of ‘Aabove’ from Eq. (5.18) into Eq. (5.17), Ra value is expressed in
Eq. (5.19). Hence, theoretical Ra would be 0.02-0.04nm as D becomes 0.2-0.4 nm.
𝐷

𝑅𝑎 ≈ 11; Where, ‘D’ is the diameter of the atom.

(5.19)
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Moreover, an analytical Eq. (5.20) has also been used for studying the Ra value on a surface
with complexity such as dissimilar atoms (i.e. in case of SS304L) or atomically non-ideal.

𝑅𝑎 =

∫|𝑌−𝑌𝑐 |𝑑𝑥
;
∫ 𝑑𝑥

Where, Yc is the location of centre line, chosen such
that the areas above and below the line are equal.

(5.20)

For example, Ra is computed using Eq. (5.20) for an ideal surface of SS304L to see the effect
of dissimilar atoms such as Fe, Cr and Ni atoms with atomic diameter (taken from periodic
table) equal to 3.12, 3.32 and 2.98 Å respectively. Here, number of atoms are randomly varied
and it is found that the range for Yc and Ra value becomes 1.19 – 1.27 Å and 0.26 – 0.29 Å
respectively. If there is an irregularity (as shown in Fig.4.49 of chapter 4) of the order of one
atomic layer, then the Ra value becomes 0.105 – 0.110 nm. If the surface is composed by 50%
as ideal surface and 50% with irregularity of one atomic layer, then Ra becomes 0.07 nm.
5.3. Simulation of CMMRF process
In CMMRF process, there are some critical areas which need to be studied for better
understanding and prediction of the process behaviour. These areas are presented in Table 5.2.
Table 5.2: List of study area towards understanding of CMMRF process.
Sr.
No.
1
2

3

Area to study
Formation
of
Polishing Pad.
Polishing pressure
or axial stiffness
(axial force).
Improvement
on
surface roughness.

Stipulation of the study as per CMP and MRF
characteristics
To visualize shape and size of polishing pad towards
finishing on a given surface area.
Indentation depth of abrasive particle on work-surface to
study and quantify material removal (or polishing rate) as
well as surface damages.
To predict the process performance using a set of operating
parameters.

These areas of work, as mentioned in the Table 5.2, have been studied by implementing
different types of modelling and simulations namely, MD simulation, mathematical modelling,
and FEA-CFD simulation. These areas include the material behaviour under different scales of
time and size, as described in Fig. 2.9 of the chapter 2. These modelling and simulation are
carried out as per the work-plan in a schematic diagram of Fig. 5.7.
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FEA based simulation
for Magnetic field and
magnetic force

MD simulation for the
quantification of finishing
parameters at nanometric
scale, such as Kchem, ϒS and μK

CFD
simulation
to
construct CMMRF pad
and polishing pressure

Mathematical Modelling
for Material removal

FEA based simulation
for Material removal
and Surface finish

Results and
Discussion

Fig. 5.7: Schematic diagram of work-plan for modelling and simulation of CMMRF process
to predict material removal and surface finish.
FEA based simulation is carried out for magnetic force and CFD simulation used for the
computation of polishing pressure. To understand science of material removal, MD simulation
is carried out. MD simulation is also used to quantify some critical parameters and the outcome
of these parameters are used in the mathematical model of material removal of CMMRF
process. Then the model of CMMRF is simulated to predict material removal and surface
finish.
5.3.1. Procedure of FEA based simulation for material removal and surface finish
Entire modelling and simulation work has been carried out as per the flow chart as shown in
Fig. 5.8.
In this work, COMSOL4.3a multi-physics software has been extensively used for coupling of
multiple physics such as Magnetism, Fluid flow and Arbitrary Lagrangian-Eulerian (ALE)
method, and subsequently incorporated suitable post processing on the simulated data.
Parameters for FEA based simulation are listed in Table 5.3.
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Table 5.3: FEA parameters to simulate CMMRF process for material removal and surface
roughness.
Sr. No.
1

2
3
4
5
6
7
8
9
10
11
12

Parameters
Solver configuration

Solver type
Non-linear method
Simulation type model
Geometry type
Relative permeability of MR fluid
Shape function for magnetic potential
Shape function for laminar flow
Shape function for solid mechanics
Geometric shape order
Type of mesh
Mesh smoothing type

Description
Coupling of magnetism, laminar
flow, and ALE based moving
mesh.
MUMPS
Constant (Newton)
Time dependent
Axisymmetric
10
Lagrange (Quadratic)
Lagrange (Linear)
Lagrange (Quadratic)
Quadratic
Triangular
Winslow

Simulation for the present work is carried out by using following steps of the flow chart as
shown in Fig.5.8.
-

Parametric values for simulation: Simulation of this work consists various aspects of
physics such as magnetic force, rheological aspects of MR fluid, and nano-metric scale
of abrasion. All these three vital areas need a set of parameters to solve the relevant
governing equations under the fixed boundary conditions and initial conditions. These
sets of parameters are obtained from the experimental values of magnetism and MR
fluid rheology, abrasion force parameters from finite element (FE) simulation and nanoabrasion parameters from MD simulation. After compilation of all these parameters,
they are imported in the FEA simulation software under the parameters library of preprocessing of simulation.

-

Magnetic force computation: A set of equations for magnetic force density has been
developed and discussed in chapter 3. These equations are used as governing equations
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for evaluating the induction force within the MR fluid which is a significant parameter
to build the polishing pressure towards nano-abrasion.
-

Rheological aspect: The governing equation for flow of MR fluid and pressure building
within the MR fluid is taken as per the Navier-Stokes equations for momentum and
mass equilibrium. Furthermore, to achieve consistent and accurate value of polishing
pressure, ALE based moving mesh technique is used along with optimisation of
magnetic energy of MR fluid.

-

Material removal rate: Eq. (5.9) is used to compute material removal rate and the depth
of removed material with the processing time. These results are further used for
computation of surface roughness.

Fig.5.8: Flow chart for the present study of modelling and simulation of material removal and
surface finish.
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-

Computation of surface roughness: Before implementing all previous steps, right from
magnetic force to polishing pressure and material removal, a necessary pre-processing
stage is implemented to measure surface roughness value. This surface roughness value
is continuously computed and stored with all process parameters and processing time.

-

Documentation: The computed value of material removal and surface roughness as
discussed earlier are plotted and stored during post-processing of simulation results.

5.4. Results and discussion
5.4.1. Simulation results
Mathematical model for material removal is expressed in Eq. (5.9) and it is used to simulate it
on the actual surface profile as shown in Figs. 5.9 (a-b). The simulation study of this chapter at
macro-scale has been analysed to understand the effect of CMMRF process parameters on
material removal with time and the time required to achieve the critical surface finish.
Fig.5.9 (a) shows the mesh construction on the imported data after measuring them in a
coherent correlation interferometer (Make: Taylor Hobson, Model: CCI). The meshing is
applied with varying size in triangular shape and Quadratic-Lagrange shape function. The mesh
size is refined near sharp edges of the profile as shown in Fig. 5.9 (a). Fig. 5.9 (b) shows the
initial surface profile which is plotted after pre-processing of raw data to show the mean line
and Ra line, and this profile is further used as an initial surface profile to apply FEA based
simulation of material removal.
Simulation for material removal is carried out on this profile. Figs.5.10 (a-b) show the modified
mesh and surface profile after 10 minutes of CMMRF processing on initial surface, which
shows the surface finish of Ra equal to 10 nanometers.
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a)

b)
Ra line
Mean line

Fig.5.9: Initial surface profile data is imported from the experimentally measured profile
from CCI instrument in the form of CSV format, Ra=50 nm. (a) Meshing on the imported
surface, (b) Surface profile with pre-processing for computation of mean line and Ra line.
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a)

b)

Fig.5.10: Simulated surface profile of aluminium after 10 minutes of CMMRF process,
Ra=10 nm. (a) mesh of the profile after 10 minutes, (b) surface profile after 10 minutes.

The simulated results for the material removal for aluminium and silicon with different
concentration of KOH chemical, processing time and working gap equal to 1 mm are presented
in Figs. 5.11 (a-h). In this result it is clearly understood that the peaks of the surface profile
reduce to make it flat and reduce the surface roughness (Ra) value as shown in the figures.
Figs. 5.11 (a-d) show the material removal from aluminium workpiece at different levels of
KOH and processing time. Figs. 5.11 (e-h) show material removal from silicon workpiece at
different levels of KOH and processing time.
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Time=5min & 5% KOH

Time=5min & 10% KOH

Time=5min & 5% KOH

Time=5min & 10% KOH

161

Time=10min & 5% KOH

Time=10min & 5% KOH

Time=10min & 10% KOH

Time=10min & 10% KOH

Fig. 5.11: Surface profile results obtained by simulation and presented on Al (a-d) and Si (eh) due to different values of KOH and processing time.
The simulated results are plotted for the material removal in terms of thickness for aluminium
workpiece and the same are shown in Figs. 5.12 (a-c). These plots illustrate variation in
material removal value with finishing time under different levels of working gap and
concentration of chemical.
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Linear material removal (nm)

Linear material removal (nm)

Linear material removal (nm)
Fig.5.12: (a) Effect of chemical concentration on simulated material removal of aluminium
with respect to time when working gap =0.5mm. (b) at the gap=1mm. (c) At the gap =1.5mm.
By comparing the Figs. 5.12 (a-c), it is found that the maximum material removed are 1700,
600 & 350 nm for the working gaps of 0.5, 1.0, 1.5 mm respectively.

Fig. 5.12 (a) shows material removal with respect to the finishing time, three different levels
of KOH concentrations and the working gap equal to 0.5 mm which will exert more pressure
than the required value of the ductile materials as shown in Table 3.5 and Fig. 3.20 (c) of
chapter 3. During the initial 600 seconds (or 10 minutes) of finishing time, material removal
increases non-linearly and it seems as parabolic, afterwards it becomes linear for the constant
value of MRR (here, MRR is slope of the plot). The material removal reduces when KOH
increases from 0% to 10%. For example, the maximum material removal (or penetration) at
0%, 5% and 10% of KOH yield 1700 nm, 1300 nm and 1200 nm, respectively. The reason for
such reduction in the material removal is due to oxidation of workpiece by KOH as shown in
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Fig. 4.44-4.45 of chapter 4. These oxides increase surface hardness and resist against abrasion,
which further results in the reduction of material removal.

Fig. 5.12 (b) is plotted for the working gap equal to 1.0 mm and other parameters are same as
that of Fig. 5.12 (a). When the working gap is increased from 0.5 to 1 mm, polishing pressure
reduces and results in lower material removal with the same proportion.
Figs. 5.12 (a-b) show the effect of KOH concentration at two different levels of working gap,
in which, the KOH concentration reduces material removal with working gap in a non-linear
proportion. Whereas, Fig 5.12 (c) is plotted at the working gap of 1.5 mm, which shows very
least variation on material removal when KOH concentration varies, because the polishing
pressure reduces drastically when the working gap increases beyond 1 mm as shown in Fig.
3.20 (c). This sudden reduction in polishing pressure reduces the stress assisted chemical
reaction (ability to push the chemical species in the workpiece) towards the formation of metal
oxide. Due to this, the change in material removal is very less and all the three curves are closer
to each other. The variation in material removal mainly occurs due to the stress assisted-oxide
formation which is least significant at the working gap of 1.5mm.
Figs. 5.13 (a-c) are plotted for material removal on silicon workpiece. Fig. 5.13 (a) shows
significant change in material removal when the percentage of KOH is varied in the aqueous
KOH solution. It indicates that the material removal increases as KOH increases, because of
the formation of soft layer of silica over the workpiece, which helps for the material removal.
This effect is reduced when the working gap is increased from 0.5 mm to 1.0 mm as shown in
Fig. 5.13 (b).
The effect of stress assisted chemical reaction, is least significant when the working gap is 1.5
mm, as the polishing pressure becomes 2 kPa (in Fig. 3.20 (c)). In this case the polishing
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pressure of MR fluid does not stratify the stress assisted chemical reaction in significant way
towards higher material removal. Thus there is a marginal difference in material removal when

Linear material removal (nm)

Linear material removal (nm)

KOH varies from 5% to 10%.
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Linear material removal (nm)
Fig.5.13: Effect of chemical concentration on simulated material removal from silicon with
respect to time. (a) At the working gap =0.5 mm. (b) At the working gap =1.0 mm. (c) At the
working gap =1.5 mm.
In both types of material, KOH chemical helps to protect the surface quality. For example,
KOH makes the protective layer of alumina to protect base material of soft aluminium. KOH
also helps in silicon workpiece by making the soft silica layer to reduce the required abrasion
force for finishing.
5.4.2 Mechanism of material removal for CMMRF process
In the presence of an environment of aqueous KOH during CMMRF process of aluminium
alloy as a ductile material, a hard layer forms to protect the aluminium workpiece against the
indentation and scratching due to the abrasive particles. This is the reason which reduces
material removal upto 30% (approximately in working gap of 0.5 mm).
In case of silicon workpiece as a brittle material under presence of aqueous KOH, a soft layer
forms to assist material removal even by softer abrasive particles. This mechanism is
responsible for high material removal rate with least defects which is inversely proportional to
the hardness and size of abrasive particles.
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Hence, the chemical reaction in the CMMRF process avoids the possibilities of surface
damages due to mechanical abrasion in the following two categories.
1) In ductile material such as metals and alloys, the surface of workpiece gets hardened
due to the oxidisation of the chemical reaction. Hence, the material removal gets
reduced as compared with the mechanical abrasion, which leads toward better surface
finish.
2) In brittle material like semiconductors or insulators, the surface of workpiece gets
softened due to the chemical reaction. Hence, it becomes possible to remove the
material with softer abrasive particles with respect to the workpiece material hardness.
Finishing of such workpiece materials with soft abrasive particles leads to the
production of defect free surface.
After presenting the material removal phenomenon as shown in Figs. 5.12 (a-c) and Figs. 5.13
(a-c), improvement in surface finish is also presented as follow.

168

Fig. 5.14: Effect of chemical concentration on the simulated improvement in surface finish of
aluminium workpiece, (a) at the working gap =0.5 mm, (b) at the working gap= 1.0 mm and
(c) the working gap =1.5 mm.
To understand the surface finish improvement, the mathematical model is used to plot surface
roughness with varying chemical environment and working gap for aluminium and silicon
workpiece. The results are presented in Figs. 5.14 (a-c) and Figs. 5.15 (a-c).
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Fig. 5.14 (a) shows the improvement in surface finish of aluminium workpiece at the working
gap of 0.5 mm, and three different levels of KOH concentration. Surface roughness reduces
with finishing time upto the critical surface roughness, thereafter, it becomes constant. The
time required to achieve the critical surface roughness increases with the concentration of
KOH.
Fig. 5.14 (b) shows the improvement in surface finish of aluminium workpiece at the working
gap of 1.0 mm, and three different levels of KOH concentration. Trend of this plot shows
similar behaviour as in Fig. 5.14 (a). Time required to achieve the critical roughness value
increases approximately by 3 times higher with respect to the working gap of 0.5 mm.
Fig. 5.14 (c) is plotted with the working gap of 1.5 mm, which shows slow improvement in
surface finish as compared to Figs. 5.14 (a-b). In this plot, the time to achieve critical surface
roughness is almost same in all three levels of KOH values. In this study, it is clear that the
time required to achieve the critical roughness value marginally increases by increasing KOH
concentration and significantly by reducing the working gap. However, the effect of KOH
becomes negligible when the working gap is equal to 1.5 mm.
To see the simulated effects of CMMRF process parameters during nanofinishing of brittle
materials like silicon, the results are analysed and presented in Figs. 5.15 (a-c).
Fig. 5.15 (a) shows the surface finish improvement with CMMRF processing time, in which
the surface finish improvement needs less time in case of higher concentration of KOH. It
indicates that the oxide formation assists the material removal and reduces the time to achieve
the critical surface finish. In addition, the final surface finish after 15 minutes shows the same
value in all the three case, but, the presence of KOH yields the critical surface finish at the time
of 6 minutes. Hence, the material removal and CMMRF process in this case, can be called as
formation of soft passivation layer towards material removal.
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Fig. 5.15 (b) shows the surface finish improvement with CMMRF processing time at the
working gap of 1.0 mm, which shows similar trends as in Fig.5.15 (a) except the time required
to achieve the critical roughness. In this case the surface gets critical roughness value after 35
minutes when KOH is not introduced, and this time reduces upto 20 minutes when KOH is
introduced.
When the working gap is increased upto 1.5 mm, time required to achieve the critical roughness
increase significantly as shown in Fig. 5.15 (c). The effect of KOH shows small improvement
with respect to Figs. 5.15 (a-b).
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Fig. 5.15: Effect of chemical concentration on the simulated improvement in surface finish of
silicon workpiece, (a) at the working gap =0.5 mm, (b) at the working gap= 1.0 mm and (c) at
the working gap =1.5 mm.
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Figs. 5.15 (a-b) also show zoomed view of the critically finished region in which slopes of all
curves (0%, 5% & 10% KOH) are very small. Hence, after achieving the critical roughness
value, improvement in the surface roughness becomes almost zero.
From the present study, it is observed that the surface roughness gets almost saturated after
some time of the CMMRF processing. Final surface finish after that time yields the ‘critical
surface roughness’ which is governed by parameters for mechanical and chemical finishing of
the process. For example, the critical roughness in case of rough finishing, fine finishing,
precision finishing and ultra-precision finishing of Table 4.5 are in order of 200 nm, 50 nm, 5
nm and less than 1 nm, respectively.
Simulated results of this chapter are further used for the next chapter toward experimental
validation and investigation of the process capability.
5.5. Summary
In this chapter, mathematical modelling and FEA based simulation are carried out for
chemically assisted mechanical abrasion of CMMRF process. In the present work, material
removal and surface finish are studied by varying working gap, concentration of KOH, and
finishing time. Important conclusion of this work are summarized as follows.
 Mathematical modelling of CMMRF process is carried out to predict material removal
and surface finish at different sets of process parameters like chemical concentration,
working gap, and finishing time.
 It was observed that material removal in case of aluminium under KOH chemical
environment helps to protect surface of parent material against mechanical damage, and
it also reduces material removal rate. Hence, CMMRF processing time increases in case
of chemical. In addition, it is also observed that the effect of chemical does not affect
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the material removal when the working gap is 1.5mm (or the abrasion force equal to 50
nN or less as shown in Table 5.1 & 5.2).
 In case of silicon workpiece, material removal increases with concentration of KOH
which produces chemical environment. This effect enhances significantly when
abrasion force increases by reducing working gap.
 The surface roughness reduces with high finishing rate during initial few minutes,
thereafter, the rate of reduction in surface roughness becomes extremely low. After
enough time (50 minutes in case of aluminium) of finishing, the improvement in surface
roughness becomes almost asymptotic or, finishing rate becomes almost zero.
 In case of aluminium, material removed in 50 minutes is 1700 nm for 0% KOH and
1200 nm at 10% KOH and 0.5 mm of working gap.
 In case of silicon, material removed in 50 minutes is 750 nm for 0% KOH and 1100 nm
at 10% KOH and 0.5 mm of working gap.
 It is also concluded that in CMMRF process, the chemical reaction helps in avoiding
the possibilities of surface damage by creating hard layers on ductile materials, and soft
layers on brittle materials followed by the removal of these layers.
------------X------------
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Chapter-6
EXPERIMENTAL INVESTIGATIONS
6.1. Introduction
In chapter-5, mathematical modelling and FEA based simulation were carried out to study
about the extent of material removal and prediction of the processing time to achieve the critical
Ra value. This was investigated and the result was also reported for aluminium as ductile
material and silicon as brittle material. However, value of critical Ra and surface quality could
to investigated through macro-scale modelling in chapter-5. Whereas, chapter-3 deals the effect
of working gap through zone-1 and zone-2 about the surface quality and chapter-4 deals that
the chemical reaction plays a vital role to achieve better surface finish. In view of this, a series
of experimentations are planned and conducted on aluminium as well silicon as workpiece
material to experimentally validate the mathematical model of CMMRF and the effect of zone1 and zone-2 to validate the outcome of chapter-3 as reported in Table 3.5. Further, a set of
experiments are also carried out to validate the effect of chemically active abrasive particles as
reported in section 4.4.2. of chapter-4 and it is also targeted to generate atomically finished
surface in ductile material as well. In addition, another set of experimental study is also carried
out for copper alloy to optimise CMMRF process in respect of the effect of chemical reaction
to achieve better surface finish.

6.2. Experimental setup
To carry out experimental study and for validation of modelling work, a CMMRF set-up was
designed and developed keeping in view the fundamental mechanisms of the process and basic
functional requirements. A schematic of the process is shown in Fig.6.1.
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Fig.6.1: Schematic of CMMRF process
In this chapter a set of experimental study is planned to compare the experimental results with
the mathematical model results of CMMRF process for aluminium alloy and single-crystal
silicon. Moreover, another set of experiments are conducted to investigate the effect of
chemicals on copper alloy.
The experimental set-up has been fabricated as shown in Fig. 6.2 to carry out CMMRF process
on metals as well as non-metals. Main aspect of CMMRF set-up comprises flexible polishing
pad with polishing slurry system under the specified precision movements (rotary and
translator movements), and the entire CMMRF system is categorised in three units as follows.
1) Finishing head: It consists magnetic head with a rotary spindle.
2) Three axis stage: It is a CNC stage for motion along X, Y and Z directions.
3) Slurry system: It is used for continuous supplying of slurry to maintain chemical
properties and fresh abrasive particles during nanofinishing.
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Fig.6.2: Experimental set-up for CMMRF operation. (a) 3-Axis CNC stage, (b) Controller of
CNC stage, (c) Controller for slurry circulation, (d) Slurry circulatory system, and (e) Nanofinishing zone comprises finishing head, tank with pH meter, workpiece, and slurry delivery
nozzles.
The finishing head is mounted on a precision linear movements of a computer numerical
control (CNC) machine. This machine has positional accuracy of 2 μm and repeatability of 1
μm.
CMP process requires few parameters to be maintained within their acceptable working range
such as polishing pressure, zeta potential and pH value of finishing medium. In view of this,
CMMRF set up is also made with such provision so that unfavourable attributes of finishing
medium can be avoided. These parameters are maintained by monitoring polishing pressure
using force dynamometer (Make: KISTLER; Model no. 5070) along axial direction (to
correlate with polishing pressure). Zeta potential is considered to be an effective parameter and
it is controlled in the range of ±30 mV and pH value of finishing medium. Zeta value has been
obtained by using additives in the slurry like glycol and glycerol. pH value is used to maintain
concentration of chemical such as % of nitric acid, KOH and aqueous ammonia, which is
measured by a pH meter (Make: HANNA instruments; Model: BL 931700-0). Rotational speed
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and feed rate were set to 250 rpm and 5 mm/min respectively. Working gap was set in the range
of 0.3 to 1.5 mm (excluding thickness of PMMA sheet, i.e. 0.5 mm), and finishing time was
set for 60 minutes.
Figs. 6.2 (a-e) show the details about the experimental setup in which three major units are
shown. Fig. 6.2 (a) shows three axis CNC stage on which finishing head is mounted with a
rotary spindle and it also includes nano-finishing tank to hold the workpiece with a suitable
fixture. The CMMRF slurry is directed to the finishing zone using nozzles as shown in Fig. 6.2
(e). Fig. 6.2 (b) shows a CNC controller of the 3-axis CNC stage, which is used to programme
the nanofinishing process by incorporating working gap, feed rate and area of finishing. Fig.
6.2 (d) shows the slurry circulatory system which consists slurry tank and stirrer with pH
meters, and its controller as shown in Fig. 6.2 (c).

Fig.6.3: Parameter setting for the CMMRF process which includes flow of slurry, time for
slurry flow, stirrer of slurry, spindle speed, and pH values.
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Fig.6.4: Monitoring window of CMMRF process.
The controller for the slurry system is made with a SCADA based control system which is used
to monitor and control the CMMRF process parameters as shown in Figs. 6.3-6.4. This
controller also includes an alarm system, so that, any variation on CMMRF process parameters
due to time degradation can be identified and fixed. Details of the finishing head is presented
in Fig.6.5, in which magnetic head is made to accommodate a permanent magnet with a
magnetic strength equal to 0.6T (app.). In addition, this head also provides a passage to supply
chemicals in the nano-finishing zone without disturbing the setup and working gap. Detailed
schematic of magnetic head is shown in Figs. 6.5 (a-c). These figures show the magnetic head
in two different orientations, and it also shows packaging of permanent magnet with suitable
passage of slurry as labelled in this figure itself. Fig. 6.5 (c) shows the schematic in exploded
view. Moreover, detailed schematic diagram, drawing and parameters of CMMRF system are
presented in Figs. A1-A4 and Table A2 of Appendix.
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Fig.6.5: Details of finishing head. (a-b) Two different orientation of solid model. (c)
Exploded view of parts of the magnetic head.
6.3. Plan of Experiments
The experiments are designed to investigate the influence of process variables on material
removal and the improvement in surface finish, this work also includes validation of
mathematical model. Two different materials of workpiece are selected for CMMRF
experiments. These materials are used to investigate CMMRF capabilities to cover a wide
range of engineering materials like ductile material and brittle material. In the present case,
aluminium alloy is used as ductile material and silicon is used as brittle material. To plan the
experiments, FEA, CFD, and MDS results are used from the previous chapters. For example,
composition of MR fluid is obtained from preliminary experiments of Table 3.2 and addition
of sodium stearate based on the section 3.5, range working gap is decided from FEA results of
Fig. 3.20 and Table 3.5 and preliminary experiments of Fig. 3.22, and time for finishing is also
obtained on basis of FEA results of Figs. 5.14 and 5.15. In addition, MDS results are used to
select types of chemical (as per section 4.4 and Table 4.6) for a particular work material.
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Preparation of workpiece: As CMMRF process does material removal at nanometric scale,
hence the initial surface roughness of workpiece needs to maintain of the order of few tens of
nanometer, otherwise the process becomes under-utilised due to the enormous time while
processing of micro level finished surface. In view of this, workpieces are prepared using
mechanical finishing suggested by MD simulation (steps-1 for rough finishing & step-2 for
fine finishing of Table 4.7) as an essential prerequisite for CMMRF or any nano-finishing
process. In addition, each workpiece has been provided with a micro-slot (specification of
micro-slot with the dimensions of 0.2 mm width, 50 μm depth and 1.0 mm length) using micromilling operation. The micro-slot is measured using optical profile-meter (Make: Taylor &
Hobson, model: CCI with vertical resolution: 0.01 nm) which can measure at nanometric scale
accurately. The depth of this micro-slot has been used to compute variation in depth of material
removed with time during CMMRF operation as per following Eq. (6.1).
Material removal at ‘t’ = (depth of microslot at t =0) – (depth of microslot at t = t)

(6.1)

6.3.1. Experiments on ductile material

a)

b)

Ra=360 nm and Rq=440 nm

Ra=45 nm and Rq=64.6 nm

Fig.6.6: (a) Surface topography of raw surface which is made by conventional turning process.
Surface finish Ra=360 nm, (b) Surface of prepared sample after lapping process. Ra=45 nm.
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As far as ductile material of workpiece is concerned, few materials such as aluminium alloy,
copper and stainless steel are used. However, parametric experiments are carried out on
aluminium alloy to compare the mathematical model, thereafter parameters for CMMRF
process are frozen to generate nano-finished surface on copper alloy as well.
6.3.1.1. Parametric experimental plan on aluminium alloy:6061-T6
Samples are prepared with micro-slot as discussed earlier for the computation of material
removal in depth, and then the workpiece was finished with coarse abrasive of diamond
particles (diameter = 8 μm) followed by fine particles (diameter = 0.25 μm). The surface
topography of raw material and the prepared sample after mechanical finishing are presented
in Figs. 6.6 (a-b).
Suitable chemicals for nanofinishing of aluminium alloy are selected as per the MD simulation,
i.e. types of abrasive particles and chemicals of the finishing slurries. In the direction of
experimental validation of the mathematical model, few parameters have been varied as
follows. Parameters and their values for experiments are listed in Table 6.1.
Table 6.1: Variable parameters for experimental plan of CMMRF.
Sr.
No.
1
2
3

Parameters

Values

Working gap to accommodate MR fluid
between finishing head and workpiece.
Flanks of Potassium hydroxide in volume
% or weight per ml of water.
Finishing time for CMMRF process

0.5, 1.0, and 1.5 mm
0, 5% (100mgs/ml), 10% (200mgs/ml)
and 15% (300mgs/ml)
0, 5, 10, 15, 30, and 40 minutes.

There are some other fixed parameters as listed in Table 6.2. These parameters are continuously
maintained during nano-finishing of aluminium alloy.
During the experiments of CMMRF process, workpiece (or work material) is clamped on the
force dynamometer using a fixture, thereafter, MR fluid is placed underneath of the finishing
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head (Fig.6.5), and the chemical is fed continuously to the finishing zone through the holes of
the finishing head using nozzle. After completion of finishing time, polishing head is retracted
towards vertically upward direction and then workpiece is unloaded by unclamping the fixture.
Table 6.2: List of fixed parameters of CMMRF process.
Sr.No. Parameters

Values

Composition

1

1-5 µm
5-6µm

Mixing ratio of solid
particles by weight: 60%
CIP + 40% Al2O3

Aqueous KOH

As per Table 6.1.

2
3
4

5
6
7

Diameter
of
magnetic
particles (CIP)
Diameter of abrasive particles
(alumina)
Chemicals
for
chemical
reactions
Additives
to
maintain
properties of slurry and MR
fluid

Glycerol
stearate

+

sodium Mixing ratio in volume:
90%
chemical
(i.e.
aqueous KOH) + 8%
sodium stearate + 2%
glycerol.
-

Rotational speed of polishing 250 rpm
head
Feed of the workpiece
5 mm/min
MR fluid preparation
Mixing
of
solid Mixing ratio in volume
particles & additives
of 30% solid particles
+70% additives.

6.3.2. Experiments on brittle material
This experimental plan was made to investing the behaviour of CMMRF process on brittle
materials, and the parametric study is carried out on silicon for the validation of mathematical
model. Experimental parameters for this study are used according to the earlier plan of
aluminium as shown in the Tables 6.1-6.2.
Sample preparation: The surface finish of silicon is processed under two different categories
of the finishing operations as shown in Table 4.7. The workpiece was prepared for CMMRF
by carrying out rough finishing using coarse abrasive of diamond particles (diameter = 20 μm)
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followed by fine particles (diameter = 3 μm). Prior to finishing, micro-scratch is provided as
discussed earlier for the computation of material removal in depth.

a)

b)

Ra=1.38 μm and Rq=1.50 μm

Ra=46 nm and Rq=63 nm

Fig. 6.7: (a) Surface topography of initial surface with Ra=1.38 μm (1380 nm). (b) Surface
topography of sample which is generated by mechanical finishing, Ra=46 nm.

Surface topography of the raw sample and the prepared sample are shown in Figs. 6.7 (a-b).
The prepared sample shows a texture which defines the direction of mechanical finishing, as
shown in Fig. 6.7 (b).
6.4. Results and discussions
6.4.1. Results and discussion on Aluminium alloy workpiece
A series of experiments are conducted on aluminium alloy as per Table 6.1-6.2 and the results
are presented in Table A3 of Appendix.
Experimental results are plotted against the simulated results of chapter 5, as shown in Figs.
6.8 (a-c) and 6.9 (a-c). These plots show good agreement with the simulated result. Effect of
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CMMRF parameters are discussed in following section for surface roughness as well as
material removal.

6.4.1.1 Effect of process parameters on surface roughness of aluminium alloy
Figs. 6.8 (a-c) show the effect of finishing time and the concentration of chemical at three
different level of working gap.

∆Ra critical=4 nm

Zoomed view
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∆Ra critical=2.6 nm

∆Ra critical=1.3 nm

Fig. 6.8: Improvement in surface roughness of aluminium alloy with finishing time, and
different levels of working gap and KOH concentration (i.e. %KOH). Working gap (a)
0.5mm, (b) 1.0mm, (c) 1.5mm.
6.4.1.2 Effect of finishing time on surface roughness
During initial time of finishing, reduction in surface roughness occurs exponentially as shown
in Figs. 6.8 (a-c). Thereafter, the rate of reduction in surface roughness become extremely slow
as shown in Fig. 6.8 (a) which shows almost asymptotic. This shows two zones of the
improvement in surface roughness, the first zone belongs to the initial stage of finishing in
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which peaks and valleys of surface are comparable as shown in Figs. 5.11 (a-b), which offers
more material to remove. When peaks and valleys of surface are comparable, material removal
becomes easy as the shearing area becomes small, and this why the 1st zone shows more
finishing rate. In the second zone, most of peaks get flattened with few valleys as shown in Fig.
5.11 (d). Thus the improvement in surface roughness becomes negligible in the second zone.
After completion of the second zone of finishing, all valleys of surface also get vanished as
shown in Fig. 5.11 (c), and therefore it is important to know the time required for completion
of the second zone so that optimum surface finish can be achieved and over finishing of surface
can be avoided. Figs. 6.8 (a-c) show good agreement between simulated results and
experimental results as far as finishing time is concerned. However, there are some deviations
in surface finish due to the surface damages at lesser working gap as ductile materials are
amenable for zone-1 (gap < 0.5 mm).
6.4.1.3 Effect of KOH concentration on surface roughness
Effect of KOH is plotted in Figs. 6.8 (a-c) which shows that KOH resists in the reduction rate
of surface roughness. In general, aqueous KOH forms aluminium hydroxide followed by the
formation of alumina as shown in Fig. 4.44 of MD simulation. This oxide formation results in
less material removal rate and it also prevents against unwanted indentation of abrasive particle
on aluminium alloy, and scratches and digs formation are minimal. In case of chemical free
abrasion, abrasive particle leads to excessive surface damages as shown in Fig. 4.18 (d). Thus
the experimental results show higher roughness value than the simulated value in case of 0%
KOH as shown in Figs. 6.8 (a-b). It is also observed that the effect of KOH becomes very small
and difficult to distinguish if the working gap is higher or 1.5 mm as shown in Fig. 6.8 (c), this
result shows the least effect of the chemical assisted mechanical finishing of CMMRF process
as discussed in the chapter 4.
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6.4.1.4 Effect of working gap on surface roughness
Figs. 6.8 (a-c) are plotted with gap equal to 0.5, 1.0 and 1.5 mm respectively. Reduction in the
working gap increases polishing pressure which reduces the surface roughness faster and
reaches the critical surface finish in less time. For example, the times to reach critical surface
roughness are 5.5, 12.5 and 15 minutes for the working gap of 0.5, 1.0 and 1.5 mm,
respectively. It is also observed that the effect of chemical reaction on the reduction of surface
roughness is effective in case of low working gap, which means that the chemical reactions are
stress dependent in the present case of CMMRF process. After achieving the critical roughness
value, both simulated and experimental results are compared and it is found that there is a
deviation of 4 nm, 2.6 nm and 1.3 nm at working gap equal to 0.5 mm (zone-1), 1 mm (zone2) and 1.5 mm (zone-2), respectively. This deviation indicates that the experimental Ra is
higher from the simulated Ra value when aluminium is processed at zone-1 which validates
the conclusion made in Table 4.7 about the application of zone-2 for ductile materials. Hence,
it is also experimentally validated that the zone-2 is suitable to process ductile materials and
zone-1 damages more due to the formation of scratches on work-surface. In zone-2, i.e. at the
working gap equal to 1.5 mm, the critical roughness obtained by experiment is 1.3 nm more,
as the reactive-MDS shows that the material removal in aluminium occurs by breaking of
parent bonds and results in 1-3 atomic layer deviations which would be 0.4-1.2nm. Therefore,
the experimental results in zone-2 of CMMRF shows the critical Ra value of the order of few
nanometer.
Figs. 6.9 (a-c) are plotted with simulated results for the material removal in aluminium alloy
during different sets of CMMRF parameters. All these plots show a good agreement with the
experimental results.
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Linear material removal (nm)

Linear material removal (nm)

Linear material removal (nm)
Fig. 6.9: Variation in the depth material removal on aluminium alloy with finishing time, and
different levels of working gap and different KOH concentration. At working gap equal to (a)
0.5 mm, (b) 1.0 mm and (c) 1.5 mm.
6.4.1.5 Effect of finishing time on material removal
During initial time of finishing, the depth of material removal increases promptly and in nonlinear fashion as shown in Figs. 6.9 (a-c). Afterward, the material removal become slow and
almost linear relationship with time, as shown in Figs. 6.9 (a-c). In the beginning of finishing
(t = 0), the peaks are sharp and the cross-sectional area of peaks to be sheared is quite small,
hence, penetration rate (or, linear material removal rate) is quite high in Fig. 6.9. With time, as
these peaks get sheared off, the cross-sectional area to be sheared off keeps on increasing.
Hence, penetration rate keeps on decreasing which causes reduction in the slope of the linear
material removal for some time, thereafter it becomes constant and material removal increases
linearly with time, as shown in Figs. 6.9 (a-c).
6.4.1.6 Effect of KOH concentration on material removal
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Effect of KOH on the material removal is plotted in Figs. 6.9 (a-c) which show that KOH resists
the material removal. This effect is more in case of low working gap as compared between Fig.
6.9 (a) and Fig. 6.9 (c). This effect leads to the stress dependent surface oxidation by chemical
reaction as shown in Fig. 4.45, and therefore, reduction in material removal is observed when
KOH is added in the finishing medium.
6.4.1.7 Effect of working gap on material removal
Figs. 6.9 (a-c) are plotted with gap equal to 0.5, 1.0 and 1.5 mm respectively. Reduction in the
working gap increases polishing pressure which increases the depth of material removal. For
example, the depth of material removal in 15 minutes of 0% KOH are 886, 307 and 182 nm for
the working gap of 0.5, 1.0 and 1.5 mm, respectively. It is also observed that the effect of
chemical reaction on the material removal is effective in case of low working gap, which means
that the chemical reactions are stress dependent in the present case of CMMRF process as
discussed in chapter 4 of MD simulation.
Optical images of aluminium samples are captured and presented at three different states as
shown in Figs. 6.10 (a-c). Fig. 6.10 (a) shows the sample of aluminium alloy which is generated
by conventional turning process with feed of 0.12mm per revolution, in which the surface
texture of machining feed marks is also visible, and this surface also shows non-reflectivity for
the general optics application. Fig. 6.10 (b) shows a mechanically finished sample by using
fine diamond abrasive particles with mean diameter of 0.25 μm, which shows reflectivity with
haze. Fig. 6.10 (c) show the sample which is finished by CMMRF upto the critical roughness
value and it shows clear reflectivity aspect of the surface for the general optics application.
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Fig.6.10: (a) Surface of aluminium after turning process, (b) Surface of aluminium after
preparation for CMMRF process, and (c) CMMRF finished sample of aluminium at 5% KOH
and working gap equal to 1 mm.

Ra=2.0 nm
Rq=2.55 nm

Fig.6.11: Surface topography in 3D which shows nanometric smooth surface and the 2D
roughness profile shows Ra value equal to 2 nm.
Surface topography and the roughness profile of optimally finished surface of aluminium alloy
is also presented in Fig.6.11.
6.4.2. Results and discussion on Silicon
A series of experiments are conducted on silicon substrate as per Table 6.1-6.2 and the results
are presented in Table A4 of Appendix. Experimental results are plotted against the simulated
results of chapter 5, as shown in Figs. 6.12 (a-c) and 6.13 (a-c). These plots show reasonably
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good agreement with the simulated results. Effects of CMMRF parameters are discussed in the
following section for surface roughness as well as material removal.
6.4.2.1 Effect of process parameters on surface roughness of silicon substrate.
Before comparing the experimental and simulation results, critical surface roughness for the
CMMRF model is set to 0.04 nm, as discussed in section 5.3.2 of chapter 5. Figs. 6.12 (a-c)
show the effect of finishing time and the concentration of chemical at three different levels of
working gap.

∆Ra critical=2.5 nm

Zoomed view
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Fig. 6.12: Improvement in surface roughness on silicon substrate with finishing time, and
different levels of working gaps and KOH concentration. At working gap equal to (a) 0.5
mm, (b) 1.0 mm and (c) 1.5 mm.
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6.4.2.2 Effect of finishing time on surface roughness
During initial time of finishing, the reduction in surface roughness occurs exponentially as
shown in Figs. 6.12 (a-c). Thereafter, the rate of reduction in surface roughness becomes
extremely low which makes it almost asymptotic. This shows two zones of the improvement
in surface roughness, which is similar to earlier results of aluminium as presented in section
6.4.1.2.
6.4.2.3 Effect of KOH concentration on surface roughness
Effect of KOH is also plotted in Figs. 6.12 (a-c) which shows that KOH helps in the reduction
of surface roughness with time. Here, aqueous KOH chemically reacts with silicon and form
hydroxide and oxide which are softer than silicon. Thus, the oxide formation results in more
linear material removal rate and reduces the surface roughness faster as compared with 0%
KOH. It is also observed that the improvement in surface roughness occurs by increasing
percentage of KOH from 0% to 5%. By changing the KOH content from 5% to 10%, there is a
marginal improvement. It is therefore considered that more KOH may be causing the surface
damages at nanometric scale in forms of digs. Hence, % KOH needs to be small value so that
the finished surface shall be free from mechanical as well as chemical defects.
6.4.2.4 Effect of working gap on surface roughness
Figs. 6.12 (a-c) are plotted with gap equal to 0.5, 1.0 and 1.5 mm respectively. Reduction in
the working gap increases polishing pressure which reduces the surface roughness faster and
reaches the critical surface finish in less time. For example, the time to reach critical surface
roughness are 15, 40 and more than 40 minutes for the working gap of 0.5, 1.0 and 1.5 mm
respectively. At low working gap (0.5 mm) and 0% KOH, it is observed that the finished
surface results in more number scratches due to the mechanical abrasion of workpiece as seen
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in Fig. 6.7 (b), and hence, it yields in 2.5 nm higher value of critical Ra from the theoretical
value. In addition, it is also noticed that the time required for critical Ra is much lesser at the
working gap equal to 0.5 mm (zone-1) and zone-2 shows more time. Hence, the present study
validates the effect of zone-1 and zone-2 for brittle material as presented in Table 3.5 of
chapter-3.
Figs. 6.13 (a-c) are plotted with simulated results for the material removal in silicon substrate

Linear material removal (nm)

during different set of CMMRF parameters. All these plots are also discussed as follows.
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Linear material removal (nm)
Linear material removal (nm)
Fig. 6.13: Variation in the depth material removal on silicon substrate with finishing time,
and different level of working gap and KOH concentration. (a) at working gap=0.5mm. (b) at
working gap=1.0mm. (c) at working gap=1.5mm.
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6.4.2.5 Effect of finishing time on material removal
Material removal with finishing time show the similar trend of aluminium in which the initial
time of finishing removes material rapidly. Thereafter it becomes slow and almost linear
relationship with time, as shown in Figs. 6.13 (a-c). During initial stage of finishing, sharp
peaks get higher stress as the cross-sectional area to be sheared off becomes quite small, and
this stress causes more chemical softening towards higher MRR. When 90% of peaks are
removed then MRR becomes uniform and stable.
6.4.2.6 Effect of KOH concentration on material removal
Effect of KOH on the material removal is plotted in Figs. 6.13 (a-c) which show that KOH
assists to increase the material removal. This effect is more in case of low working gap as
compared between Fig. 6.13 (a), Fig. 6.13 (b) and Fig. 6.13 (c). This effect leads to the surface
softening by oxidation due the chemical reaction, and this is why, there is an increase in
material removal when extra KOH is added in finishing medium.
6.4.2.7 Effect of working gap on material removal
Figs. 6.13 (a-c) are plotted with gap equal to 0.5, 1.0 and 1.5 mm, respectively. Reduction in
the working gap increases polishing pressure which increases the depth of material removal.
For example, the depth of material removal in 15 minutes of 0% KOH are 361, 126 and 71 nm
for the working gap of 0.5, 1.0 and 1.5 mm respectively. The experimental results show less
material removal than simulated results when finishing time increases at 0% KOH. It is also
observed that the effect of chemical reaction on the material removal is effective in case of low
working gap, which means that the chemical reactions are stress dependent in present case of
CMMRF process. These results reveal that the trends for material removal and surface finish
are similar in both ductile and brittle except the phenomenon of hard passivation and soft
passivation, respectively.
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Ra=46 nm

Ra=6.2 nm

Ra=1.3 nm

Ra=0.6 nm

Ra=0.7 nm

Fig. 6.14: Effect of finishing time at working gap=1mm, 5%KOH on silicon at initial Ra=46
nm. Magnification level of optics:100X.

In previous two cases, it is seen that the simulated results match well with experimental results
except, the critical Ra value. The phenomenon of hard passivation is understood from Fig. 6.9
(a) in which it is observed that the addition of KOH reduces MRR. The phenomenon of soft
passivation is understood from Fig. 6.13 (a) in which chemical reaction assists to increase
MRR.
Surface texture of Fig. 6.12 (b) at 5% KOH is presented in Fig. 6.14 in which the texture is
captured at different time so see the improvement in surface finish. Optical images of silicon
samples are captured and presented at three different states as shown in Figs. 6.15 (a-c).
Fig. 6.15 (a) shows the initial sample of silicon substrate, which shows optically nonreflectivity for the general optics. Fig. 6.15 (b) shows a mechanically finished sample by using
diamond abrasive particles with mean diameter of 3 μm, which shows reflectivity with haze.
Fig. 6.15 (c) shows the sample which is finished by CMMRF upto the critical roughness value
and it shows clear reflective image.
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Fig.6.15: (a) Initial etched surface of silicon substrate, (b) Mechanically finished silicon
blank, and (c) CMMRF finished surface of silicon which show good reflectivity as compared
to the previous cases.
Surface topography and the roughness profile of optimally finished surface of silicon substrate
is presented in Fig.6.16.
Now, it is well understood that the chemical has a great impact for getting better value of the
critical surface finish. To validate this phenomenon further, one more set of experimental study
is carried out on copper alloy by varying concentration and composition of chemical species.
Experimental plan, results and discussions are presented in the following section.
6.5. Experiments on SS304L
The finishing parameters of this experimental study are designed as shown in Table 6.3, which
are obtained on basis of the MDS observations (Table 4.7). There are some fixed parameters
such as rotational speed: 300 rpm, working gap: 0.8 mm (i.e. zone-2 for tactful processing of
ductile workpiece), feed rate: 10 mm/min and finishing time: 60 min.
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Fig.6.16: Surface topography in 3D which shows Sa value equal to 0.14 nm and the 2D
roughness profile shows Ra value equal to 0.17 nm.
Table 6.3: Process parameters to finish SS304L using CMMRF experiments.
Stages of
finishing
1st step of
finishing
(Rough
finishing)
2nd step of
finishing
(Fine
finishing)
3rd step of
finishing
(Precision
finishing)

Experimental parameters of CMMRF
process
Size of electrolytic iron (Fe) particles: 40 µm,
Size of SiC abrasive particles: 25 µm,
Mixture of MR fluid by volume: Fe ( 20 % ),
SiC (15 %), Glycine (3 %), Glycerol (2 %)
and water (60 %).
Size if Carbonyl Iron particle (CIP): 1-5 µm,
Size of Al2O3 abrasive particles: 5 µm,
Mixture of MR fluid by volume: CIP (20 %),
Al2O3 (15 %), Glycine (3 %), Glycerol (2 %)
and water (60 %).
Size of CIP: 1-5 µm,
Size of colloidal silica (SiO2) abrasive
particle: 0.1 µm,

Condition of the sample
(workpiece)
Initial surface was taken with
Ra equal to 298 nm. The
nanofinished sample in this
stage is used for 2nd step of
finishing.
Initial roughness value for
this operation was taken as
the final roughness value of
the surface at the end of 1st
step. (Ra=125 nm).
Initial surface for this
operation was taken as that
of the sample prepared after
2nd step of finishing
operation. (Ra=21 nm).
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4th step of
finishing

5th step of
finishing
(Ultraprecision
finishing)

Mixture of MR fluid by volume: CIP (20 %),
SiO2 (15 %), Glycine (3 %), Glycerol (2 %)
and water (60 %).
Size of CIP: 1-5 µm,
Size of Al2O3 abrasive particle: 5 µm,
Mixture of MR fluid by volume: CIP (20 %),
Al2O3 (15 %), Glycine (3 %), Glycerol (2 %)
and water (60 %).
Size of CIP: 1-5 µm,
Size of fumed Silica (SiO2) abrasive particle
with size =5 nm,
Mixture of MR fluid by volume: CIP (20 %),
SiO2 (15 %), Glycine (3 %), Glycerol (2 %)
and water (60 %).

Initial surface for this
operation was taken as that
of the sample prepared after
3rd step of finishing
operation. (Ra=0.78 nm).
Initial surface for this
operation was taken as that
of the sample prepared after
3rd step of finishing
operation. (Ra=0.78nm).

Most of the workpiece are measured using optical profilometer (Make: Taylor & Hobson,
model: CCI), like initial surface of 1st step, surface finished after 1st step, surface finished after
2nd step, surface finished after 3rd step. For remaining measurement, AFM (atomic force
microscope) instrument (Agilent Technologies, Keysight Technologies, model: 5600LS AFM
system; software: Pico Image, Elements7.2) is used like, surface finished after 4 th step and the
surface finished after 5th step.
6.5.1. Results and discussion
The experimental results are presented in Figs. 6.17 (a-k). The initial surface of workpiece is
measured and characterised by CCI instrument and presented in Fig. 6.17 (a). The 3-D
topography of this surface shows, surface irregularities in the form of sharp and large asperities.
Therefore, 1st step of finishing process (as per Table 6.3) is used to reduce the surface roughness
as presented in Fig. 6.17 (b). This 1st step of finishing process is carried out by mechanical
abrasion, and hence the surface shows massive amount of scratches.
The surface roughness is further reduced by reducing material removal rate [141] that is by
reducing the indentation depth. This mechanism is implemented as 2nd step of finishing process,
wherein the indentation depth is reduced by taking fine abrasive particles (5 µm size). In this
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2nd step of finishing process, the surface roughness comes down from 160 nm to 26.9 nm (rms).
Since, the 2nd step utilises chemically inert abrasive particles, the finished surface shows nanoscratches, Fig. 6.17 (c). Figs. 6.17 (a)-(c) validate some mechanism which is derived after MDS
work like material removal on rough surface and leads to nanofinished surface with defects
(scratches and digs) during the mechanical abrasion based finishing process.
Figs. 6.17 (d)-(e) show the surface finished after 3rd step of finishing process. In this process,
a chemically active abrasive particle (0.1 µm dia. of colloidal silica which is medium size of
the abrasive) is used to generate defect free surface up to some extent. In this finishing process,
the surface topography and surface roughness profile (in 2-D) indicate some sort of surface
defects (scratch lines and digs). These types of minor defects in this process come because of
medium size (0.1µm dia.) of silica particle which also induces mechanical damage due to the
particle size. Furthermore, to validate the mechanical abrasion mechanism of MDS, experiment
is carried out as per 4th step of finishing.
In this mechanical abrasion process, the surface generated by the experimentation illustrates
about the material removal with more defects like scratches and digs as shown very clearly in
Figs. 6.17 (f)-(g). Therefore, in the last stage of finishing operation (5th step of finishing), 5 nm
size of colloidal fumed silica particles have been used as chemically active abrasive particles
and it leads to almost defect free surface, Figs. 6.17 (h)-(i).
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Fig. 6.17: CMMRF results on SS304L, (a) 3-D topography of initial surface, (b) 3-D
topography of surface generated after 1st step of finishing operation, (c) 3-D topography of
surface generated after 2nd step of finishing, (d)-(e) 3-D topography and 2-D profile of
surface generated after 3rd step of finishing, (f)-(g) 3-D topography and 2-D profile of surface
generated after 4th step of finishing, (h)-(i) 3-D topography and 2-D profile of surface of
surface generated after 5th step of finishing. To characterise the surface which is finished by
ultra-precision finishing (5th step), the AFM measurement was taken at small scanning area
(1.51µmx1.51µm) as illustrated in (j)-(k). (a)-(e) are measured using CCI (coherent
correlation interferometer) instrument, and (f)-(k) are measured by using AFM instrument.
To investigate the surface finish quality at atomic scale, AFM measurement is carried out on
the same sample generated by 5th step of finishing process, and presented in Figs. 6.17 (j)-(k)
in which scanning area was set to 1.51 µmx1.51 µm. The result shows the surface finish, Ra =
0.07 nm which is almost matching with ideal surface as per Eq. 5.19. This experimental work
is an evidence of a foremost finding of the MDS work as shown in Table 4.7.
Thus, the present work of MDS is useful to understand and optimise an abrasive based finishing
process for surface finish or material removal rate.
6.5.2. Comparison between simulation and experimental work
The MDS works of this paper are validated with experimental results, as presented in Table
6.4. In this study, it is found that the material removal with the help of chemically active
abrasive particles is highly precise and it can be controlled from cluster of atoms to few
numbers of atoms by reducing the depth of indentation during the finishing process. The
experimental result (Ra=0.07 nm) is very close to the theoretical value (Ra =0.064 nm).
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Table 6.4: Comparison between MDS and experimental works.
Step
No.
1

2

Finishing
MDS result
steps
Mechanical
finishingMaterial removal with
coarse abrasive
surface damages in
large scale, Fig.4.18
Mechanical
(d).
finishing-fine
abrasive

3

Chemomechanical
finishing –
medium size
abrasive

4

Chemical
assisted
mechanical
finishing –fine
abrasive

Experimental result

Remark

Sq: from 375 nm to
It indicates both
160 nm with massive aspects,
scratches.
material
removal from
Sq: from 160 nm to
the asperities
21 nm with massive
and scratches
nano-scratches.
on surface.
It indicates that
Material removal with
the chemical
minimal surface
assisted
Sq: from 21 nm to
damages. Ra can be at
material
2.24 nm with few
nanometric scale (1 nm)
removal
nano-scratches only.
with few nanodominates over
scratches.
the mechanical
scratching.
Generation of ideal
surface with
Both, MDS and
irregularities of 1-2
The finished surface Experimental
atomic layers. Ra can
shows Ra value
results are
be 0.05-0.1 nm,
equal to 0.07 nm.
matching as
Fig.4.54 (f) and
0.05<0.07<0.1
Eq.5.19.

6.6. Experiments on copper alloy
Literature survey of Cu-CMP shows that the work was carried out with a wide range of
polishing slurry such as alkaline slurry and acidic slurry in which nitric acid and ammonium
hydroxide based slurry were extensively studied.
It was found that copper gets dissolved in nitric acid and the dissolution rate also depends on
the concentration of nitric acid [142]. Dissolution of copper leads to the corrosion and it affects
CMP process negatively due to localized and global corrosion defects. To avoid corrosion
effects, corrosion inhibitors like BTA were also introduced to the CMP slurry which forms a
protective film (for passivation of work-surface) over workpiece and prevents excessive
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corrosion and dissolution [143,144] [117,262] and due to this surface damages during CMP
gets minimized.
Ammonium hydroxide has the ability to form complex compound on copper [145–149].
Therefore, copper can be passivated in alkaline medium without using acidic medium. A
literature survey was carried out to use aqueous ammonia for the behavior of complexing agent
and the dissolution mechanism [150].
Hence, CMMRF process is experimentally investigated on copper workpiece for both nitric
acid and ammonium hydroxide medium. In addition, the process is also optimized for better
surface finish and the same is reported and discussed to understand the process capability for
copper workpiece also.
In this investigation, copper alloy (OFE grade) has been selected to explore the capability of
CMMRF process for this material. Selection of chemical is one of the main aspect of CMMRF
and based on literature survey it was found that nitric acid and aqueous KOH were used in
CMP to see their effect on material removal rate. Hence, present work is focused to select
suitable chemical, and in this direction, experiments are carried out as follows.
6.6.1. Plan of experiments
To study the effect of chemical, pH value of the medium is varied from 3.1 to 12.4 by changing
the concentration of nitric acid and aqueous ammonia as shown in Table 6.5. In the present
case, pH value is required to enhance polishing rate. It is measured by a pH meter (HANNA
instruments BL 931700-0).
Table 6.5: Chemical composition, slurry in % volume.
Chemical Deionised Glycerine Ammonia Nitric Benzotriazole Alumina
water
acid
(BTA)
abrasive
Value
56 to 66
1.9
0 to 10
0 to 10 0.1
10

CIPs
20
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Here, BTA is used as a corrosion inhibitor and, acidic as well as basic media, as polishing
slurry have been explored to study final finishing value. The physical parameters are taken
from earlier work {feed = 5 mm/min; RPM = 250 rpm; working gap = 1.5 mm; finishing time
= 1 hr} and chemical aspects have been studied and optimised.
6.6.2. Results & discussion on copper
Table 6.6: Results of CMMRF on copper
Sr. No.
1
2
3
4
5
6
7
8

pH value
12.4
12.2
11.7
7.0
4.4
3.7
3.4
3.1

Final surface roughness, Ra (nm)
28.0
25.0
14.0
9.0
4.2
2.5
5.8
7.0

Fig.6.18: Effect of acidic and basic species on critical finishing value of CMMRF on copper.
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Final roughness results after experiments are tabulated in Table 6.6. These results have also
been plotted and presented in Fig. 6.18. It is seen that as the pH value decreases, the surface
finish value improves and after reaching certain level, it starts deteriorating. Hence, the pH
value plays an optimal characteristic for the perspective of surface finish. In the region 1 of
Fig. 6.18, concentration of ammonia is used to change the pH value from 12.4 to 7.0 by varying
it from 10% to 0%. Herein, ammonia degrades the surface integrity as the surface topography
shows the generation of porous surface when high amount of aqueous ammonia (10%) is used,
and it is presented in Fig. 6.19.

Ra =29 nm
Rq =42 nm

Fig.6.19: CMMRF finished copper (Ra = 28 nm) with 10% ammonia (Sr.N.1)
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When percentage of ammonia reduced upto zero and pH value of slurry is maintained to 7.0
then the roughness value is reduced but the surface defects are found more in terms of scratches
as shown in Fig.6.20. This is happening as finishing is done without any chemical reaction and
superficial layer of surface gets exposed for pure abrasion by mechanical interaction with hard
abrasive particles directly. Fig.6.20 shows few scratch lines, which are generated because of
pure mechanical abrasion (without chemical reaction) on the superficial layer due to ductile
failure (shearing action) as discussed in section 4.2.1 of chapter 4. These scratches belong to
nano-scratches as their depth and width are few tens of nanometres.

Ra = 9 nm
Rq =13 nm

Fig.6.20: CMMRF finished copper (Ra = 9.0 nm) without ammonia and nitric acid (S.N.3)
In case of acidic media (or nitric acid), surface finish improves as shown in the region 2 of
Fig.6.18. As acidic concentration increases, surface finish enhances upto some extent but
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surface becomes rougher beyond 0.4% of nitric acid (v/v), i.e., 3.78 pH value. The reason to
get such nanometric surface finish in acidic medium is similar to the earlier case of aluminium.
The surface topography of such copper surface is presented in Fig. 6.21.

Ra =2.5 nm
Rq =3.2 nm

Fig.6.21: CMMRF finished copper (Ra = 2.5 nm) with 0.4% nitric acid (S.N.5)

Fig.6.22: CMMRF finished copper (Ra = 2.5 nm) with 0.4% nitric acid. Nano-finished
surface shows optical reflectivity as compared to initial surface.
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Optical image of optimally finished workpiece of copper is presented in Fig.6.22. These
samples show good quality of reflection for general optics application.
6.7. Summary
In this chapter, experimentations, results and discussion were reported on ductile as well brittle
materials. Important aspects of these works are summarized as follows.
 During initial time of finishing, surface roughness reduces exponentially with respect
to finishing time. Afterward, the rate of reduction in surface roughness becomes
extremely slow and tends to be asymptotic in respect of the finishing time. This effect
is observed because of the sharp peak for higher chemical reaction followed by
mechanical abrasion. After removal of all peaks and valleys of the surface roughness
profile, critical surface roughness gets maintained with time. This critical roughness
depends CMMRF process parameters like hardness and size of abrasive particles,
chemicals for chemical assisted mechanical finishing and other physical parameters like
working gap, magnetic field, feed, and rotational speed.
 In case of ductile material like aluminium alloy, the chemical reaction of CMMRF
process resists the material removal. However, brittle material like silicon gets higher
material removal due to the chemical reaction. Hence, it can be stated that the ductile
materials form hard passivation layer and brittle materials form soft passivation layer
during CMMRF process.
 Aluminium shows more deviation of critical surface roughness from the theoretical
value when it is processed in zone-1, i.e. 4 nm. This deviation comes down upto 1.3 nm
when it is processed in zone-2. Experimental results also support to process ductile
material in zone-2 and brittle material in zone-1 from efficient utilisation of CMMRF.
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 Effect of chemical is also investigated on copper alloy and it is found that the pH value
near to the acidic zone (0.4% of nitric acid) yield the surface finish better than 3.0 nm.
However, high pH value leads to the formation of pores on the finished surface and the
neutral solution of results in surface damages such as scratch lines.
 In this chapter, CMMRF is used to generate surface finish on three different materials
with Ra value equal to 2 nm, 0.2 nm and 2.5 nm in poly-crystalline aluminium, single
crystalline silicon and poly-crystalline copper.
----------X----------
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Chapter-7
CONCLUSIONS AND SCOPE FOR FUTURE WORK
7.1 Conclusions
In the present work, CMMRF process is modelled and simulated at atomic scale and
macroscopic scale followed by experimental validation. On the basis of modelling, simulation
and experimental work done, following are the main conclusions drawn.
 CMMRF process is capable for defect-free finishing of ductile and brittle materials at
nanometric scale.
 MR fluid stores magnetic energy under the influence of magnetic field, and it builds a
flexible polishing pad in fraction of a second (<1 s). This MR fluid applies polishing
pressure on the work surface under squeeze mode.
 Polishing pad of CMMRF has two zones of operation as far as working gap is
concerned. These two zones have been identified to process a wide range of engineering
materials. Wherein, hard and brittle materials can be processed in zone-1 which needs
high precision machine to maintain consistent working gap in the band of 0.2 to 0.5
mm. Zone-2 (gap > 0.5 mm) is identified to process ductile and malleable materials in
which machine accuracy and precision are not so critical.
 Sedimentation of MR fluid can be mitigated by sodium stearate for nano-coating on
CIPs (studied by DFT modelling).
 Material removal at atomic scale happens by the principle of adhesion-de-bonding
which also leads to the phase transformation towards the formation of sub-surface
defects. These phase transformations are recoverable in case of ductile material like Al,
and these phase transformations are irreversible in case of brittle material like Si.
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Material’s flow stress for abrasion becomes near to the theoretical value of shear
strength, i.e. G/2π irrespective of other properties of material (studied by MDS).
 Chemical reaction occurs in three stages viz. adsorption, absorption and finally
passivation layer to stop further reaction. The passivation layer becomes soft or hard
layers, which depends on the type of work material.
 During chemical assisted mechanical finishing (CAMF) of CMMRF, the chemical
reaction increases by reducing working gap. Material removal in CMMRF process
mainly depends on chemical reaction on the workpiece as the removed material belongs
to the product made by chemical reaction. A model for this phenomenon at macroscopic
scale is constructed based on the atomic scale model. This macroscopic model is helpful
to understand the process.
 MDS result helps to bring down Ra value from 300 nm to 0.07nm on SS304L by
applying rough finishing (with coarse and hard abrasive particles), fine finishing (with
fine and hard abrasive particles), precision finishing (with micron size and chemically
active abrasive particles), ultra-precision finishing (with nanometric size and
chemically active abrasive particles).
 Chemically passivated layer helps to protect surface of parent material against
mechanical damage in case of aluminium as a ductile material, and due to this MRR
also reduces as the concentration of KOH chemical increases. However, in case of
silicon as a brittle material, material removal increases with concentration of KOH. This
effect enhances significantly when abrasion force increases by reducing working gap,
and this is due to the fact that the ductile materials form hard passivation layer and
brittle materials form soft passivation layer.
 CMMRF process has capability to generate surface finish near to the theoretical value
on single crystalline as well poly-crystalline materials.
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 The surface roughness reduces exponentially with finishing time during initial few
minutes, thereafter, the reduction in surface roughness becomes extremely slow with
respect to the earlier effect. After enough time (50 minutes in case of aluminium) of
finishing, the improvement in surface roughness becomes almost asymptotic which is
a deciding factor to stop and complete the processing of CMMRF process.
 In CMMRF process, surface damages are avoided due to the chemical reaction by
creating hard layers on ductile materials, and soft layers on brittle materials.
 Critical surface roughness depends on the process parameters like hardness and size of
abrasive particles, type of chemical and other physical parameters like working gap,
magnetic field, feed, and rotational speed. To achieve the critical roughness near to the
theoretical value, parameters of process need to be optimised.
 During nano-finishing of copper alloy in CMMRF process, acidic medium or low pH
(0.4% of nitric acid) yields the surface finish better than 3.0 nm. However, alkaline
medium or high pH value leads to the formation of pores on the finished surface, and
the neutral solution results in surface damage such as scratch lines.
7.1.1 Scientific contribution
From the presented research work, following scientific contribution is made.
 A comprehensive understanding of CMMRF process is established from theoretical as
well as experimental point of view. This process has unique capability to generate
defect-less nanofinished (in some cases, sub-nanometer level) surface on both brittle as
well as ductile materials.
 Physically stable MR fluid is synthesised by using sodium stearate in water base
medium for CMMRF application.
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 Two different zones, namely zone-1 and zone-2 of working gap are identified for
nanofinishing of brittle and ductile materials respectively.
 Formation of soft passivation layers on brittle materials and hard passivation layers on
ductile materials are identified by MDS during CMMRF process.
7.2 Scope for future work
As CMMRF is a new process developed, and the present work includes theoretical study of the
process at atomic scale and macroscopic scale with few experimental study to understand the
process mechanism and its capability. There is a scope for further research left out which is
categorized and listed as follows.
7.2.1 Multi-scale modelling and simulation
In the present work, modelling of process is carried out using quantum chemical modelling,
molecular dynamics modelling, computational fluid dynamics and finite element analysis
separately. These modelling works are carried out in different time and space domain to
understand the process behaviour right from atomic scale to macroscopic scale. Though,
coupling of all these models will reveal some more scientific outcome of the process. Hence,
applying and studying CMMRF process by using multi-scale modelling will be more accurate,
and essential for the future work.
7.2.2 Optimization of CMMRF process: There is a scope to optimize this process from various
aspects so that the surface finish can be achieved near to the theoretical value for various workmaterials. The type of optimization is mentioned as follows.
1) Design of finishing head: Size and shape of magnet for the finishing head.
2) Design of MR fluid: Size and type of magnetic particle.
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3) Steps of finishing: During MDS and experiments on SS304L it was observed that by
implementing 4 steps of finishing with various parameters results surface finish near to
the theoretical value. Hence, these steps and their types need to be optimised for various
materials so that surface finish can be optimised.
4) Abrasive particle: Effect of the size and type of abrasive particle also need to be
optimised for a particular work-material and a data bank shall be created for various
materials.
5) Process parameters: All other process parameters like, speed, feed, time, working gap,
chemical concentration, etc. also need to be optimised.
7.2.3 Experimental and theoretical study to finish 3D surface
CMMRF has capability to finish 3D surface as it utilises flexible pad made by MR fluid. Hence,
there are some area which needs to be carried out towards development of CMMRF process
for 3D finishing.
1) Design of polishing pad to generate similar amount of polishing pressure everywhere
of the 3D surface. In this design centripetal force needs to be obtained by generating
high magnetic flux density along a specified path to generate centripetal force due to
the rotational speed of the finishing head. When the centripetal force is more than
centrifugal force, will lead to flow particles of MR fluid in an elliptical path which can
generate enough amount of polishing pressure everywhere in 2D as well as 3D surfaces.
2) Experimental study with various types of such polishing pad. An initial experiment was
carried out on a corrugated diaphragm of stainless steel and it was found that the
finishing rate becomes somewhat similar at crests and troughs of the diaphragm.
3) CFD simulation to understand the significant parameters for such 3D finishing and the
design criteria to fabricate such polishing pad.
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7.2.4 Sensitivity analysis of CMMRF: CMMRF does material removal because of finishing
force or polishing pressure as shown in MDS result of Fig.4.41. Force is highly sensitive to the
rate of change in working gap as shown in Fig. 3.5 in which sharp jump in force is observed
when gap changes at a given feed along axial direction. Hence, experimental study of such
aspect would be another part for the future work as follows.
1) Modeling and simulation of sensitivity of CMMRF due to working gap, feed rate
magnetic field, and magneto-rheological property of MR fluid.
2) Effect of the sensitivity of CMMRF on surface quality by experimental study and
mathematical modeling.
7.2.5. Theoretical and experimental study of shear stress in CMMRF: In present work,
polishing pressure is used for finishing by assuming that the polishing pad of MR fluid is stiff
enough. Hence, following future works are outlined.
1) Numerical simulation computation of shear stress using FEA-CFD integrated
modeling.
2) Computation of shear stress during 3D finishing of un-even surface.
3) Experimental investigation.
----------X----------
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APPENDIX

Table A1: Sedimentation depth with varying time for different types of MR fluids. Where
D.L. indicates the demarcation line.
MR fluid-1
Time Position of
(s)
D.L. (mm)
70
0.6
149
1.2
209
1.8
278
2.6
358
3
477
3.8
557
4
716
4.4
955
4.6
1193
4.8
1670
5
2028
5.2
2983
5.6
4295
5.8
5170
5.9

MR fluid-2
Time Position of
(s)
D.L. (mm)
120
2
150
2.4
180
2.8
250
3
300
3.4
330
3.6
500
3.8
530
4
680
4.2
860
4.4
1190
4.6
2980
5
6000
5.2
7000
5.2
8000
5.2

MR fluid-3
Time Position of
(s)
D.L. (mm)
60
1
100
1.6
280
3
360
3.2
500
3.4
700
3.4
900
3.6
1380
3.6
2520
3.8
4000
3.8
6000
3.8
7000
3.8
8000
3.8
9000
3.8
10000
3.8

A1: Details for the ‘molecular simulation’ packages used in this thesis
ORCA: ‘ORCA version 3.0.3’ program is used to conduct density functional theory (DFT)
simulation towards studying the quantum chemical interactions between two different species.
ORCA 3.0.3 program is an ab-initio, DFT, and semi-empirical SCF-MO package, which was
developed by Frank Neese and his group at the Max Planck Institute for Chemical Energy
Conversion. This is open-source software and available free of cost.
Avogadro: ‘Avogadro version 1.2.0’ is a free cross-platform molecular editor for molecule
builder, editor and visualizer in the field of computational chemistry, molecular modelling,
bioinformatics, materials science, and related areas. This software is used for building the

231

molecule and atom files for DFT simulation. Avogadro software is also used to visualise and
analyse the results obtained after DFT simulation.
VMD: Visual molecular dynamics (VMD), version 1.9.3, is a molecular modelling and
visualization software developed by University of Illinois at Urbana-Champaign, and it is
available free of charge. VMD is used in thesis to build multiple water molecule for reactive
MDS, as water molecule is stored in the library of VMD software. VMD software is also used
to visualise and analyse the results obtained after DFT simulation.
LAMMPS: Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was
developed by Sandia National Laboratories for classical molecular dynamics simulation and it
is open-source software available free of charge. In this thesis, LAMMPS is used for classical
MDS and reactive MDS.

A2: Details of Chemical building for reactive-MDS
Details about chemical building for MDS: Steps to build the data file for a specific chemical
to simulate using LAMMPS, following steps have been implemented.


Initialisation of a set of molecules under the specified geometric region in a box of
XYZ by using VMD and modification using Avogadro.



Optimisation of molecules structure in Avogadro, and building a XYZ file.



Loading of the XYZ file in VMD followed by conversion of the Avogadro generated
XYZ file to VMD generated XYZ file.



Formatting of the final XYZ file needs to be re-arranged in following format using
Microsoft Excel.
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File name (LAMMPS does not read this line)

Number atoms  (Number belongs to the total number of atoms in this data file)
TYPES atom types  (TYPES belongs to the total variety of atoms in this data file)
X1 X2 xlo xhi (X1 & X2 are minima and maxima value along X-axis respectively)
Y1 Y2 ylo yhi (Y1 & Y2 are minima and maxima value along Y-axis respectively)
Z1 Z2 zlo zhi (Z1 & Z2 are minima and maxima value along Z-axis respectively)
Masses

TYPE#

MASS  (TYPE# is type of atom ID in numeric, and MASS is their

mass)

Atoms

SrNo TYPE#

CHARGE

X

Y

Z  (serial no, Atom ID, Charge

value, & location)
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Fig. A1: Detailed schematic diagram of CMMRF system

Fig. A2: Drawing of the CNC stages with overall dimension in ‘mm’.
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Fig. A3: Drawing of the spindle assembly with overall dimension in ‘mm’.

Fig. A4: Drawing of the slurry circulatory system with overall dimension in ‘mm’.
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Table A2: Detailed specifications of CMMRF system
Sr.
No.
1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21

Parameter

Value

Controller for X, Y and Z stages
Controller for X, Y and Z stages Computer Numerical Control (CNC)
Accuracy of CNC stage
Within 5 μm
Repeatability of stages
Within 2 μm
Travelling capacity along X-axis 1500 mm
Travelling capacity along Y-axis 500 mm
Travelling capacity along Z-axis 200 mm
Operating platform for CNC
Windows XP
Controller for slurry circulatory system
Controller for slurry circulatory Supervisory control and data acquisition
system
(SCADA) based programmable logic controller
(PLC)
Operating platform for CNC
Windows XP
Monitoring parameters
pH, Flow rate, flow pulses (on & off time),
stirrer pump
Alarm
Based on the specified value of pH range
Parameters for CMMRF processing
Spindle speed
0-2000 rpm
Power rating of spindle motor
0.4 kW
pH range of pH electrode
0-13 pH
Stirrer speed
5-550 rpm
Capacity of each tank of slurry
5 litre
Speed of peristaltic pump
10-196 rpm
Maximum pump flow
314 ml/min with 4mm of pipe ID
Pump pressure
1.96 bar
Magnet for polishing head
Nd-Fe-B Alloy with N50 grade
Slurry in-feed
Through orbital holes
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Table A3: Experimental results of CMMRF on Al 6061:T6
Sr. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Working
gap (mm)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

%KOH

Time (minute)

0
0
0
0
0
5
5
5
5
5
10
10
10
10
10
0
0
0
0
0
5
5
5
5
5
10
10
10
10
10
0
0
0
0
0
5
5
5
5
5
10
10
10
10
10

0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
2
5
10
15

Depth of material
removal (nm)
0
332
490
720
886
0
280
420
590
700
0
237
360
495
613
0
126
178
253
307
0
113
154
217
270
0
97
132
186
234
0
70
98
148
182
0
72
113
152
193
0
67
92
138
163

Final surface
finish (nm)
48.2
7
5.5
4.8
5.1
49.7
20
3
2.5
2.4
45.1
26.4
5.8
3
2.7
46.8
28
13
4.7
4.6
48.8
33
22
3
2.2
45
36
26.4
8.2
4.3
48.2
34
24
7.6
2.8
47.3
33.7
25.7
6.4
2.0
45.9
35.8
28
10.2
2.4
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Table A4: Experimental results on Silicon substrate
Sr. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Working
gap (mm)
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

%KOH

Time (minute)

0
0
0
0
0
5
5
5
5
5
10
10
10
10
10
0
0
0
0
0
5
5
5
5
5
10
10
10
10
10
0
0
0
0
0
5
5
5
5
5
10
10
10
10
10

0
2
5
10
15
0
2
5
10
15
0
2
5
10
15
0
10
15
30
40
0
10
15
30
40
0
10
15
30
40
0
10
15
30
40
0
10
15
30
40
0
10
15
30
40

Depth of material
removal (nm)
0
124
226
284
361
0
218
347
479
558
0
235
382
524
613
0
97
126
172
190
0
152
187
262
286
0
167
196
282
308
0
58
71
102
118
0
69
86
119
138
0
78
97
132
149

Final surface
finish (nm)
45.8
34
24.3
8.3
2.8
42.7
21.3
4.7
0.5
0.4
47.5
18.7
2.7
0.4
0.26
47.2
25.4
19.8
3.5
0.8
46
15.4
6.2
0.62
0.54
44.6
14.3
4.2
0.53
0.51
42.8
34.8
31.7
17.2
10.7
43.2
32.5
27.8
12.9
5.4
44.6
28.7
23.4
11.3
3.2
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