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Abstract

The surface roughness of any component is a major concern in the medical, automotive,
aerospace, military, and other industries. The performance and life of the components depend
primarily on their surface quality. The components explored in the current study for finishing
purposes are miniature gear and poppet valve. The poppet valve accurately regulates the perfect
air/fuel mixture into the combustion chamber of a gas propulsion engine or internal combustion
(IC) engine to reduce hydrocarbon emissions. Miniature gears are used in biomedical devices
for pumping, cutting, and various other works, also in small servo motors, which are widely
used in the UAVs, automotive, and aerospace industries. Previous finishing methods
(mentioned in the literature) generate defects like burrs, pits, scratches, dents, etc. The uniform
nano-scale finishing on such components is tough to achieve due to constraints related to the
fixture design and fixture material. The surface roughness requirement of these complex
components is at the nanometer level and should be uniform over the entire surface. The
rotational magnetorheological fluid-based finishing (R-MRFF) process is proposed in the
present study to counteract the problems faced during finishing miniature gear and poppet valve
profiles while providing the required uniform surface finish and surface characteristics. A novel
flow restrictor and workpiece fixture are designed and developed to uniformly nano-finish
SS316L miniature gear teeth profiles. Also, a novel magnet fixture is designed and developed
to nano-finish Nickel-Al-Bronze alloy (AB2 grade) based poppet valve ridge profiles
uniformly. Magnetorheological polishing (MRP) fluid is used in the R-MRFF process to finish
both components.

For designing the proposed uniform flow restrictor, first of all, uniform magnetic flux
density, normal and shear stress distributions are calculated along the gear teeth profiles. For
this purpose, magnetostatic fluid-flow analysis is carried out using a finite element (FE) based
Comsol® Multiphysics software package. Further, based on FE analysis results, the optimum
uniform flow restrictor and workpiece fixture model is designed among different proposed
geometries of uniform flow restrictors. Three types of MR polishing media with varying sizes
of iron particles and different abrasives concentrations have been prepared. After finishing with
the novel workpiece fixture and Type-111 MRP media, the minimum surface roughness (Ra) of
the gear-tooth involute profile was decreased to 34.3 nm and 24.5 nm (without and with using
a uniform flow restrictor, respectively) from its initial value of 265 nm. No recast layer, pits,

or dents were observed on the finished surface. While finishing with the uniform flow
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restrictor, almost the same surface roughness values are achieved at each gear tooth profile.
From the analysis of variance (ANOVA), each process parameter's influence on % ARa and
MRR are analyzed, and significant process parameters are selected. The value of the optimized
process parameters, i.e., a volumetric proportion of IPs/SiC abrasives, extrusion pressure, and
rotational speed of magnets, are 1.5, 35 bar, and 109 rpm, respectively, obtaining 90.75%
improvement in Ra and 0.00118 g/min MRR. After comparing the predicted and experimental
(validation experiments) results of % ARa and MRR, the maximum error is found to be less
than 10 %, which depicts the feasibility of the proposed model. Surface roughness simulation
and material removal model are also performed using finishing force analysis and FEA
findings. The maximum percentage error of 11.5% and 8.69% between experimental and
simulated MRR and surface roughness, respectively, was observed for miniature gear teeth
profiles using a flow restrictor, which is also within a feasible limit.

Magnetostatic simulation is conducted using FEA based Ansys® software package to
optimize the size, location, and the number of permanent magnets for poppet valve profile
polishing. Three MRP fluids are prepared in an acid-based medium having carbonyl iron
particles (CIPs) and SiC abrasives. Type-3 MRP media generates more oxide layer on poppet
valve profiles, which improves its chemical inertness and corrosion resistance capability. After
finishing the poppet valve, the achieved final surface roughness value is 20.1 nm from its initial
value of 320 nm. Also, an ANOVA study is carried out to develop the statistical model. The
quadratic regression equation predicts 93.25% improvement in Ra, at optimum process
parameter conditions of 900 rpm rotational speed, 0.01 mm/min feed rate of poppet, 35% CIPs
concentration, and 7% abrasives concentration. The predicted results are validated with
experiments. A magnetostatic fluid-solid-interaction simulation of the R-MRFF process is
conducted to study normal and shear stress distribution on poppet valve profiles during
finishing. Surface roughness simulation and material removal modelling are also performed
using finishing force analysis and FEA findings. The maximum percentage error of 12.87%
and 11.5% between experimental and simulated MRR and surface roughness, respectively, was
observed within a feasible limit for poppet valve profiles. The R-MRFF process will enhance
the sealing effectiveness between super-finished poppet valve and its seat to reduce

hydrocarbon emissions at elevated pressures and temperatures during its use.
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Chapter 1 Introduction and Literature Survey

1.1 Introduction

The functional requirement of the components and safety and aesthetic compulsion makes it
necessary to improve the surface characteristics before putting it into useful applications.
Therefore, it is crucial to achieve a superior surface finish very close to dimensional precision.
Also, 3D complex components are being found more useful in today’s industries, leading to an
increased demand for nano-finishing. The abrasives trapped within carbonyl iron particles
(CIPs) chains of magnetorheological polishing (MRP) fluid are mainly responsible for surface
finishing. The traditional finishing methods are comparatively less valuable in the case of 3D
complex surface finishing due to the lack of better controllable finishing forces and constraints
in tool movement. Magnetorheological fluid based finishing processes have better control over
the finishing forces and more flexibility in tool movement over various surfaces. MRP fluids
are a class of new intelligent material whose rheological characteristics change rapidly and can
be controlled easily in the presence of an applied magnetic field. The devices based on MRP
fluids are dampers, brakes, clutches, polishing devices and hydraulic valves, etc. These devices
have a very promising potential future. Some have been commercially used in engineering
applications such as automobiles, polishing machines, exercise equipment, aerospace and even
biomedical, etc.

The MRP fluid based finishing processes include magnetorheological finishing (MRF),
magnetorheological jet finishing (MRJF), magnetorheological abrasive flow finishing
(MRAFF), rotational-magnetorheological abrasive flow finishing (R-MRAFF) and ball end
magnetorheological finishing (BEMRF), etc. Most of these processes have been developed in
the recent past. They have been employed to produce optical, mechanical, and electronic
components with a micrometre or sub-micrometre form accuracy and surface roughness within
nanometre range with hardly any surface defects. These polishing methods have been widely
used to ultra-finish the complex components of many industrial and aerospace equipment.
Some complex components are gears, bearings, brakes, clutches, control valves (poppet, spool,
and rotary), moulds, tubes, barrels, cylinders, pump-rotors, injector-nozzles, and spring collets,

etc.
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1.2 Complex Surface Finishing Processes
Different complex surface finishing processes are described in the present section.
1.2.1 Overview of Finishing Processes

Surface finish is a combination of three factors on which it is dependent: surface roughness,
surface waviness, and lay. The schematic of surface roughness, waviness and lay is shown in
Fig. 1.1.

Surface Roughness

Fig. 1.1 Representation of surface roughness, waviness, and lay [1]

Surface roughness is defined as surface irregularities that are finely and uniformly spaced. In
the field of manufacturing, only surface roughness is known as surface finish. Roughness,
waviness and lay together are called Surface texture instead of surface finish. Surface waviness
is surface irregularities that are irregularly spaced. Lay is the pattern that is formed due to
machining operations on the surface like planning, shaping, grinding, etc.

The products with high surface roughness will have little life span because of corrosion
and wear. No one would expect such a life span from their purchased product after spending
their earned money. To achieve a better life span of products, whether it is huge or miniature
size, only one solution is there: proper finishing of products. Surface finish is performed by
these three processes, i.e., machine finishing, surface treatment, and surface coating. Our scope
is only machine finishing. The surface finishing procedure is shown in Fig. 1.2. The surface
finishing processes are classified into various traditional, non-traditional (advanced) and hybrid

processes. The various classifications of machine surface finishing processes are shown in Fig.

1.3.
Machine Surface Surface
Finishing Treatment coating

Fig. 1.2 Processing of surface finish
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Traditional

Advanced

Fig. 1.3 Classification of surface finishing processes

1.2.2 Traditional Finishing Processes

In the traditional finishing process, friction between the abrasive/abrasive tool and the
workpiece is responsible for material removal and producing a good surface finish with close

tolerance. This process is simple and does not require hefty machine knowledge.

1.2.2.1 Grinding

Grinding, an abrasive machining process, is widely used as a finishing process. In this process,
a grinding wheel laced with the abrasive particle is used to finish the surface of the workpiece.
This process gives more material removal rate compared to other traditional finishing
processes. Here abrasion is the reason for material removal. Mizugaki et al. [2] attached an
elastic grinding wheel with felt buff to the end effector of an industrial robot. It can easily
follow the profile path of the complex surface due to its higher degree of freedom incorporated
with the industrial robot. Huang et al. [3] reported the finishing of turbine-vane overhaul using
sand belt grinding wheel. Shiou et al. [4] used a spherical grinding tool to finish complex
surfaces of a plastic injection mould steel on a CNC machining centre. They developed the
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spherical grinding tool and its alignment components. The Schematic diagram of the spherical

grinding process is shown in Fig. 1.4 ().

1.2.2.2 Honing

Honing is performed by a honing tool or honing stone which is actually an abrasive stick or
abrasive stone. After applying pressure, the honing tool abrades the workpiece surface along a
predefined path. Weulu and Timmermann [5] used honing stone to finish the complex surface
of dies and moulds. The honing stone is attached to the six-axis robot for better flexibility.
Nowicki and Szafarczyk [6] attached abrasive sticks having two or four degrees of freedom
with the machining head of an NC milling machine. The abrasive sticks rotate with the machine
head, and feed is given to the workpiece in X, Y and Z directions. A non-conventional honing
is also used to achieve low surface roughness on complex surfaces made of alloy steel [7].

1.2.2.3 Lapping

The lapping process provides a high degree of surface flatness by pressing a lap over the
workpiece with abrasive media in between them. It ensures proper match of surfaces. A
conditional ring or retaining ring maintains uniform slurry distribution. Jack and Mohsen [8]
studied the lapping and superfinishing effects on hypoid gears for transmission errors. Lapping
improves surface finish drastically; however, during gear rolling, surface quality considerably
decreases. Fulmali and chadge [9] discuss the role of the lapping process in valve industries. It
is used for different types of valves and their seats. The size and type of abrasives used for
valve lapping depend upon the finishing requirements. The basic lapping process is shown in
Fig. 1.4(b).

A

Down press

. \ Scallop height Retaining ring ‘
- v
, R Workpiece

Workpiece

Grinder ball

Feed
Plunge grinding » (Step-overdistance)

- i
feed rate ‘V\. v - o)

(@) (b)
Fig. 1.4 (a) Schematic diagram of the spherical grinding process [4] and (b) lapping process
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1.2.3 Advanced Finishing Processes

1.2.3.1 Abrasive Flow Machining

Extrude Hone first developed the AFM technology in the 1960s to finish complex internal
shapes and targeted surfaces. Even in the most restricted locations, AFM may process more
holes, gaps or sides in one activity [10]. AFM was earlier employed to polish stereolithography
models [11]. The AFM could effectively polish components from mild aluminium to robust
nickel alloys, ceramics, and carbides [12]. There are three types of AFM that have been
developed so far, i.e., one way AFM, two way AFM, and orbital AFM (Fig. 1.5). In the case
of one way AFM, the piston exerts force from one side only. The abrasive medium passes over
the component and leaves from the other area of the system. In the case of two way AFM, a
semi-solid media laden with abrasives is moving in an upward and downward direction through
a path constricted by the component, with the help of two vertically opposite cylinders
connected to a hydraulic unit. In general, two way AFM is mostly used in AFM technology. In
the orbital AFM process, fast, lower amplitude fluctuations of the component against a self-
shaping elastoplastic abrasive system help to achieve the desired surface and edge finish. The
various developments in the AFM process have been in use for a wide range of finishing

applications.

Upper medium Orbital FloWing pad

Hydraulic )
- Pist . .
cylinder & = vnbratlon—l> of media

cylinder
Workpiece

Workpiece Workpiec
f = "—l."— < SR * :
‘ l AFM media 4 1 : l ‘
| |'> CahFaE Lower me—dium -
Ilixtrusmn medium chambeﬂ cylinder
(a) (b) (©)

Fig. 1.5 Different kinds of AFM process: (a) one way, (b) two way, and (c) orbital AFM

The AFM media that is used for finishing cannot be re-used; hence, the whole process becomes
costly. Also, the viscosity increases in those portions at which the flow passage is constrained
and thus, abrasion occurs. Also, the viscosity of the AFM process cannot be controlled

externally [13].
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1.2.3.2 Magnetic Abrasive Finishing (MAF)

In the traditional AFM method, a magnetic field was introduced all over the test specimen to
establish a new innovative technique called magnetically assisted AFM (MAAFM) [14]. In this
process, usually ferromagnetic particles are sintered with fine abrasive particles (Al2Os, ZrO-,
CeOy, SiO; (silica), SiC, CBN, boron carbide (B4C), natural diamond, synthetic diamond, or
their combinations). Such particles are called ferromagnetic abrasive particles (or magnetic
abrasive particles, MAPs). Under a magnetic field, a sideways pull is experienced by the
abrasive media, which mainly consists of ferromagnetic particles. These particles impinged on
the workpiece, causing the phenomena of micro-chipping [15]. The magnetic field improves
MRR for non-magnetic products, though magnetic components identified insulating impact
[16]. There has been no noticeable change in mean roughness (Ra) and material removal rate
(MRR) post MAAFM method relative to the AFM method. In magnetic abrasive finishing
(MAF) or MAAFM process, polishing operation is performed using magnetic field throughout
the working zone between base specimen surface and revolving magnet-poles head, as shown
in Fig. 1.6 (a). The magnetic field provides rigidity and preserves ferromagnetic abrasives in

the working zone [17].

1.2.3.3 Magnetic Float Polishing (MFP)

The finishing methods described in the previous sections were designed for ground structures,
tubular structures, or their variants, resulting in complicated 3D shapes which do not qualify
for the finishing of spherical structures. To satisfy this need, the magnetic float polishing (MFP)
method was proposed [18]. The polishing technique involves mechanical brushing and chemo-
mechanical cleaning. The spherical ceramic balls are polished underneath, under the control of
magnetic transmutation (buoyant) force through relative movement between balls and abrasive
particles [19]. Description of the experimental setup utilized in polishing silicon nitride (SizNa)

ceramic balls with the help of a limited loading MFP system is shown in Fig. 1.6(b).

1.2.3.4 Chemo-mechanical Polishing (CMP)

In the CMP method, both chemical and mechanical processes are used together for material
removal. Generally, it is used to finish semiconductor material. A new soft abrasive grinding

wheel (SAGW) used in chemo-mechanical grinding (CMG) was developed for machining
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silicon wafers. The wheel consisted of magnesia (MgO) soft abrasives, calcium carbonate
(CaCO3) additives, and magnesium oxychloride bond. The grinding with the new SAGW
produced a surface roughness (Ra) of about 0.5 nm and a subsurface damage layer thickness
of about 10 nm. This study also revealed that the chemical reactions between MgO abrasive,
CaCOs additives, and silicon material did occur during grinding, thereby generating a soft
reactant layer on the ground surface. The reactant layer was easily removed during the grinding

process [20]. The mechanism of chemo-mechanical polishing is shown in Fig. 1.6(c).

4, Spindle

Wafer Slurry Pad

Mixture of
magnetic
L1 fluid and
¥ || abrasives

(a) (b) (c)
Fig. 1.6 (a) Mechanism of MAF process, (b) schematic of MFP, and (c) CMP setup

1.2.3.5 Magnetorheological Finishing (MRF)

Initially, MR fluid was used as working media in dampers, actuators, breaks, clutches, seals,
valves, or composite structures. Later MR fluid has proved its capability in producing complex
aspheric optics used for aerial surveillance with an accuracy somewhere around 50 nm, surface
roughness below 1 nm [21]. Besides glass, zinc, gallium, quartz, sapphire, silicon nitride,
arsenide, and selenide can also be finished by MR fluid [22], [23]. The MRF process primarily
consists of a workpiece, a rotating wheel or a rotating fixture, a delivery nozzle, a suction pump,
and a magnet. Three primary methodologies mentioned in most MRF-related literature are (a)
rotating wheel method, (b) rotating tool method, and (c) rotating disk method.

In the rotating wheel method, a magnetic carrying wheel revolves. MR fluid applied on
the wheel became stiffened on magnetic field processing. Owing to the magnetic field gradient,
CIPs migrate toward the wheel, and abrasives move toward the specimen. It pulls MR fluid to
the colliding distance between the specimen and the wheel. Whenever the carrier wheel rotates,
material removal occurs. The principle of the rotating wheel method of MRF is displayed in
Fig. 1.7(a). This kind of polishing method is often employed to polish the asphere optical
specimen [24]. In the rotating tool, MR fluid sticks to the edge of a magnetic polishing tool and
creates a versatile end form polishing device [25]. The rotating polishing tool is subjected to
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the magnetic field; thus, MR fluid stiffens at the edge of this versatile tool. The abrasive
particles come nearer to the specimen surface, and material dislodgement occurs. This rotating
polishing device, also recognized as ball end MRF (BEMRF). This process could polish various
complicated structures like concave, convex, asphere and freeform structures as it can move in
3 or 5-axis CNC machines [26]. The principle of the rotating tool method is shown in Fig.
1.7(b). The continuous replenishment of MR fluid takes away heat and debris, and thus wearing
of the cutting tool can be avoided. An MR fluid-loaded disk is often employed in the MRF
process, where the test specimen is immersed in the vessel [27]. The magnet's north and south
pole lift up the disk, and a spinning spindle carries the specimen [28]. In this method, the disk
revolves at a lesser speed than the rotating spindle to create a relative movement. MR fluid in
the disk becomes stiffened under magnetic field. The specimen can be either rotating or static
during the process, which relies on the polishing system. The principle of the rotating disk

method is shown in Fig. 1.7(c).

Collector

N

Rotating
magnetic

tool >

Magnet

Workpiece

MR fluid lii(‘piece
A MR
- Workpiece ‘ fluid MR fluid
(a) (b) (c)

Fig. 1.7 Principle of rotating (a) wheel, (b) tool, and (c) disk MRF methods
1.2.4 Hybrid Processes

1.2.4.1 Magnetorheological Abrasive Flow Finishing (MRAFF)

MR fluid containing iron and abrasive particles is utilized in AFM to establish the
magnetorheological abrasive flow finishing (MRAFF) process [29]. In the MRAFF process,
the advantages of both AFM and MRF technology were combined. A magnetic field is applied
for the stiffening of MR fluid. In the MRAFF process, a similar AFM setup (Fig. 1.5(b)) is
used. The AFM media is replaced with MR fluid along with an external magnetic field.

Finishing occurs only on the portions wherever the magnetic field is applied. The abrasives
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added in MR fluid, shear the peak of the surface that comes in their flow path, thus polishing

the surface. The mechanism of the MRAFF process is shown in Fig. 1.8(a).

1.2.4.2 Rotational Magnetorheological Abrasive Flow Finishing (R-
MRAFF)

Rotational motion of magnet or workpiece is added in MRAFF process to develop Rotational-
MRAFF (R-MRAFF) process. Due to the movement of the magnet fixture, MR fluid also
moves along with the fixture to generate a relative movement between the specimen and MR
fluid to polish the surfaces uniformly. The working principle of the R-MRAFF process is
demonstrated in Fig. 1.8(b). R-MRAFF process can improve the overall accuracy of ground
channels, long tunnels and blind holes. This method can also do highly precise polishing of
different freeform surfaces, commonly made up of complex materials like stainless steel (SS),

titanium, nickel-chromium steel and cemented carbide [30], [31].

Fixture _ _ Fluid motion Abrasive o
r 8 CIPs particles 4~
Workpiec = | Abrasives ’ S
.M‘.. |
N " |
e b Chain
oe X like
‘9.  Magnetic N structure
° . [ Magnet fixture formed
ST forces & by CIPs
(a) (b)

Fig. 1.8 Mechanism of (a) MRAFF and (b) R-MRAFF process

1.3 Literature Survey

Magnetorheological fluid-based finishing (MRFF) processes are precise finishing processes
where a magnetic field is used to control the forces involved during finishing. Using these
processes, deterministic finishing can be easily achieved. The following subsections describe
the work reported in the area of MRFF processes. In subsection 1.3.1, a literature review about
MR fluid is presented. In subsection 1.3.2, a relevant literature survey on gear components
(manufacturing defects) and their finishing processes related to the present work is discussed.

In subsection 1.3.3, a literature survey on poppet valves used in various applications and their
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finishing method is described. In subsection 1.3.4, a theoretical investigation into the MRFF

process, i.e. mathematical modelling, force and stress analysis, is presented.

1.3.1 Magnetorheological (MR) Fluid

Different MR fluid formulations are required for the various materials [32]. The most suitable
option is water-based MR fluid for metallic surfaces and oil-based MR fluid for ceramic-based
surfaces. In general, MR fluids should have large saturation magnetization and small coercivity
or remnant magnetization. MR fluid should also be able to maintain its rheological properties
over a wide range of temperatures. MR fluids are required to be stable against settling and
oxidation. The iron particles (IPs) used in MR fluids are very small in diameter of
approximately 3—-10 pum, dispersed in a non-magnetic carrier fluid. The magnetizable particles
used are mainly iron particles. The IPs widely used are carbonyl iron particles (CIPs) formed
by the thermal decomposition of iron particles [33]. CIP is basically iron pentacarbonyl,
(Fe(CO)s) powder. CIPs have high saturation magnetization as well as higher oxidation
stability. High permeability and low magnetic residue of CIPs are preferable for fine surface
finish [34]. For diamagnetic materials such as copper and its alloys, electrolytic iron particles
(EIPs) are used for a better surface finishing. EIP is bigger in size than CIPs and gives higher
finishing forces. Fig. 1.9(a) and (b) demonstrate the field emission scanning electron
microscopic (FESEM) photograph of CIPs and EIPs, respectively. The circular shape and
softness of CIPs give the minimum contribution in MRR relative to MR fluid having abrasives
because they are irregular in shape [35]. Abrasives that are mostly used are Al>Ogz, ZrO>, CeOs,
SiO2 (silica), SiC, CBN, boron carbide (B4C), natural diamond, synthetic diamond, or their
combinations [36]-[38]. All are just high-hard ceramic particles [32].

Generally used carrier media are water, mineral oils, polyethers, synthetic hydrocarbons
and silicone oil [39]. Depending upon the applications, water-based or oil-based carrier media
could be implemented. Water-based carrier media are generally used to finish metal
components when a higher MRR and finishing performance are required [21]. In comparison,
oil-based carrier media are more generally used in finishing ceramic-based surfaces [40]. QOil
as a base material eliminates abrasive contact to the workpiece surface. Water-based fluid
produces greater friction due to lack of lubrication relative to the oil-based fluid, resulting in
higher polishing efficiency [39], [41]. Apart from carrier fluids, additives are also added to
discourage the accumulation and settling of CIPs. Apart from this, additives supply necessary

lubrication and resistance to corrosion and wear [42], [43]. The corrosion-resistant agent is
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critical as water is a carrier media in most MR fluids. Commonly added additives are polymers,
grease, thixotropic agents, glycerol and surfactants [25], [44]. Acid additives have also been
used for the synthesis of stable MR fluids [33]. The behaviour of MR fluid changes with the
change in particle size. Jain et al. [45] used 5% abrasives (CeO2), 47% carrier fluid, 8%
stabilizer and 40 % magnetic particles for polishing a copper workpiece. They observed a 71.51
% improvement in surface roughness value. For polishing of copper workpiece, Jha and Khan
[25] used 14% Al»Os as abrasive, 23% magnetic particle, and 63 % carrier fluid. They observed
a 42.34% improvement in surface roughness value. Chen et al. [46] used 6% Al203, 57%
carrier fluid, 1% stabilizer, and 36% magnetic particles for polishing a stainless steel
workpiece. After polishing, 97.83% improvement in surface roughness value was observed.
The compositions of MR fluid depend on the workpiece material and the required surface

finish.

@ W)
Fig. 1.9 SEM images of (a) CIPs and (b) EIPs [47], [48]

Chip Flow
_.>

(a) (b) (©)
Fig. 1.10 Abrasive particle (a) approaching, (b) taking a small cut, and (c) crossing the
roughness peak after microchip elimination during cutting operation [29]

In MR fluid, CIPs forms a chain-like structure along the magnetic field lines. It makes the MR

fluid thick [44]. Abrasives stuck in-between CIPs chains dislodge the materials from the
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workpiece surfaces [29]. In the MR fluid-based finishing method, normal and tangential forces
are responsible for indenting and cutting higher roughness peaks. The working principle of MR
fluid is shown in Fig. 1.10. As shown in Fig. 1.10 (a), CIPs are bound by attractive magnetic
force under the effect of a magnetic field. In-between these CIPs, abrasive particle is stuck. As
the MR fluid flows across the roughness peak, the stuck abrasive takes a slight cut on the
roughness peak (Fig. 1.10(b)). Finally, the cut mico-chip is flown away from the surface

roughness peaks to give a flat smooth surface.

Iron particles (IPs) Abrasive particles
\

7 .\-_*;,_7"";, 4‘4-“ 2
(a)

Fig. 1.11 Magnetorheological effect: MR fluid (a) under no magnetic field, (b) using
magnetic field strength (H), and (c) using magnetic field strength (H) and shear strain (y) [49]

flow '. ;
directian

(a) (b)
Fig. 1.12 (a) Water jet and MR fluid (b) without and (c) with the magnetic field at a
velocity of 30 m/s from a 2 mm diameter nozzle [50], [51]

Without a magnetic field, MR fluid behaves like a Newtonian fluid [52]. The
magnetorheological fluid thickens and acts as a viscoelastic fluid in an external magnetic field.
The magnitude of viscoelasticity largely depends upon the applied magnetic field. As CIPs
form a chain-like structure across magnetic field lines, the energy that is required to overcome

and break the chains is responsible for starting wide, restricted yield stress [53], [54]. Theyield
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stress is more resilient to an emitted shear strain (Fig. 1.11(c)). CIPs organize in an ordered
fashion around magnetic field lines (Fig. 1.11(b)). After removing the magnetic field, CIPs stay
in random order within the carrier fluid (Fig. 1.11(a)). Without a magnetic field, MR fluid
functions as a dispersed jet (Fig. 1.12(b)) and using a magnetic field, MR fluid works as a
directed jet (Fig. 1.12(c)), showing the same behaviour as the water jet having speed of 30 m/s
(Fig. 1.12(a)).

1.3.1.1 Viscosity Models of MR Fluid

The relation between shear stress and shear rate must be evaluated depending on the application
of MR fluid [55]. In order to ascertain this relationship, various model has been proposed, and
their validity is checked using regression analysis. Bingham plastic, Casson fluid and Herschel-
Bulkley models are widely used mathematical models depicting the behaviour of MR fluid
with a relation between shear rate and shear stress. Herschel-Bulkley model is well known for
shear thinning or shear thickening behaviour of the MR fluid [32]. The simplest model that
depicts the behaviour of MR fluid is the Bingham plastic model [56]-[58]. The yield stress of
MR fluid relies on both the concentration and size of the CIPs. Yield stress rises mostly by the
increment in the percentage amount of the CIPs. The fluid prepared by finer CIPs exhibits
comparatively lower yield stress compared to fluid prepared by coarser CIPs [42].

The plot of shear stress (1) against shear rate (¥ ), is called ‘flow curve’. For a Newtonian
fluid, the flow curve is a straight line. The slope of the curve is, | and it passes through the
origin as shown in Fig. 1.13 (a) [59]. The flow curve is non-linear in the case of non-Newtonian
fluid. And it does not pass through the origin, i.e., where the apparent viscosity (shear stress
divided by shear rate) is not constant at a given temperature and pressure but is dependent on
flow conditions such as flow geometry, shear rate, etc. The most common type of non-
Newtonian fluid behaviour observed is pseudoplastic or shear-thinning. It is characterized by
apparent viscosity, which decreases with increasing shear rate. Common pseudoplastic fluids
are lava, ketchup, blood, paint and nail polish, etc. Most MR fluids show significant shear
thinning behaviour because of the suspension agent and changes in CIPs structure during shear
[60]. A dilatant fluid (also called shear thickening fluid) is a non-Newtonian fluid in which
apparent viscosity increases with increasing shear rate. An example of shear thickening fluid
is a suspension of corn starch and sand in water.

MR fluid is visco-plastic in nature. The existence of yield stress (zy) characterizes this
visco-plastic fluid behaviour. Before the fluid starts flowing, this yield stress must be
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surpassed. Such kind of fluid deform elastically when externally applied stress (z) is smaller
than the yield stress (zy). Once the magnitude of generated shear stress has exceeded the value
of yield stress, the flow curve may become linear (Bingham plastic fluid) or non-linear
(Herschel-Bulkley fluid and Casson fluid ) but will not pass through origin [59]. A common
example of visco-plastic fluid behaviour includes particulate suspension, emulsion, foodstuffs,
blood and shrilling mud etc.

A fluid that behaves linearly for || > |r| is called Bingham plastic fluid and is
characterized by a constant plastic viscosity and yield stress. On the other hand, a fluid
possessing yield stress as well as a non-linear flow curve on linear coordinate (for |z| > |zy]) , iS
called a ‘yield pseudoplastic’ fluid (Herschel-Bulkley fluid and Casson fluid).

The study of rheological properties of MR fluids, such as shear yield stress and viscosity,
is crucial as they are the key design factors in the applications of MR fluids. A rheometer is
used to obtain the shear stress and shear rate data. By using the data, the constitutive models
are proposed to interpret the important parameters. Herschel-Bulkley and Casson Fluid models
(Fig. 1.13(b)) indicates shear-thinning nature. Over the years, many empirical expressions have
been proposed. The commonly used models for visco-plastic fluids are briefly described in the

following subsections.
Bingham Plastic Model

This model assumes that the MR fluid behaves like a solid substance before reaching critical
shear stress. This yield stress is called yield point, and beyond this yield point, it behaves like
a Newtonian fluid [61]. Beyond yield stress (zy), the properties change from a rigid solid to a
viscous liquid. The yield stress obtained using this model is the dynamic yield stress, which is
the intercept of the high shear rate asymptote with the shear stress axis. The shear stress (7)

versus shear rate () relationship followed by such a fluid is as follows

T=1,407 (1.1)
where, 7 is the viscosity of the MR fluid.

Herschel-Bulkley Model

The Herschel-Bulkley model is considered to characterize MR fluid's rheological behaviour,
which is non-Newtonian with pseudoplastic properties [61].
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r=1,+Ky" forr>7, (1.2)

Where, K is the consistency index, and n is the power-law index. Here zy is a function of the
magnetic field. The Herschel-Bulkley model is a modification of the power-law model. This
model also assumes that the suspension behaves like a solid below the critical value of shear
stress. The Bingham plastic model can be considered a special case of the Herschel-Bulkley
model for n = 1. The parameter K resembles the viscosity. The flow curve for Herschel-Bulkley
models for different values of the power-law index (n) is shown in Fig. 1.13(c). Power-law
index (n > 1), indicates a shear thickening fluid and n < 1 indicates a shear-thinning fluid (Fig.
1.13 (a)).

Casson Fluid Model

In describing the time-independent viscosity, the most widely used empirical model was
developed by Casson. In this fluid model, it is considered that rigid primary particles flocculate
into rod-like structures, and an expression is developed for the tension in rods under flow. The
rods break when the tension exceeds a critical value. With increasing shear rate, the length of
the rods will progressively be reduced until the rods are completely broken down into primary
particles at very high shear rates. Based on this reasoning, the relationship between the shear

stress (t) and shear rate () becomes [61].

\/;:\/g'i'«,nw]} for = > Ty (13)

Where, 1, IS the suspension viscosity at infinite shear rate. The Casson fluid model represents
the fluid's continuous shear thinning behaviour, decreasing viscosity from infinity at zero shear
rate to zero at the infinite shear rate [61]. The above-mentioned models are inconsistent and
have computational difficulties. Hence, apart from the models mentioned above, some new

combined models have been proposed as described below.
Bingham-Papanastasiou Model
Owing to the discontinuous nature of the Bingham plastic model, it is challenging to implement

in numerical schemes. To solve this, Papanastasiou proposed one equation that is valid for the

whole range of shear stress (both the yielded and unyielded zones) and is given as [62]
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where, m is regularizing parameter (consistency index), which regulates the exponential
increment of stress. 7 is the non-linear (non-Newtonian) viscosity. u is the Newtonian viscosity
(no outside magnetic field is present and fluid yield stress is zero), zy is critical shear stress
(yield stress) that disrupts the magnetic chain structure (Fig. 1.11). Higher yield stress suggests
a greater MR impact of the MR fluid. Here 7 is a function of the magnetic field (H).

Herschel-Bulkley-Papanastasiou Model

For the same reason as mentioned earlier, a combination of Herchel-Bulkley [63] and
Papanastasiou [64] models was proposed, and the modified equation is given below

n =K+ 1-e ]

|7;| (1.5)

Casson-Papanastasiou Model

Combined Casson-Papanastasiou model is given below [65],

Y \/% 1] o

Ginder and Davis [66], [67] calculated the inter particles forces and resulting shear stresses in
MR fluid. The effects of magnetic nonlinearity and saturation on the shear stresses of MR fluids
have been studied using a finite-element technique and analytical approximation. They
reported that, at the lowest applied magnetic field (Ho), the yield stress varies as Ho?. For
intermediate applied fields, the polar and contact region of each particle are saturated; in this

region, the yield stress is predicted to increase as Ho'® as,
7, =61, M **H (1.7)

Where, “¢” is the volume fraction of CIPs, “Ho” is applied magnetic field strength (A/m), x4,

is the magnetic permeability of free space (4mx107 N/A?). The particles can be treated as
dipoles for fields high enough to achieve complete saturation; the stress is then independent of
the magnetic field and scale as Ms?. The yield stress in this region is given as,

sat 4 2
7, =g < (3) M. (1.8)
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where, M; is saturation magnetization and & (3)is Riemann zeta function.

Ginder [68] also observed the shear-thinning behaviour of MR-fluid (i.e., it possess an apparent

decreasing viscosity with increasing strain rate) at all applied fields. They found that the yield

stress depends upon magnetic flux density as 7, o B'°.
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Fig. 1.13 Different time-independent flow behaviour [59], (b) flow characterization of
MRP fluid [61], [69]

1.3.2 Gear

The gear tooth profiles require finishing at nano-level to achieve smooth transmission of power,
noiseless operation, reliability and longer service life. The gear tooth profiles suffer a
considerable amount of damage due to manufacturing defects and repetitive operations.
Utilizing the conventional tool for gears finishing at high MRR may increase tooth profile error
due to the transverse grinding lines, burns, fine cracks, uneven stress, and thermal distortion.
The rough surface and shape inaccuracy of a gear tooth profile occurs because of the high speed
of the material removal mechanism, which leads to undesirable effects such as noise and
vibration in the gearbox.

For a small gear, the finishing process on a tooth profile is much more complicated than
a conventional shaped gear. Very few finishing processes can be applied to small gears due to
the narrow spacing between their teeth. Due to the small space between the gear teeth, the
conventional method cannot achieve the desired result. An ultra-precision MRFF method has
been developed to perform nano-finishing on the small gear tooth profiles.

Miniature gears are used in biomedical devices for pumping, cutting, and various other
works, also used in small servo motors, which are widely used in the automotive and aerospace

17
TH-2855_176103021



industry. Spur gears are used for mechanical transmission by two parallel shafts. The effect of
surface finish on gear tooth plays a major role [70]. To improve the efficiency of gear, proper
finishing is required. Generally, lapping, grinding, honing, electrochemical honing etc., are
used to finish the gears [71]. For the modern mechanical transmission's high-speed, heavy-
duty, low noise and higher fatigue life, a better surface finish on the gear surface is required
[72]. The life span of gears is increased by better finishing of the gear surfaces [52].

Generally, small gears are fabricated by the hobbing process. The hobbed gears mainly
have two types of defects, namely burrs and pits. These are typically found at the edge of the
gear teeth. In the case of small gears, even if the burrs and pits of the size of 0.01 mm, are quite
large compared to small gears. Apart from these, there are also many scratches and dents on
the gear tooth surfaces and between gear teeth. Gillespie [73] reported that the burrs deteriorate
the quality of the gear. Burrs can be defined as the excess unwanted material which remains at
the edge of the gear or any workpiece after processing. Gillespie and blotter [74] have defined
four types of burrs, i.e., poison burr, rollover burr, tear burr and cut-off burr. Poisson burr is
derived from Poisson’s ratio. When the material is compressed, it has a tendency to bulge at
the sides of the material. This is known as Poisson’s burr. In the case of Poisson’s burr, the
material is compressed until permanent deformation occurs. By tearing of the materials, some
burrs are formed on the surface, known as tear burr.

Rollover burrs are generally formed at the side of the tooth in case of hobbing. Generally,
rollover burrs are removed by using a disk-shaped whetstone or by a deburring tool. The
rollover burr in the gear and process of deburring for rollover burr is shown in Fig. 1.14 (a) and
(b), respectively. Miyake et al. [75] defined two types of burrs in their study. One is the primary
burr, and the other is the secondary burr. They described the rollover burrs as the primary burrs.
A new burr is generated when the deburring tool or whetstone is used to remove the rollover
burr. This type of burr is defined as secondary burrs. The secondary burrs are protruded towards

the tooth groove, which is difficult to remove using deburring tools.

@ | )

Fig. 1.14 Rollover burr in gear, and (b) gear deburring tool for rollover burr [76]
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Even though the secondary burrs are sometimes removed using nylon/abrasive filament brush,
most of the time, burrs remain at the root of the gear because the tooth groove is narrow (in
between teeth). Pits are also found in small gears along with the primary and secondary burrs.
The different burrs and pits formed on different surfaces of a small gear, is shown in Fig. 1.15.

Tazakawa and Kitajima [77] described that a pit is composed of a dent and projection
due to plastic deformation that is generated when striking another object. Kawasaki et al. [78]
devised a method for crushing pits; it did not experiment on small gears. The need for high and
precise finishing has become so necessary for meeting the demands of nanotechnology. With
a target to meet the exigency of nanotechnology in mind, a new high precision technique using
a smart material, i.e. MR fluid, have been introduced here. Small gears can be manufactured
by a wire-EDM (WEDM) process. During the wire-EDM cutting process recast layer might
form on the machined surface of the gear workpiece. Due to the spark produced during the
EDM process on the material surface, the melted metal undergoes rapid quenching, resulting
in a layer of this metal forming on the workpiece surface. This unwanted layer of metal
produced during the EDM process is known as the Recast layer (Fig. 1.16). Depending on the
material of different workpieces, the effect of this recast layer also varies. Those materials
which have more thermal conductivity are subjected to a thinner layer.

On the contrary, the materials which have less thermal conductivity are subjected to a
thicker layer. For the higher conductive material, the energy dissipation is more than the lower
conductive material. In the current study, steel gear is fabricated by the WEDM process. A
material with low thermal conductivity like steel can be expected to have a thicker affected
layer with more cracking. The reason is, in the case of steel material while machining by EDM
process, the spark intensity in the spark area remains longer before the material can dissipate
the energy to the surrounding areas.

In the white layer of the recast layer, the microcracking phenomenon is extremely
prominent. If the white layer becomes too thick or is not removed properly using finer EDM
polishing, the effect of this microcracking may cause premature failure to the machined
workpiece. Characterization of different parts of the recast layer is shown in Fig. 1.16. The
depth of the white layer increases proportionally with the spark intensity during the EDM
process. Various layers of the workpiece material get affected due to the EDM process. These
affected zones are known as altered metal zone. Beneath the white layer, there is a zone known

as the heat-affected zone (Fig. 1.16). The heat-affected zone retains the properties of the parent
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material. The parent material of the workpiece is below this heat affected zone which is not
affected by thermal treatment during EDM process.

Karpuschewski and Knoche [79] found that AFM is the best alternative method for the
traditional finishing of gears. Xu et al. [80] also proposed that AFM is an effective way to
deburring, polishing or radiusing, etc. They have investigated the effect of the AFM process

on the surface of the helical gear.

Rollover burr

L \n

Tooth mnvolute

Rollover burr

Tooth face

Protruding direction of burr

(a) Rollover burrs (Primary burr). Tooth in-between

Secondary burr |

Tooth top

Secondary burr

\,

Protruding direction of burr

(b) Secondary bum.

Pit

Place where pits are likely to be formed
(c) Pit

Fig. 1.15 (a) Rollover burrs, (b) secondary burrs, and (c) pits formed on different surfaces of
a small gear [77]
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Fig. 1.16 Characterization of different parts of recast layer [81]

Experimental results indicated that the surface roughness (Ra) of the left tooth surface, right
tooth surface and addendum surface before processing (1.429 pm, 1.108 pum and 2.732 pm,
respectively) dropped after processing (0.228 um, 0.216 um and 1.754 um, respectively). All
burrs at the intersection between the tooth and end surface have been cleared, and the helical
gear's surface quality improved. Kenda et al. [52] used AFM process for plastic gear injection
mould polishing. A polished surface on plastic gear teeth improves geometry stability and
lifespan, which was proved on the gear testing rig. AFM generates consistent surface quality.
The achieved roughness is homogeneous on an entire machined surface; it is reduced from Ra
= (0.68 um to Ra = 0.08 um in 120 minutes. Samples have been produced using the WEDM
process. This WEDM produced gear surface have defects such as a white layer, microcracks,
and craters. With the application of AFM, it is possible to remove this damaged surface. The
application of plastic gear in the servo motor is shown in Fig. 1.17(a).

Kenda et al. [82] proposed novel AFMmm (AFM with movable mandrels). They
performed an energy consumption analysis to prove its efficiency. Results show that novel
AFMmm can efficiently remove WEDM damaged surfaces and induce compressive residual
stresses. Finishing time in the case of AFMmm technology is reduced more than seven times
than conventional AFM. By using AFMmm process, plastic gears’ fatigue life improved by
125%. Venkatesh et al. [83] utilized the AFM process for steel bevel gear finishing. New
tooling for fixing bevel gears has been designed and developed so that the abrasive media
passage is thoroughly restricted to abrade the gear tooth surfaces. AFM tooling setup is shown
in Fig. 1.17(b). The results indicated that the improvement in the surface finish was more than

50%. However, the enhancement in material removal was marginal.
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Fig. 1.17 (a) Application of plastic gear [52] and (b) tooling setup for bevel gear
finishing by AFM [83]

Yadav et al. [84] have used the magnetorheological gear profile finishing (MRGPF) tool to
finish a macro-sized EN-24 steel spur gear teeth profile with an addendum diameter of 47 mm.
The MRGPF tool was made likely similar to the gear grinding profile wheel tool. Gear shaped
tool with the electromagnetic core is shown in Fig. 1.18(b). The mechanism of polishing with
this tool is shown in Fig. 1.18(a) and (b). This MR finishing has reduced the noise and
vibrations of gears at high speed during its functional operation. Surface area roughness gets
significantly reduced to 25.3 nm from its initial ground tooth profile of 242 nm. The surface

texture also gets significantly improved.

MR]GPFH Tool movement (rota-
toolprofile  gjectro- tion and reciprocation)
magnetic
MRP fluid i core of the
uid in
. gear tool
working gap profile
MRPF
Right side Spur
profile of a z gear
gear tooth profile of a Indexing
rotation

(b)
Fig. 1.18 (a) Finishing mechanism of MRGPF process, and (b) MRGPF tool movement
similar to disk wheel gear grinding [84]

Based on the previous work on the gear finishing, it is found that no MR fluid-based finishing

method has yet been applied on small-sized/miniature gears (pitch diameter < 15 mm). Almost
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all techniques are used for conventional macro-sized gears. The uniform point-contact finishing
on miniature gear tooth profiles is difficult to achieve due to constraints related to fixture
material and fixture design. Also, the previous processes do not efficiently remove

manufacturing defects from the miniature gear profiles.

1.3.3 Poppet valve

The poppet valve is used to leak-proof sealing high-pressure gases in aerospace gas propulsion
engines or internal combustion (IC) engines. This poppet valve can also be used as relief valves,
selectors and pressure regulators [85]. The poppet valve is one of the classes of seating valves.
The poppet valve has some fundamental advantages over other valves because of its simple
construction and self-centring capability. The poppet valve's sealing effectiveness can be
maintained easily than other valves [86]. The intake and exhaust valves of the gas propulsion
engine cylinder generally use a poppet design [87]. The word poppet is derived from the
popping action of the valve. Poppet valves are commonly fabricated in four primary
configurations: semi-tulip, tulip, mushroom and ridge. The valve configuration utilized in any
engine relies on the leak-proof criteria and size of the combustion chamber [88]. Nanofinishing
of ridge profiles of the new poppet valve is a challenging task due to its narrowness. Precise
finishing of the narrow ridges will enable the poppet valve to properly fit on the valve seat
surface in the aerospace gas propulsion engine to make it leak-proof. Also, precise uniform
nano-finishing will make the poppet valve both wear and corrosion-resistant [89]. Poppet valve
should also show inertness towards chemical reactions. Poppet valve should have high-
temperature resistance, mainly used as inlet and exhaust valves. Nickel aluminium bronze
(BS1400: Gr.AB2) is used as poppet valve material due to its corrosion resistance and bearing
properties. Surface roughness is an essential element in the estimation of part performance in
a real environment. The MRFF process can be used very efficiently to finish these kinds of
complex surfaces.

Bruno et al. [90] first patented a simple poppet valve composed of a flexible poppet that
fits towards a valve seat. A simple poppet valve is shown in Fig. 1.19(a). It consists primarily
of a movable poppet that closes against a valve seat. Pressure from the inlet tends to hold the
valve tightly closed. A slight force applied to the poppet stem opens the poppet. The action is
similar to the valves of an automobile engine [91]. The poppet stem usually has an O-ring seal
to prevent leakage. In some valves, the poppets are held in the seated position by springs. The

number of poppets in a valve depends on the purpose of the valve. The construction of a simple
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2/2 normally-closed valve, where the depression of the pushbutton lifts the disc off its seat and
allows fluid to flow, is shown in Fig. 1.19(b). When the button is released, spring and fluid
pressure force the disc to close the valve. Poppet valves are simple, cheap and robust [92].

The high-pressure hydraulic systems use poppet valves [92]. The engine performance
depends specifically on the initiation and duration of injecting air, method of opening the valve,
air injection pressure, valve design, and other control parameters [93]-[95]. The different types
of the poppet valve are shown in Fig. 1.20. Construction and design considerations among these
poppets are different for intake and exhaust valves. Intake valves are made of nickel-chromium
alloy [88]. In contrast, exhaust valves are made from silichrome alloy. In certain heavy-duty
and most air-cooled engines, the exhaust valves are sodium-filled. During engine operation,
the sodium inside the hollow valve melts. When the valve opens, the sodium splashes down
into the valve head and absorbs heat.
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Outlet Limiter Seat { § Electric coil
I

= e

seal
Valve Seat .
Labyrinth

seal

Poppet

M ~ Air inlet

Inlet Poppet

(@) (b)
Fig. 1.19 Schematic diagram of (a) simple poppet valve and (b) spring-loaded poppet valve

Poppet valves are the usual method for regulating air/fuel combination in the cylinder and
exhaust gas flow from the IC engine [96]. More carbon film thickness on the valve prevents
thermal shocks (due to developed thermal stress) by creating additional thermal resistance.
Irregular carbon deposits on the valve face can cause the failure of the valve [97], [98]. Higher
temperature and increased pressures produce seat wear, lower oxide films and higher head
deformation. This may result in leakage in the combustion chamber, which decreases the
engine's performance. The valve seats may be an integral part of the cylinder head, or an insert
is pressed into the cylinder head. Valve seat inserts are commonly used in aluminium cylinder
heads. Steel inserts are needed to withstand extreme heat. When a valve seat insert is badly

worn from grinding or pitting, it must be replaced. The use of poppet valve in gas propulsion
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engine, where the timing of inlet and exhaust opening depends upon the power requirements,
is shown in Fig. 1.21. Valve seats are important, as they must match the face of the valve head
to form a perfect seal. Most of them are now designed with a valve seat angle of 30° to 45°, as
shown in Fig. 1.20. This angle helps in preventing excessive accumulation of carbon on the

contact surface of the seat, a condition that allows the valve from closing properly.
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Fig. 1.20 Schematic diagram of different types of poppet valves (a) full tulip type (usually
exhaust), (b) tulip type (usually intake), (c) semi tulip type (usually exhaust), (d) mushroom
type, (e) hollow head mushroom type (exhaust), and (f) ridge type (intake)

Adhesive and abrasive wear, shear strain, and material abrasion are the reasons for the seat
wear of the intake valve/insert. Oxide film and tribo film can avoid direct metal connection.
They decrease the friction coefficient on the sitting region, decreasing adhesive wear and wear
regulated deformation [99]-[103]. Impact wear tests show that, at 400°C (higher temperature),
less acceleration of the wear rate was observed due to oxidation [104]. Residual fuel-burning
deposits on valve seats cause rapid corrosion due to a molten phase presence [105]. The valves

used in truck engines failed due to the formation of lamellar structure. The lamellar structure
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reduces the strength, matrix loading capacity, durability and resistance to gas corrosion [106].
The valve seat leakage increases the percentage of more hydrocarbon emissions [107]. Poppet
valves are affected by creep, fatigue, thermal stresses, wear, corrosion, resulting deposits, and
valve burning from corrosion via exhaust surroundings, which leads to loss of properties of the
material and engine efficiency [108], [109]. Due to the poorly finished surface, the poppet
valve does not properly fit on the valve seat and can cause leakage problems [91], [110]. A
good valve seat ensures the perfect mixture of air-fuel ratios. During compression and
expansion strokes (power stroke), the valves work at high speed and withstand high
temperatures, which leads the valve to undergo huge thermal stress, resulting in wear and tear
of the valve. This wear and tear of the valve create the problem of exhaust gas leakage inside
the chamber. To ensure a proper seal, generally, the valve lapping process is used. Hence, valve
maintenance is a critical operation [91], [100]-[104], [110].
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Fig. 1.21 Poppets used as inlet and exhaust valve in gas propulsion engine

Initially, the lapping stick was used for performing the lapping operation of the valve by hand.
The valve lapping paste was used for the lapping process [111]. A particular machine was made
for spherical lap mating surfaces to form a perfect seal between a valve member and the seat
against which it closes [112]. A valve seat lapping machine is made, more particularly for
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lapping ball valves and seats in liquid-tightened insulating interaction [9], [113], [114]. A
particular valve lapping machine is designed for internal combustion (IC) engine for
overcoming certain issues by eliminating human intervention, reducing labour costs and taking
less time in lapping valve and valve seats. Lapping is achieved by adding a synthetic paste
(almost all oil and an adequate quality of sand) to the valve surfaces and rotating them on the
head end in their respective seats/inserts. [99]. Electrochemical honing (ECH) and micro-
grinding were used to get a higher degree of precise surface smoothness of the restoration
surfaces of the engine valve face. ECH process was a better choice than micro-grinding for
the finishing of recovered surfaces [115].

Mattsson et al. [89] have tested 28 different designs of poppet valves with different
materials for corrosion resistance capacity with natural seawater. Poppet valve of aluminium
bronze was partially affected after exposure due to its specific design considerations and
surface finish [116]. The valve seat, badly worn from grinding or pitting, can cause the failure
of the valve. When the contact area is reduced, the surface is highly finished uniformly, and
the tension among the grouping sections strengthens, resulting in safer sealing [93]. The
mirror-like finishing operation leads to good strength of the material even if any joints are
formed [9]. The valve stem is mainly associated with tensile stress, and the shock causes
circumferential scratches. Tool marks or scratches from the circumferential fatigue loci, in
some cases during the use of the valve, causes complete failure of the valve. Elaborate lapping
operations are used to remove tool marks or scratches caused by reaming tools or drills in the
valve cavities. The valve's continuous smooth superior inner surface will enable it to resist the
formation of fatigue cracks and increase the valve's strength [110], [117]. The reaming and
polishing with abrasive paper form an amorphous layer (Beilby layer) over the surface of the
internal wall of the valve. This amorphous layer causes a relatively low grade of heat transfer.
Electropolishing of the internal surfaces of hollow metal valves can remove the objectionable
amorphous layer [118].

Based on the previous work on the poppet valve finishing, it is found that no MR fluid-
based finishing method has yet been used for poppet valve profile polishing. The precise
finishing of the narrow ridge profiles of the new poppet valve is difficult to achieve by the
conventional lapping process. Also, the uniform point-contact finishing on poppet valve
profiles is difficult to achieve due to constraints related to fixture material and fixture design.
The uniformly finished poppet valve will have improved wear and corrosion resistance and

sealing effectiveness, further reducing hydrocarbon emissions.
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1.3.4 Theoretical Investigation

1.3.4.1 Mathematical Modelling

In the MRFF process, the material removal rate is similar to the conventional polishing process.
So, Preston’s equation [119] is considered as the building block to understand and develop
mathematical modelling for the process. Preston’s equation for material removal rate is given
as
MRR=C_.PV =C 5V
P " A (1.9

Where C is Preston’s coefficient, P is applied normal pressure, V is the relative velocity
between tool and workpiece, F  is the normal force, Ac is the contact area between tool and
workpiece.

Tricard et al. [50] modified Preston’s equation for material removal analysis. The
material removal rate is proportional to the product of local shear stress and fluid velocity.
Their proposed model is simulated using a commercial CFD package, and the results are
validated with the experiment. The parameters used in the calculation are jet radius, mesh area

and mesh size. Their proposed model is
R ~zV, (1.10)

where Ry is material removal rate, V. is the local fluid velocity, 7, is local shear stress.

r

DeGroote et al. [120] also modified Preston’s equation for calculating the material
removal rate of optical glasses finished by the MRF process with nanodiamond abrasive
particles. They observed that peak removal rate and drag force did not show the same
relationship for different glasses due to their different chemical properties and compositions.
Hence, they incorporated mechanical properties of the glass surface, drag force (Fq) or shear
stress, polishing particle properties, chemical properties of the workpiece and polishing fluid
into the modified Preston’s equation for a better understanding of the process. The theoretical
model is validated with experiments for six different types of glass workpieces. The other
process parameters, i.e., wheel speed, magnetic field, viscosity, working gap, etc., are kept

constant throughout the experiments. Their material removal model is given as

28
TH-2855_176103021



shs

MRRpeak « |: K E;l 2 :H:F_Ad\v :| X[Bnd nd 71/3'(:ndl/3 +Bq ¢y 4/3'CCI ]X |:Ds (PH MRF )3/10 :||:ebRT:| (111)

c*® S

where Esis Young’s modulus, K is fracture toughness of the bulk material, Hs is nanohardness

of the near surface layer, A is contact area, V is velocity of the wheel, Bng and Bc are

coefficients, ¢, and C_, are average particle size and concentration of nanodiamond abrasive

particles, ¢, and C., are average particle size and concentration of CIPs, D,(PH,: )is

shs

percent weight loss of the glass in the MR fluid, {e_w} is glass average single bond strength.

Jung et al. [121] developed a theoretical model to calculate the total force exerted on the

CIPs at the workpiece surface. The total force is composed of centrifugal force and magnetic
force. The centrifugal force ( FC(E)N ) acting on a CIPs at a distance r from the centre of the tool

is calculated as
For, =(pp (47zr§)/3)((rh — r)/(ZrP))((rh +1)/2) et (1.12)
where p, and rp are the mass density and mean radius of the CIPs, respectively. @ is

rotational speed of the wheel. The simplified form to calculate magnetic attraction force ( FJ,ZG

) between two CIPs is given as

" _M

MAG doapi (er )4 (1.13)

where 1, is permeability in free space, y is relative permeability, H(r)is magnetic field
intensity, and m is magnetic dipole moment.

A material removal model for the MRF process was developed by Cheng et al. [24]. The
model depends on normal pressure and carrier wheel velocity during finishing. The
hydrodynamic pressure is more than magnetic pressure by six orders of magnitude. The

material removal model proposed by them is based on Preston hypothesis, and it is given as
Material removal = Kj PVdt (1.14)
where K is a constant which depends on the workpiece material and the properties of MR fluid,

P is the normal pressure, and V is the velocity of the wheel (tool) with respect to the workpiece

surface. However, the validation of their derived model does not match their experimental
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results. Further, the results obtained from the Preston equation does not accurately give the
output result as the equation only deals with the basic parameters, i.e. pressure, velocity and
time.

Miao et al. [122] modified Preston’s coefficient for MRF process. Important parameters
considered for material removal in the finishing process are hydrodynamic pressure, shear
stress and a combination of the material figures of merit (FOM). Experimental results for a
range of optical glasses are used for validation with the calculated model. Their predictive

model is
MRR, e = C('p,MRF(r,FOM ))E /(KcH\f)Tv (1.15)

where C(Ip,MRF(r,FOM)) is modification of Preston’s coefficient in terms of shear stress z and

material FOM, E is Young’s modulus, K_ is fracture toughness of bulk material, Hy is Vicker’s

hardness of workpiece, and V is wheel velocity.

Miao et al. [123] further modified Eq. (1.15) to incorporate four other process parameters
i.e. nanodiamond concentration, penetration depth, magnetic field strength and relative velocity
due to their material removal contribution. The model is developed based on BK7 glass
workpiece material, although the model can also be applied to other glasses by altering

mechanical FOM for that specific material.

1.3.4.2 Force analysis

The knowledge of finishing forces is necessary for polishing any surface to control the process
efficiently. Shorey et al. [35] showed that material removal significantly depends on shear
stress rather than hydrodynamic pressure. Also, they associated normal force and drag force
with the Preston coefficient. They reported that the abrasive particles are driven towards the
workpiece surface due to the magnetic field gradient. The MRR increases with the addition of
abrasive particles. A reduction in total drag force is observed with the increase in abrasive
particle concentration. Kim et al. [124] found that levitation force also contributed to the
material removal process by pushing the abrasive particles into the workpiece surface.
Magnetic levitation force depends upon the volume of the non-magnetic particles, the intensity
of magnetization and magnetic field gradient.

DeGroote et al. [120] found that with the increase in nanodiamond concentration, the
drag force/shear stress increases; however, with further addition in nanodiamond abrasive

particles, there is no increase in peak removal rate. It is also reported that with different glass

30
TH-2855_176103021



materials, the drag force required for material removal changes. Schinhaerl et al. [125]
measured normal force in between workpiece surface and the finishing tool using a three-axis
dynamometer for BK7 glass workpiece at different process parameters such as wheel speed,
inductor current (magnetic field strength), pump speed (fluid flowrate) and immersion depth.
The normal force primarily depends on immersion depth. They measured a maximum normal
force of 20 N.

Miao et al. [122] measured normal force and drag force simultaneously using a dual force
sensor. They found that the measured normal force is dependent on material hardness. Their
study also demonstrates that shear stress dominates the material removal more than the drag
force. It has also been reported that shear stress should be kept above certain critical value to
remove material. Miao et al. [123] reported that shear stress does not depend on the
nanodiamond concentration, penetration depth, magnetic field strength and relative velocity
between the workpiece and the rotating MR fluid ribbon. Instead, it depends mainly on the
mechanical properties of the material. Also, they reported that both drag force and normal force
increase with the addition of nanodiamond particles and become steady with higher
nanodiamond concentration.

Sidpara and Jain [126] carried out an experimental investigation to measure the normal
and tangential forces on the workpiece surface. For this study, four parameters are selected, i.e.
volume concentrations of CIPs, the volume concentration of abrasive particles, working gap
and wheel speed. Among all parameters, the working gap and volume concentration of CIPs
affect most significantly on the forces. Normal and tangential forces decrease with increasing
working gap, while these forces increase with increasing CIP concentration. Both normal and
tangential forces decrease beyond 3.5 % abrasive concentration.

Sidpara and Jain [127] conducted a theoretical study on the normal, tangential and
squeezing force acting on the workpiece surface. They developed a normal squeeze force
model. The theoretical models are validated with the experimental results for different working
gaps, CIPs, abrasive concentration, and wheel speed. It is found that the theoretical normal and
tangential force model matches well with the experimental results while considering squeeze
force as compared to without squeeze force. Singh et al. [128] developed a model of finishing
force acting on the workpiece surface. The finishing force is generated due to the bonding
strength of MR polishing fluid and the rotation of the finishing tool. The finishing force is
composed of normal force and shear force.

Sidpara and Jain [129] analyzed forces acting on the freeform surface by experimental as

well as theoretical studies. They reported that mainly two types of forces, namely normal and
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tangential forces, are involved during finishing. The normal force is applied on the abrasive
particle through surrounding CIPs, and this force is responsible for indentation on the
workpiece surface. Tangential force generates due to the rotation of the finishing tool which
helps in removing tiny chips from the workpiece surface. Components of normal force and
tangential forces are considered in the case of the freeform surface due to the different angles
of curvatures. Normal force includes magnetic levitation force and centrifugal force, and on
the other hand, the tangential force includes shear force and Coriolis force. The process
parameters considered in this study are the angle of curvature of the workpiece, tool rotational
speed and feed rate. Both the magnitude of normal force and tangential force decrease with
increasing angle of curvature; however, with the increase in tool rotational speed and

workpiece feed rate, these forces attain a maximum value and then decrease.

1.4 Objectives of the Present Thesis

The surface of a component plays a vital role in its performance and life span. To create a
simple polishing setup for automatized uniform finishing of complex surfaces such as
miniature gear and poppet valve, the rotational magnetorheological fluid-based finishing (R-
MRFF) method is used. This process is capable of achieving the desired finishing at the
nanoscale level. To explore the R-MRFF process with the developed polishing fixture
following objectives are considered.

e Todesign and develop a polishing fixture for R-MRFF process to uniformly nano-finish
the poppet valve and miniature gear component. The capability of R-MRFF setup to
finish such complex surfaces is to be analyzed and explored.

e Simulation study to optimize the dimension and design of the polishing fixture. A
preliminary experimental study to analyze the capability of the developed fixture to
finish workpiece surfaces at the nanometer level.

e To develop a flow restrictor for controlling the flow of MR fluid to uniformly pass
through each and every corner of miniature gear tooth profiles in the R-MRFF process.

e To synthesize different MR fluid compositions to obtain the required surface finish and
surface topography on the miniature gear and poppet valve components made of
SS316L and Ni-Al-Bronze alloy, respectively.

e Characterization of the finished surfaces to explore R-MRFF fixtures’ capability to

fabricate poppet valve and miniature gear worthy surfaces. Statistical analysis to
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optimize the process parameters to achieve the best surface roughness and surface
topography.

e Simulation study to explore the finishing forces in the R-MRFF process. Development
of a mathematical model to predict the final surface roughness value and material
removal rate for both miniature gear and poppet valve based on finishing force analysis

and finite element analysis (FEA).

1.5 Organization of the Thesis

The thesis is organized into seven chapters with references. The introduction to the finishing
processes and related literature review is discussed in Chapter 1. The literature review of
different finishing processes for complex surfaces is thoroughly presented. Also, different
advanced finishing processes and hybrid magnetic field-assisted finishing processes are
discussed, along with previous studies on the processes reported by various researchers. The
literature survey related to MR fluid, finishing of miniature gear and poppet valve components,
mathematical modelling, and analysis of finishing forces using magnetorheological fluid-based
finishing process is presented.

Design and development of workpiece fixture and novel uniform flow restrictor for
miniature gear are discussed in Chapter 2. A magnetostatic fluid-flow simulation study is
conducted to optimize the design of flow restrictor in R-MRFF setup. An experimental study
is also conducted to explore the capability of R-MRFF setup to provide uniform nano finishing
on SS316L miniature gear teeth profiles.

Design and development of novel magnet fixture for finishing poppet valve using R-
MRFF process is discussed in Chapter 3. A magnetostatic simulation study is conducted to
optimize the design of R-MRFF setup and to fix the dimension of magnet fixture. An
experimental study is also conducted to explore the capability of R-MRFF setup to provide
nano finishing on poppet valve profiles made of Ni-Al-Bronze alloy.

In Chapter 4, various compositions of MR fluid are discussed regarding SS316L
miniature gear finishing. Different methods are used to analyze the surface characteristics of
the steel gear profiles before and after finishing with the R-MRFF polishing setup. An
optimization study is carried out to minimize surface roughness value and maximize material
removal rate (MRR). A statistical analysis is conducted to evaluate the significance of each

process parameter.
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In Chapter 5, various compositions of MR fluid are discussed regarding Ni-Al-Bronze
alloy poppet valve profile polishing. Different methods are used to analyze the surface
characteristics of the poppet valve profile before and after finishing with R-MRFF finishing
setup. An optimization study is carried out to minimize the surface roughness value. A
statistical analysis is conducted to evaluate the significance of each process parameter.

In Chapter 6, finishing forces involved in the R-MRFF process while finishing poppet
valve and miniature gear teeth profiles are discussed. Surface roughness simulation is
performed based on the finishing force analysis and FEA findings for poppet valve and
miniature gear teeth profiles. The simulation study is further corroborated with the validation
experiments. Mathematical modelling for material removal rate (MRR) is also carried out to
accurately predict the final MRR for poppet valve and miniature gear teeth profiles.

Discussion about the conclusions and critical findings of the present study with the

future scope is presented in Chapter 7. The references are added at the end.
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Chapter 2 Design and Development of Novel
Flow Restrictor for Miniature Gear Polishing

2.1 Introduction

Previous research shows that uniform finishing is tough to achieve due to the fixture design
and fixture material constraints while finishing complex miniature gear surfaces. While solving
this particular problem, a special type of novel flow restrictor (which is a negative replica of
miniature SS316L steel gear) is designed and developed to achieve uniform finishing across
miniature gear teeth profiles. From Fig. 2.1 (a), it is observed that, magnetic field lines are not
uniformly passing across gear tooth profile that it is spatially varying. Due to these spatially
varying magnetic field lines, the abrasive particles trapped in formed iron particles (IPs) chain
will not always with in uniform point contact to miniature gear tooth profile. So, the flow of
fluid in the simple cylindrical fixture setup separates. This separation of flow from the gear
workpiece may result in the formation of dead zones (Fig. 2.1 (b)) that are the regions on the
workpiece surface where the removal of material is very low (almost zero) due to the
insufficient or ineffective flow of the medium. In order to address this specific issue and to
ensure a more regulated flow along the gear profiles, a novel flow restrictor has been developed
as a resolution. By utilizing this flow restrictor, a consistent constrained gap (Fig. 2.1 (c)) will
always be present between the flow restrictor and miniature gear, forcing MRP fluid polishing
particles to make uniform point contact to the each and every corner surface of the gear tooth
profile even in non-uniform magnetic field distributions for finally achieving high shape
consistency and uniform surface finish at the nano-scale level. A 3D view of the finishing
mechanism along gear tooth profile without and with using flow restrictor is shown in Fig. 2.1
(d) and (e), respectively. Random movement of polishing particles along the gear tooth profile
will be seen in the absence of a flow restrictor (Fig. 2.1 (d)). However, with using a flow
restrictor, a confined movement of polishing particles occurs across gear tooth profile, although
the magnetic field is non-uniform (Fig. 2.1 (e)) [130].

For designing the suggested uniform flow restrictor, first of all, the uniform magnetic
flux density, normal stress, and shear stress distributions are calculated along the gear teeth
profiles using a finite element (FE) based Comsol® Multiphysics software package. Further,
based on FE analysis (FEA) results applied on different preliminary geometries of uniform

flow restrictors, the final model of the uniform flow restrictor and workpiece fixture is planned.
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abrasive and iron particles across gear tooth profile without and with using flow restrictor
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2.2 Magnetostatic Fluid Flow Analysis

To study the shear stress, normal stress, and magnetic field distributions on the gear profiles
along with the MR polishing fluid without and with utilizing a uniform flow restrictor, the
magnetostatic fluid flow was conducted using FEA-based Comsol® Multiphysics software
package. The uniform flow restrictor is modeled as the exact negative replica of the gear teeth
profiles to obtain uniformity in magnetic field, shear stress, and normal stress distributions on
these profiles. Therefore, the gear tooth profile can be uniformly finished. MR polishing fluid
is forced to flow in the gap between the uniform flow restrictor and gear. The input parameters
used for the simulation study are provided in Table 2.1. Comsol® Multiphysics solves a fluid
flow problem under a magnetic field by allocating materials, boundaries, and source conditions
over a finite region space using Maxwell and Navier-Stokes equations. The magnetostatic fluid
flow analysis for magnetic flux density, shear stress, and normal stress distributions is
conducted with these specifications. Table 2.2 presents the boundary conditions used during
the simulation study. The computational domain for fluid flow analysis with applied magnetic
field without and with using uniform flow restrictor is shown in Fig. 2.2 (a) and (b),
respectively.

Finishing forces are the main reason for the uniform material removal and excellent
surface finish. These forces act on the workpiece through the abrasives. The magnetic force
forms the cross-linked chains of magnetic particles under the magnetic field and helps indent
the workpiece surface through trapped abrasives achieving desired surface roughness value.
Literature survey reveals that two types of forces act on the workpiece surfaces, i.e., normal
force and tangential force [131]-[133]. The tangential force is derived from the fluid structure
interaction phenomenon. The normal force is modeled by considering magnetic levitation force
and other normal forces depending upon the process, their impact on the workpiece at the time
of fluid structure (workpiece) interaction. So, shear and normal stresses acting on the gear
profiles can also be derived from the fluid surface interaction with an active magnetic field and
applied pressure. The MR fluid behavior changes from Newtonian fluid (Zone-I, Fig. 2.2) to
Bingham plastic fluid (Zone-11, Fig. 2.2) as the magnetic field is applied. In Zone-II (finishing
zone), cylindrical workpiece fixture with eight incoming and outgoing holes are used for fluid
flow. The inlet velocity (Us = 0.5 m/s) is uniform, calculated from piston movement and time
to complete one stroke. At the outlet, a fully developed flow boundary condition is
implemented. The walls have no-slip boundary condition. Table 2.2 represents the boundary

conditions applied in Zone-1 and Zone-II of the computational domain.
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Table 2.1 Input parameters used for simulation study

Description Value (unit)
Remnant flux density 05T
Volume fraction of magnetic particle ~ 0.22

Density 2594.3 kg/m?
Inlet velocity 0.5m/s
Pressure 32.5 bar
Power law index 0.3039
Newtonian viscosity 0.0358 Pa-s

Rotational velocity of magnet fixture 100 rpm

Table 2.2 Boundary conditions

Boundary type Boundary conditions

Inlet Uniform velocity (Us = 0.5 m/s)

Outlet Fully developed flow (zero axial gradient)
Wall No-slip

Interior wall (around workpiece fixture) No-slip

At the verge of Zone-I, the MR fluid transition gets started from Newtonian to non-Newtonian
behavior. Zone-1 remains unaffected from the magnetic field while Zone-I1 experiences change
in fluid properties due to applied external magnetic field. Due to the uniform flow restrictor
used in the fixture assembly, MR fluid is forced to flow as a uniform restricted movement. The
following assumptions are considered to simplify fluid flow analysis:

e The flow is laminar, steady, and incompressible.

e The medium properties are considered independent of time and temperature. The

temperature change with respect to time and location of the fluid is neglected.

e The medium is assumed homogeneous, although it contains solid particles.
For ensuring the uniform finishing along the involute, top, in-between, and face profiles (Fig.
2.3(a) and (b)) of gear tooth surfaces, a thorough study of magnetic flux density, shear stress,
and normal stress distribution is conducted in the present study.

The fluid flows vertically with to & fro motions through the space between the steel gear
tooth profiles and the fixture wall (Fig. 2.2). The area available for streaming MRP fluid is
named as fluid channel. Hydraulic cylinders apply pressure to MRP media and force this media
to pass across the gear tooth profiles through the workpiece fixture. Magnets kept in the magnet
fixture rotate around the workpiece fixture for uniform gear finishing. During polishing, each
distinct profile of a gear tooth is at different distance from the magnets and causes a varying
magnetic field in the fluid flow area [134]. The rotation of magnets along with flow restrictor
completely remove the inaccuracy caused by spatially varying magnetic field along the gear

component surfaces, totally ensuring that each teeth profile polishes equally. Four Nd-Fe-B
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permanent magnets are used for the current polishing operation (Fig. 2.2). The dimension of

each magnet is 45x25x%20 in mm. The fixture material for the gear component finishing is

manufactured from brass since it is non-magnetic.

South pole
of magneft

South pole o 0 Outlet
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Fig. 2.2 Schematic diagram of 3D computational domain (a) without and (b) with using
uniform flow restrictor for fluid flow analysis under applied magnetic field

Top
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Involute
profile

In-between
teeth profile P

A

(a) (b)
Fig. 2.3 Selected positions for comparing magnetic field, shear stress and normal stress
distributions (a) along gear tooth in-between (AB), top (DF) & involute (BD) profiles and (b)
in the gaps between miniature gear and uniform flow restrictor (AA’, CC’, EE’)

Basic steps to perform simulation in the Comsol® Multiphysics software are to first import a
geometry, add materials, add physics with their boundary conditions, mesh the computational
domain, add study and compute the simulation process, finally get processed outputs. The
rotation of magnets in simulation analysis is applied by considering identity boundary pairs in

the computational domain, where source boundaries and destination boundaries are selected by

39

TH-2855 176103021



making a cylinder inside the computational domain. The moving mesh is considered for the
rotational domain of magnets, and it is given as 100 rpm. This simulation model developed so
far can be applied to any geometry and various parametric studies to find the optimum input
parameters in the defined sets [135]. The outcome of this study would make the method more

flexible and strengthen the mechanistic nature of this modern nano-finishing method.

2.2.1 Rheological Properties of MRP Fluid

MRP fluid flow is highly affected by modifications to external parameters rather than fluid
channel design. Thus, to control the fluid's behaviour in the magnetic field, one must understand
the fluid's magnetic properties. For this purpose, VSM analysis was conducted to obtain the M-
B curve (Fig. 2.4(a)), and from that curve, the B-H curve is plotted. This B-H curve is used in
simulation software to model the MRP media. The magnetic field strength can be evaluated as
follows:

B = /ty(H +M) @)
M=pM, (2.2)

Where B is magnetic flux density (T) or (Wb/m?), uo is the relative permeability of free space

(Wb/A.m), H is magnetic field strength (A/m), Mm IS mass magnetization (emu/g), p is the

density of MRP media (2.5943 g/cm?®). By putting the experimental values in Eq. (2.1), the B-
H curve (Fig. 2.4(b)) is plotted.
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Fig. 2.4 (a) M-B and (b) B-H curves of MRP fluid
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The MRP media viscosity varies in the fluid channel because of magnetic field and shear rate
variation while flowing. The MRP media density, having a homogenous blend of all

constituents, is evaluated by the following equation:

Pure media = ViePip +Vap Prp + Ve 5 +Vo Pp (2.3)
where V is volume fraction of each constituent, and p is density of each constituent. As (pip =
7.86 glcm?®, pap = 3.22 g/lcm?, pe = 0.825 glem? , pp = 0.875 g/cm?), putting these values in Eq.
(2.3), MRP media density is found to be 2.5943 g/cm?®. The Bingham plastic model is the best
suited viscosity model of MRP media [136].

The Bingham plastic model is discontinuous in nature. So, it cannot be directly applied
in simulation for computational purposes. Smoothing techniques are used to remove the point
of discontinuity. The best approximate solution for an appropriate discontinuous model is given
by the following equations [65].

T=ny (2.4)
where zis shear stress (kPa), 7 is the shear rate (/s), # is the non-Newtonian viscosity (Pa.s),

can be obtained from Bingham—Papanastasiou model:

7= ﬂ+|r7y|[1—e(_m”} (2.5)
Where 1 is Newtonian viscosity (Pa.s), m is the consistency index, and zy is yield stress (kPa).
Papanastasio's proposed equation is true for the entire shear stresses (both yielded and
unyielded region) [137].

n > 1, shows a shear-thickening fluid, and a shear-thinning fluid is indicated by n < 1.

Here “n” depends upon magnetic field strength (H). The Newtonian viscosity and yield stress
underneath various shear rates are directly related to the magnetic field, asz, o B® and x o B®
[67], [138]. To study the rheological behaviour of MRP fluid, the study of viscosity is very
important, so a magnetic field dependent shear stress equation is critical. As the magnetic field
increases, yield stress increases accordingly. The yield stress is a function of the magnetic field
[67].
7, (H) =64,M **H ' (2.6)

Where, ¢ is the volume fraction of IPs, Ho is applied magnetic field strength (A/m), Ms is
saturation magnetization (A/m), u, is the magnetic permeability of free space (4nx107 N/A2).

Here, in simulation, shear stress can be modelled based on Eq. (2.4).
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2.2.2 Governing Equations of Magnetic Field

A magnetic field module in Comsol® software is selected for simulating the magnetic field in
the computational domain. The study is not dependent on time. Properties of MRP media is
applied in the simulation software using a BH curve. In the computational domain, materials
and magnetic fields are added. As per the alignment of poles of magnets, the remanent magnetic
flux density of each magnet is specified. Maxwell's equations are generally used to govern the
magnetic field equations. Those are as follows.
B=VxA (2.7)

Where, B is magnetic flux density or magnetic induction (T) and A is magnetic vector potential
(Tm or Wb/m). Divergence of the magnetic field must be zero because magnetic monopoles
cannot exist

V.B=0 (2.8)
With regards to magnetic insulation on boundaries, it implies that the field is zero at the
boundary.

n-B=0 (2.9
Physics-controlled fine meshing is used as it refines the mesh at the corner and boundaries.

2.2.3 MRP Fluid Flow Modelling

The same computational domain is taken to model the MRP fluid, which has been mentioned
in the previous section. The corner refinement mesh is modified to mesh the domain again. The
fluid flow module is coupled with the magnetic field module to model the MRP fluid. The
simple incompressible laminar fluid is considered for stationary study in the computational
domain.

The magnetic force is produced by the magnetization of the MRP fluid particles during
the use of the external magnetic field. Different body forces acts on MR fluid while finishing
is gravitational force and magnetic force. The magnetic force is large, especially in comparison
of gravitational force. So, the impact of gravity is disregarded. This magnetic force is generally
termed as Kelvin force. This magnetic force/unit volume can be evaluated as follows:

F = t,$(M.V)H (2.10)
Where, F is force/unit volume (N/mq), ¢ is the volume fraction of IPs, and M is magnetization
(A-m?/kg). After splitting the above equation into components and simplifying it, it can be

written as follows:
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These volumetric forces are included in the Navier—Stokes equation to account for the effect of
the magnetic field on the fluid flow. This body force (F) term in Eq. (2.15) is specified via Eq.
(2.14). The resultant magnetic body force on the MRP fluid, can be further given by following
equation

F=FEX+Fy+Fz (2.14)
The Navier—Stokes equation uses the volume force to account for the influence of the magnetic
field in the fluid flow.

p(UV)T =V =pl+n(Va+(Va) ) |+ F (2.15)

where,  is dynamic viscosity (kg/(m.s)), u is the velocity (m /s), p is the pressure (N/m?). The
same meshing for fluid flow simulation is also used as defined for magnetic field modelling
with more corner and boundary refined mesh for the convergence of the solution. Fluid flow

simulation is also assumed to be time-independent.

2.2.4 Magnetic Flux Density Distribution

The FE analysis results of the variation in magnetic flux density distributions in the working
gap (A’A, C’C, E’E , Fig. 2.3 (b)) between the gear and flow restrictor, and along the arc length
of in-between (AB), involute (BD), top (DF), face (QU & SY) (Fig. 2.3 (a)) surface of the gear
tooth are shown in Fig. 2.5 (a), (b) (volume plot), (c) and (d) (volume plot), respectively.
Further, without using a flow restrictor, these magnetic flux density distributions are compared
with using a flow restrictor. The maximum magnetic flux density at the in-between, involute,
top and face profile of gear tooth without and with flow restrictor is obtained almost similar as
0.17T,0.21 T, 0.22 T and 0.24 T, respectively, after magnetostatic FEA, which is good enough
for polishing the gear tooth surfaces. The result of the FEA helps to develop a consistent flow-
restricting profile as the precise negative replica of the gear profile. In turn, also the effective

surface on the gear tooth was determined based on FE analysis of uniform shear and normal
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stresses distributions. This helps to achieve the goal of the present work, such as enhancing
surface finishing and eliminating any surface defects that may further minimize gearbox

problems, noises, and vibrations during higher-speed applications.
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Fig. 2.5 Magnetic flux density distribution along gear tooth (a) without (volume plot), (b) at
working gaps A’A, C’C, E’E (Fig. 2.3(b)) without and with, (c) with (volume plot) and (d)
along AB, BD, DF, QU & SY profiles (Fig. 2.3(a)) without and with, uniform flow restrictor

2.2.5 Shear Stress and Normal Stress Distribution

Compared to the result without and with using a uniform flow restrictor, the maximum shear
stress obtained is 64 kPa and 58 kPa, respectively, for the 3D computational domain (Fig. 2.6).
The amount of material removal that takes place in a finishing process mostly relies on the

shear stresses response on the workpiece surfaces. So, in order to get an excellent surface finish,
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the study of rheological properties (shear yield stress and viscosity) of MR polishing fluid is
very important as they are the key design factors in the applications of MR fluids. The FEA
obtained results for the variation in the shear stress distribution without and with using uniform
flow restrictor along the arc length of in-between (AB), an involute (BD), top (DF), and face
(QU & SY) (Fig. 2.3 (a)) profiles of the gear tooth are shown Fig. 2.6 (a), (b) (volume plot),
(c) and (d) (volume plot), respectively. The more uniform shear stress is obtained when using
a flow restrictor, and maximum variation (34 kPa to 58 kPa) of shear stress is obtained when
not using a uniform flow restrictor (Fig. 2.6(b) and (d)). Maximum and uniform shear stress

leads to faster, consistent material removal, thus uniform polishing.
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Fig. 2.6 Shear stress distribution of gear tooth (a) without (volume plot), (b) along AB,

BD, DE profiles (Fig. 2.3 (a)) without and with, (c) with (volume plot), (d) along QU & SY
profiles (Fig. 2.3 (a)) without and with, uniform flow restrictor
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Due to the fact that the MR fluid has an elastic modulus, it behaves in a manner similar to a

non-linear elastic solid prior to yielding [67]. The elastic modulus could be transformed to a
normal stress by multiplying by the average compressive strain (&,) [139]. The following

equation gives the normal stress created by the applied magnetic field.
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Fig. 2.7 Normal stress distribution of gear tooth (a) without (volume plot), (b) along AB, BD,
DE profiles (Fig. 2.3 (a)) without and with, (c) with (volume plot), (d) along QU & SY
profiles (Fig. 2.3 (a)) without and with, uniform flow restrictor
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The FEA obtained results for the variation in normal stress distribution without and with using
uniform flow restrictor along the arc length of in-between (AB), an involute (BD), top (DE)
and face (QU & SY) (Fig. 2.3 (a)) profiles of the gear tooth are shown in Fig. 2.7 (a), (b)
(volume plot), (c) and (d) (volume plot), respectively.

The more uniform normal stress is obtained when using a flow restrictor, and maximum
variation (30 Pa to 130 Pa) of normal stress is obtained when not using a uniform flow restrictor
(Fig. 2.7 (b) and (d)). Uniform normal stress results in the consistent indentation of abrasive
particles pertaining to an equal amount of indentation depth at each gear tooth profile, thus
contributing to uniform material removal and fine surface finish.

The FEA results of shear and normal stresses distributions along the arc length of OP,
QR, ST (Fig. 2.3 (a)) without and with using uniform flow restrictor at 100, 200 and 300 rpm
of magnet fixture is shown in Fig. 2.8 (a) and (b), respectively. The results reveal that the
almost same amount of variation is observed at 100 rpm and 200 rpm; however, values of the
same type of variation increase (1.5 % increment) at 300 rpm. In the actual experiment working
condition at 300 rpm, some amount of the leakage of MR polishing fluid from the tight setup
IS observed, so the 300 rpm is not considered in modelling surface finish, force analysis, and

further experimentations.
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Fig. 2.8 (a) Shear stress and (b) normal stress distribution along OP, QR, ST (Fig. 2.3 (a)) on
gear tooth profile at rpm (100—300) of magnetic fixture with uniform flow restrictor

2.3 Final Design of Flow Restrictor and Workpiece Fixture

By using FEA results of the magnetic flux density, shear stress, and normal stress distributions

at the different gear surfaces necessary for the SS316L steel gear profiles finishing, the final
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uniform flow restrictor and workpiece fixture is designed for the R-MRFF process. The outer
diameter of the uniform flow restrictor and the workpiece fixture is 18 mm and 22 mm,
respectively. The pitch diameter of the miniature gear is 12.5 mm. The total number of teeth is
10, and the thickness of the gear is 2 mm. Upon completing the final dimensions, all sections
of the fixture are specifically produced.

The workpiece fixture holds the small gear workpiece and uniform flow restrictor. The
workpiece fixture is surrounded by a magnet fixture which is given a rotational motion. The
translational and rotational motion of the MRP fluid should have enough room to retain and
flow through the workpiece fixture for finishing the gear workpiece. So the design of a
workpiece fixture is a vital thing in the R-MRFF process. As magnets provide a strong
magnetic field, any ferromagnetic materials for manufacturing the workpiece fixture is
avoided. Otherwise, CIPs would get attached to the workpiece fixture wall and get clotted
inside the fixture, which would have restricted the MRP media to pass through the workpiece
fixture. Brass material is composed majorly of Copper and Zinc, which does not show any
affinity to any provided magnetic field. So, Brass material is used to manufacture the workpiece
fixture.

The workpiece fixture is fixed in between two polishing media cylinders along with the
magnet fixture. Eight holes on the outer side of both the flanges of the workpiece fixture were
made for allowing the MRP fluid to flow across the gear workpiece. The retention of more
MRP fluid helps in the better finishing of the workpiece. A sufficient area was left in the
workpiece fixture for retaining enough MRP fluid for gear finishing. The bottom flange is a
male part having a shaft of 8 mm diameter and a 4 mm extruded part on the top to rest the gear

workpiece (Fig. 2.9(a)).
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Fig. 2.9 Detailed view of (a) gear fixture, (b) gear with uniform flow restrictor, and (c)
complete workpiece fixture assembly
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Fig. 2.10 Gear, small cylinder support, uniform flow restrictor insideworkpiece fixture
assembly and uniform flow restrictor supported between two cylinders

The top flange of the workpiece fixture is the female part. A similar shaft of 8 mm diameter
with a groove of 5 mm (Fig. 2.10) was machined to mesh the extruded part of the bottom flange
(Fig. 2.9(a)). Both flange shafts are manufactured in such a way so that the miniature gear can
rest in between them. The backside of both flanges was additionally stepped by 5 mm to make
it compatible with the proposed R-MRFF fixture. Both flanges were designed so that they
interlock properly with one another to prevent any leaking of the MRP fluid. The detailed CAD
model of gear fixture with uniform flow restrictor is shown in Fig. 2.9 (b). Two small brass
cylinders are used between the flanges to tightly fit the uniform flow restrictor with the gear
workpiece (Fig. 2.9 (b)). The assembly of cylinders with a uniform flow restrictor makes the
whole setup compact. The dimensions of the cylinders holding the uniform flow restrictor are
such that the uniform flow restrictor is able to be placed parallelly around the miniature gear
workpiece maintaining a uniform gap all around. As the experiment involves the use of a strong
permanent magnet, the materials of these cylinders are chosen brass; as the brass is non-
magnetic in nature, it does not promote clotting of iron particles (IPs) on the walls of cylinders.
A schematic of fixture assembly of gear and uniform flow restrictor is shown in Fig. 2.9 (c).
The manufactured workpiece fixture meshed perfectly with the experimental setup built for the
R-MRFF process. The fixture assembly of gear and uniform flow restrictor is shown in Fig.
2.10.

2.4 Experimentation

A novel polishing workpiece fixture and uniform flow restrictor are designed and fabricated
for the precision R-MRFF process to finish complex miniature gear profiles. A permanent Nd—

Fe—B magnet supplies the magnetic field in the finishing area. All gear teeth profiles are
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uniformly finished by the developed flow restrictor and gear fixture. The experimental setup
includes two vertically symmetric hydraulic and polishing media cylinders [29]. The hydraulic
cylinders are filled with liquid, for example, oil and the polishing media cylinders are filled
with MR polishing fluid. Both the pistons of the hydraulic cylinder move to and fro together.
In the first half cycle, the piston of the bottom hydraulic cylinder dispatches the MRP fluid
through the workpiece fixture in the upward direction while simultaneously moving the piston
of the top hydraulic cylinder in the upward direction and in the next half-cycle, the same
process is reversing again to complete one cycle and finishes the gear profiles uniformly. The
movement of the pistons of cylinders extrudes the pressure on the MRP fluid, which in result
forces the MRP fluid through the workpiece fixture. The experimental setup of R-MRFF

process is shown in Fig. 2.11.

Uniform flow restrictor and miniature gear
placed in workpiece fixture

Top hydraulic

cylinder

Top polishing

/lnedia cylinder

Magnet
fixture

Bottom polishing
media cylinder

Bottomhydrau 4

Fig. 2.11 Experimental setup of R-MRFF process for miniature gear polishing

The magnet fixture rotates by a three-phase induction motor through an attached belt around

the workpiece fixture. As magnets rotate, MRP fluid also rotates. The combination of

50
TH-2855_176103021



translational and rotational motion given to the MRP fluid produces a net helical motion that
allows better finishing of any workpiece. The automatic limit switch is kept on for auto to &
fro motion of the piston. The experimental conditions of MR finishing are summarized in Table

2.3. Numerous preliminary experiments chose such parametrical conditions.

Table 2.3 Experimental conditions during R-MRFF

Parameter Conditions
Rotational speed of the magnet fixture 100 rpm
Finishing time 3hrs. 20 min
Number of finishing cycles 800
Applied extrusion pressure 32.5 bar

The MR polishing fluid compositions are listed in Table 2.4 [1], [13] to finish the SS316L
miniature gear, which is chosen by numerous literature surveys. Initially, MR polishing fluid
is formulated by mixing volume percentage of 15 % iron particle of 250 mesh size, 5 % SiC
abrasive particles of 400 mesh size, 10 % grease and 70 % paraffin oil. Later after some
preliminary experiments for fine finishing of gear, iron and SiC abrasive particles of 800 mesh

size are used which compositions are shown in Table 2.4.

Table 2.4 Compositions of MRP fluid for SS316L miniature gear polishing

Constituents Volume concentration (%)
Iron particles (mesh size 800) 22
SiC abrasive ( mesh size 800) 15
Grease 10
Paraffin oil 53

The experiments are conducted to justify the current magnetorheological gear profile finishing
method with the parametrical conditions listed in Table 2.3. Pre-and post-MR finishing, the
surface roughness of the miniature gear teeth profiles is assessed using an Talysurf non-contact
CCI (Coherence correlation interferometer) optical profilometer (make: Taylor Hobson) with
the monochromatic light source (green LED light) according to 1ISO 4287:1997 standard. After
the surface roughness measurements, the initial and the final finished gear teeth profiles were
examined with the field emission scanning electron microscopy (FESEM), microscope and
optical profilometer for characterizing the gear tooth surfaces during the finishing. These data

are compared with each other for gear finished without and with using a uniform flow restrictor.
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2.5 Results and Discussion

Experiments are executed to evaluate the functionality and performance of the novel uniform
flow restrictor and workpiece fixture for standardized uniform polishing of the complex tooth
profiles of miniature gear. On the teeth of a gear, there is an effective field of consistent and
optimum distribution of magnetic flux density, shear stress, and normal stress is present. This

helps in getting an excellent surface finish.

2.5.1 Surface Roughness

After using the novel uniform flow restrictor and workpiece fixture, the surface roughness
parameters were evaluated for the gear teeth surfaces. Gear teeth surfaces were finished with
MR polishing fluid, which composition is given in Table 2.4. The magnetic fixture is rotating,
and extrusion pressure is applied to MR polishing media as a result, an abrasive particle will
cut the peaks of roughness profile by sliding and rotating action as shown in Fig. 2.12 (c). The
cutting force acting on active abrasives eliminates the roughness peaks. The roughness peaks
have been adjusted to the flat smooth surface following the completion of several MR finishing
cycles on the gear teeth profiles, as shown in Fig. 2.12 (d) and (e). At the beginning of the
finishing process, the trapped active abrasives with iron particles hit the roughness peaks of
initial gear teeth profiles, as shown in Fig. 2.12 (a) and (b). After finishing with novel
workpiece fixture, without and with using a uniform flow restrictor, the minimum surface
roughness (Ra) for the involute profile of gear tooth was decreased to 34.3 nm (Fig. 2.13 (b))
and 24.5 nm (Fig. 2.13 (c)) respectively from the original value of 265 nm (Fig. 2.13 (a)). For
all other profiles of gear teeth, initial and final experimental roughness values with 800

finishing cycles obtained are presented in Table 2.5.

Table 2.5 Measured surface roughness values along gear tooth profiles
Final Ra (nm)
Uniform flow restrictor

Gear tooth Initial Ra

profiles (M) “Without  With
In-between 264 22.1 24.3
Involute 265 34.3 24.5
Top 252 46.5 23.9
Face 259 19.6 25.2
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The results demonstrate that nearly all parts of the teeth surfaces have shown the uniform value
of surface roughness using a uniform flow restrictor. This significant uniform decrease of
roughness values on the gear teeth profiles indicates that the novel uniform flow restrictor and

workpiece fixture are capable of producing a uniform fine surface finish.

Iron Iron particles
particles Active chain

chain abrasive
particle

Active
abrasive
particle

MR ﬁnishin Initial roughness peaks at

mark gear tooth face surface
(a) (b)

Initial Ro]]lng

roughness PN

Sliding peaks at gear
<& tooth profile

I_*

(©)

Iron particles
chain

Active abrasive particle

N

Active abrasive
MR finished surface at  particle
gear tooth face profile

(d) (€)

Fig. 2.12 Surface roughness peaks at the tooth (a) top, involute, in-between and (b) face
profile of miniature gear before finishing, (c) different states of a single abrasive particle on
gear surface, final roughness profile after R-MRFF processing at tooth (d) top, involute, in-

between and (e) face profiles of a miniature gear
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Fig. 2.13 Surface roughness profiles of gear tooth on involute surface (a) before finishing,
after finishing (b) without and (c) with using uniform flow restrictor

2.5.2 Surface Characterization

The gear workpiece is polished for 800 finishing cycles, and appreciable improvement in the
finishing of the workpiece is observed. As the MR fluid rotates, the transverse length of active
abrasive particles increases, and it gives a better MRR and surface finish. The MR polishing
fluid prepared was thick so that no seepage of polishing media from the experimental setup
takes place. The improvement in the finishing of the workpiece using this composition of MR
polishing fluid can be reasoned that iron and abrasive particles used are of the same mesh sizes.
Because of the same size of iron and abrasive particles, the trapped abrasives in between the
chains of IPs could be in effective contact with the workpiece and thus could shear off the
undulations of the workpiece. Thus, this composition of MR polishing fluid showed
appreciable improvement in the finishing of the workpiece.

The comparative macrographs of tooth involute surface after finishing without and using
uniform flow restrictor are shown in Fig. 2.14 (f) and (j), respectively. As shown in Fig. 2.14
(), the tooth involute surface, without the use of a uniform flow restrictor, becomes smoother
and shinier after finishing with MR polishing fluid. As expected, the involute surface becomes
even smoother and shinier using a uniform flow restrictor (Fig. 2.14 (j)). No recast layer, pits

or dents were observed. Recast layers on almost all the surfaces were completely removed.
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Fig. 2.14 Macrographs of the tooth (a) in-between, (b) involute, (c) top and (d) face profiles
of miniature gear before finishing, tooth (e) in-between, (f) involute, (g) top and (h) face
profiles of miniature gear after finishing without using uniform flow restrictor, and tooth (i)
in-between, (j) involute, (k) top and (1) face profiles of miniature gear after finishing with
uniform flow restrictor
The surface became shinier and free from scratches. It is evident from the observation of
macrographs that the surface finish on all the tooth profiles of miniature gear improved more
with using a uniform flow restrictor. The initial, final macro-graphic image of all gear teeth
profiles without and without using a uniform flow restrictor is shown in Fig. 2.14. A more
amount of microscope light reflection is observed on miniature gear teeth profiles finished
using uniform flow restrictor than without using uniform flow restrictor as shown in Fig. 2.14
(e)—(I). It concludes that a uniform flow restrictor produces a more smoother and shinier surface
finish at miniature gear teeth profiles. Some tooth deformation is observed on gear tooth profile
(Fig. 2.14 (e) and (g)) when flow restrictor is not used. However, the desired uniform surface

finish with almost no tooth deformation was obtained using a uniform flow restrictor (Fig. 2.14

(H=(D).
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Fig. 2.15 Surface topography of tooth (a) in-between, (b) involute, (c) top and (d) face
profiles of miniature gear before finishing, tooth (e) in-between, () involute, (g) top, and (h)
face profiles of miniature gear after finishing without using uniform flow restrictor, and tooth
(1) in-between, (j) involute, (k) top and (1) face profiles of miniature gear after finishing with
uniform flow restrictor
The comparative surface topography of gear tooth profiles with and without using a uniform
flow restrictor is shown in Fig. 2.15. The comparative analysis of surface topography of gear
tooth profile demonstrates that using uniform flow restrictor; the surface has shown uniform
smoother finish than without using uniform flow restrictor. Apart from a good surface finish,
also it removed the recast layer and all defects from entire gear tooth profiles. The field
emission scanning electron microscope (FESEM) image of gear tooth profiles is studied to find
the presence of the recast layer or any micro-defects on the gear profiles (Fig. 2.16). The loose
materials and recast layer from the in-between profile of gear tooth got completely removed
without using a uniform flow restrictor (Fig. 2.16 (e)). However, using a uniform flow restrictor
surface became smoother and shinier (Fig. 2.16 (i)) with no surface defects. The presence of
the recast layer was confirmed in the initial studies. The recast layer and the loose materials of

the involute profile were completely removed.
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Fig. 2.16 FESEM images of tooth (a) in-between, (b) involute, (c) top and (d) face profiles of
miniature gear before finishing, tooth (e) in-between, (f) involute, (g) top, and (h) face
profiles of miniature gear after finishing without using uniform flow restrictor, and tooth (i)
in-between, (j) involute, (k) top and (1) face profiles of miniature gear after finishing with
uniform flow restrictor

Additionally, the finished surface of the involute profile was completely free from dents, pits,
cracks and scratches when used with a uniform flow restrictor, as shown in Fig. 2.16 (j). The
tooth top and face profile of gear was polished nicely. The recast layer was gone, and the
presence of scratch marks also reduced considerably. It was observed that the sides of the tooth
were rounded a little bit. It was found from the literature survey that the rounding of the edges
of the gear tooth helps to remove the burrs, pits and other undesired properties from the working
surface [73]. As shown in Fig. 2.16 (k), a better surface finish and less form inaccuracy on the
tooth top were obtained using a flow restrictor. From the results obtained from FESEM, it was
found that the recast layer, loose materials, scratch marks, burrs, pits and dents were removed
from the finished tooth profiles of the gear workpiece. The surface finish on different working

surfaces was uniformly improved.
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2.5.3 Uniform Finishing of Gear Teeth Profiles

After conducting the experiment without and with a uniform flow restrictor, the final roughness

values obtained are plotted in a bar chart graph (Fig. 2.17) for observing the uniform finishing

on gear profiles. The surface roughness (Ra) for each profile was measured five times, and

finally, the average of measured Ra was considered. As shown in Fig. 2.17 (a), without using

the uniform flow restrictor, more variation in surface roughness values are obtained at the

different profiles of gear teeth, as compared to the surface roughness values obtained with using

a uniform flow restrictor.

After finishing using a uniform flow restrictor, almost the same

surface roughness values are procured at each gear tooth surface, as shown in Fig. 2.17.
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Fig. 2.17 Comparison of measured surface roughness values on different places of gear tooth
profiles between (a) without and with using uniform flow restrictor, and (b) comparison of
uniformity (i.e., surface roughness) on gear profiles without and with flow restrictor
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Fig. 2.18 Measured uniform gap between gear tooth and uniform flow restrictor profiles (a)
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It means that a uniform flow restrictor obtains more uniformity in surface roughness value at
each surface. And also, after finishing with a uniform flow restrictor, the material removal rate
(MRR) and finishing rate (FR) become higher and uniform. It is observed from the macroscopic
image of miniature gear and uniform flow restrictor (Fig. 2.18 (a)) the uniform gap of about 2
mm is maintained at each surface of gear before finishing. It is again found from the
macroscopic image of gear and uniform flow restrictor (Fig. 2.18 (b)) the uniform gap increases

to about 2.54 mm at each surface of gear tooth after finishing.

(a) (b)

Fig. 2.19 (a) Miniature steel gear and (b) uniform flow restrictor before and after finishing

The increase in the uniform gap in the final arrangement is because of the loss of the same
amount of material on the surfaces of both miniature gear and the internal surface of the
uniform flow restrictor during the whole polishing process. The uniform gap is maintained
between the gear workpiece and the uniform flow restrictor before and after finishing. This
ensures that there is uniform material removal at each corner of the workpiece.

The Uniform flow restrictor, which is a negative replica of the gear workpiece, has
finished the gear workpiece upto nano-scale level uniformly. The gear workpiece before and
after finishing with the uniform flow restrictor is shown Fig. 2.19 (a), and the uniform flow

restrictor before and after finishing is shown Fig. 2.19 (b).

2.6 Summary

In the present study, uniform flow restrictor and workpiece fixture are designed and developed
for miniature gear finishing. Depending upon the uniform value of required magnetic flux
density and shear stress distributions on gear teeth profiles, a novel uniform flow restrictor (a
negative replica of miniature gear) and workpiece fixture are designed and developed for the

R-MRFF process. The magnetostatic fluid flow FE analysis shows that the novel uniform flow
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restrictor can finish the complex profiles of miniature gear teeth uniformly. For finishing
complex miniature gear teeth profiles, the effectiveness of the designed uniform flow restrictor
and workpiece fixture is confirmed experimentally using different surface characterization
techniques, i.e., macrographic images, surface topography, and FESEM analysis. All
manufacturing defects are almost removed after MR finishing of gear profiles when flow
restrictor is used. Uniform magnetic flux density and shear stress distribution in the desired
area helps the active abrasives to uniformly indent and cut the roughness peaks of the gear teeth
profiles with reciprocating and rotating movements of MRPF. It allows smooth, high-
geometrical accuracy finishing. The final roughness values on in-between, involute, top, and
face profiles of miniature gear teeth are measured as 24.3 nm, 24.5 nm, 23.9 nm, and 25.2 nm,
respectively, while using a uniform flow restrictor. The roughness values at the corresponding
positions are measured as 22.1 nm, 34.3 nm, 46.5 nm, and 19.6 nm, respectively, without using
a uniform flow restrictor. A small amount of tooth deformation is observed when a uniform
flow restrictor is not used; however, while finishing using a uniform flow restrictor, no tooth
deformation is found and a fine uniform surface finish is obtained on all teeth profiles of
miniature gear after 800 finishing cycles. One of the exciting approaches for improved practical
use of the miniature gear is the latest R-MRFF process with a novel uniform flow restrictor.

The current study shows the reliability and effectiveness of the present uniform flow restrictor.
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Chapter 3 Design and Development of Novel
Magnet Fixture for Poppet Valve Polishing

3.1 Introduction

The poppet valve has complex narrow ridge profiles, which is very tough to finish by
conventional methods. To finish complex narrow surfaces, it is necessary that the MR fluid
inside the workpiece fixture should make point contact with the complex narrow surfaces of
the poppet ridges during finishing. However, from the literature survey, it was found that the
uniform point contact finishing is tough to achieve due to constraints related to the fixture
design and fixture material while finishing complex narrow surfaces of poppet ridges. While
solving this particular problem, both simulation and experimental studies are carried out in the
present study to design and develop a novel polishing fixture during MR finishing of the poppet
valve. The poppet valve material is Nickel Al-Bronze alloy of AB2 grade.

A novel fixture is designed and developed for a precision R-MRFF process to polish
complex narrow profiles of the poppet valve. A finite element (FE) based commercial software
package Ansys® is used to determine the optimum fixture shape and its dimensions. Five
permanent magnets are used to provide the required magnetic field in the finishing zone. The
size of the permanent magnets is also determined using FE simulation. Later, an experimental
study is carried out to ascertain the capability of the developed fixture. The fixture is designed
to finish complex narrow surfaces of poppet ridges uniformly and precisely over the entire
workpiece surface. The workpiece is attached to a three-axis CNC milling machine to impart a
high degree of freedom for better finishing capability.

3.2 Design and Development of Magnet Fixture

The magnet fixture consists of five permanent magnets to be positioned at five specified places.
It is required to design an ideal fixture to render enough magnetic field in the finishing region.
Sm2Col7 (Samarium - Cobalt) of grade 30H is a sister rare earth permanent cobalt magnet to
NdFeB. This magnet was chosen because of its good magnetic strength, having excellent
corrosion resistance without any need for a protective coating. H versions of Sm2Co17 can
operate up to +350°C without any loss of magnetic field. As described in the following sections,
the best fixture configuration for the R-MRFF process is accomplished in three stages. In the
1% step, the poppet valve ridge profiles on the magnet fixture are established. In the 2" step,
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the size, number and locations of permanent magnets are established. Finally, in the 3™ step,
all parts of the magnet fixture, including MRPF container, base (fixture for 5" magnet), and
the final geometry of the magnet fixture, are determined. The schematic of the poppet valve
with their finishing ridge profiles where polishing is required is shown in Fig. 3.1(a). Magnet

fixture with all magnets placed at their respective locations is shown in Fig. 3.1(b).

Finishing ridge

Poppet valve top view

Poppet narrow ridge and valley
profile on magnet fixture

B North pole
IS South pole} Magnet

(a)

Magnet
fixture

(b)

Fig. 3.1 (a) Different views and finishing profiles of the poppet valve, (b) different views of
magnet fixture with poppet valve ridge and valley profiles

3.2.1 Workpiece Ridge Profiles on Magnet Fixture

To polish the complex narrow ridge profiles of the poppet valve, a replica of the same is
generated on the magnet fixture. It was challenging to polish ridge profiles with a narrow width
of 0.32 mm on a circular periphery (Fig. 3.1 (2)). The major challenge was to polish only these
complex narrow ridge profiles of the poppet valve (Fig. 3.2 (a)). Polishing on other parts is not
necessary. For overcoming this challenge, the same ridge profiles (a replica) have been created
on the magnet fixture to prevent MRPF from entering the valley region (in between ridges)
during rotation of the poppet valve with a CNC machine (Fig. 3.2). During the rotation of the
poppet valve, the relative angular motion between these two ridge profiles (one on the poppet
and the other on the magnet fixture) will ensure that the other parts are not impacted by MRPF,
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as shown in Fig. 3.2. The fine finishing only on the ridge profiles will provide better form

accuracy to the poppet valve; thus, it will improve its sealing effectiveness.
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Fig. 3.2 (a) 2D and (b) 3D schematic of the finishing mechanism between ridges of poppet
valve and magnet fixture

3.2.2 Size, Number and Locations of Permanent Magnets

Magnetostatic simulation is conducted to optimize permanent magnets' size, locations, and
number. During the FE simulation, the following assumptions are considered:

e All the objects are at rest.

e The solver computes a static magnetic field.

e The permanent magnets are the source of the magnet field.

Maxwell's equations are generally used to govern the magnetic field equations (Egs. (2.7) and
(2.8)). The divergence of magnetic field (B) must be zero because magnetic monopoles cannot
exist. Colloidal particles converge in the direction of a magnetic field, and each particle begins
feeling an attractive force. Considering the uniform distribution of CIPs and other constituents,
this force manifests itself as a body force analogous to gravity. The effect of magnetic force is
more dominant than the gravitational force, so the effect of gravity is neglected.

Various magnet configurations with different lengths and cross-sections of the
rectangular magnets are considered during simulation. Varying number of magnets are also
tried to find the optimum magnetic field at the required finishing spots. Better uniform magnetic
flux density distributions at the finishing spots are observed while considering five magnets

having a dimension of 25x20x20 mm?,
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Since the experiments deal with a strong magnetic field, any ferromagnetic materials for
fabricating the magnet fixture is avoided. Aluminium was used to manufacture the magnet
fixture. The main factor for proper finishing of poppet ridge profiles is positioning the
permanent magnets around the centre of the fixture. To generate uniform magnetic field
distribution at poppet profiles, optimum distance (d, Fig. 3.1 (b)) between the finishing spots
and the magnet face should be maintained. Another factor that should be considered during the
positioning of magnets is the space to be occupied by the MRPF container (Fig. 3.3). By
considering all these factors, magnets are placed at 20 mm from the centre of the magnet fixture
(Fig. 3.1 (b)). The location of the 5" magnet (Fig. 3.1 (a)), which is placed below the centre of
the magnet fixture at an optimum minimum distance of 5 mm from the finishing spot on the
magnet fixture. This optimum 5 mm gap of the 5" magnet provides highly uniform magnetic
flux density (MFD) both at the magnet fixture centre and finishing spots. The simulation setup
is shown in Fig. 3.3. The 2 mm gap (Fig. 3.2 (a)) between the fixture ridge and poppet ridge
profiles is loaded with MRPFs.

Three lines at (0° (AB), 45° (EF), and 90° (CD)) and two circles (cicle-1 and circle-2) are
drawn along the finishing spots to check the required MFD distribution as shown in Fig. 3.3.
The dynamic allocation of MFD is also seen at a certain height, starting from 0 to 33 mm (Fig.
3.3) at the centre, finishing spot—1 and finishing spot-2, respectively. All three lines, two
finishing spots and height (OH) in the computational domain are shown in Fig. 3.3.

Several magnet configurations are tried to select optimum magnet fixture development.
FEA based software package, Ansys® is used to evaluate MFD contour and vector plots to
determine the optimal layout of magnet fixture. At various magnet fixture configurations
considered in the present study, the following main goals are considered:

e The magnet fixture should securely hold the permanent magnets at their respective
positions.

e The MFD lines should be oriented towards the finishing zone to avoid deviating from
the finishing region.

e MFD lines should bound the MRPF at finishing spots and centre. So that fluid media
should not segregate towards the MRPF container wall and should not impact the other
parts rather than the finishing spots (i.e., ridges) during rotation of poppet at high speed.

e The fixture should protect the MRPF from the outside environment. Any foreign
particle should not cling to the MRPF during polishing. Also, MRPF should not spill

out of the container from the top or bottom.
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Fig. 3.3 Schematic diagram of the computational domain for magnetic field simulation

All possible structures that allow for the best size and number of magnets have been tested for
the magnetic field distributions. A parametric study to optimize the permanent magnet
dimension during simulation is performed. Magnet proportions, i.e. length and cross-section,
are known as two main characteristics. One parameter is held constant throughout the
simulation while the others are varied. The rectangular magnet varies in length (20 to 25 mm)
and cross-sections (between 15 mm x 15 mm to 20 mm x 20 mm). Among these, the maximum
length and cross-section of the magnet have shown more uniform MFD values; it can be due
to the less corner distance between the adjacent magnets. Generally, at the corner points, the
maximum value of the magnetic field exists. Hence, the optimum magnet dimension for the
rectangular magnet is chosen as 25 mm x 20 mm x 20 mm. Ansys® is used for magnetic field
modelling in the fixture.

1stconfiguration
The magnetic field distribution with four permanent magnets is analyzed for 1% configuration
of magnet fixture as shown in Fig. 3.4 (a) and (b). Afterwards, the magnetic field along the
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lines AB, CD, & EF and finishing spots (1 & 2) are calculated as shown in Fig. 3.4 (c) and (d),
respectively. It is found that the magnetic field distribution around the finishing spots is
practically uniform; however, the magnetic field at the centre of the magnet fixture is almost
negligible. A high magnetic field at the centre and at the finishing spots is essential to meet the
finishing requirements. A high magnetic field at the centre of the magnet fixture will enforce
MRPF to be bound at the centre. It should not impact any other parts rather than the finishing
spots. Also, another requirement is that the MRPF should not segregate towards the wall of
MRPF container during high-speed rotation of the poppet. These four magnets of 1%
configuration cannot bound the MRPF towards the centre and finishing spots. Hence, it was

discarded.
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Fig. 3.4 Magnetic flux density plot (a) contour, (b) vector, (c) along lines (AB, CD & EF,
Fig. 3.3), and (d) around the periphery of finishing spots (1 & 2, Fig. 3.3) for 4 magnets

2" configuration

In the present analysis, two more magnets (at different combinations) are also kept underneath
the fixture's centre (unlike 1%t configuration), like one magnet with the south pole and the other
with the north pole facing upwards and vice-versa. The other combinations are the north poles
of both the two magnets are either kept upward or vice-versa. After that, the MFD distribution
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with six permanent magnets for 2" configuration of the magnet fixture is ascertained. It is
observed that the distribution of contour and vector plots of the magnetic field is not uniform
in the finishing region, as shown in Fig. 3.5 (a) and (b), respectively. MFD along the lines AB,
CD & EF and finishing spots 1 & 2 are shown in Fig. 3.5 (c) and (d), respectively. A maximum
value of 0.21T MFD exists at the finishing spots, which is good enough to polish poppet
profiles. However, there is a huge variation in the magnetic field (Fig. 3.5 (c) and (d)) both
along the lines and finishing spots (1 & 2), respectively, which generates unwanted nonuniform
finishing on ridges.
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Fig. 3.5 Magnetic flux density plot (a) contour, (b) vector, (c) along lines (AB, CD & EF,
Fig. 3.3), and (d) around the periphery of finishing spots (1 & 2, Fig. 3.3) for 6 magnets

Arc length (mm)

MFD distribution with two underneath magnets having one magnet with the south pole and
another magnet with the north pole facing upward direction is shown in Fig. 3.5. Even though
both magnets have the south pole or the north pole facing upwards, they show approximately
a similar MFD variation. Uniform MFD distribution was not observed with 2" configuration

of the magnet fixture. Hence, it was discarded.
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3" configuration

At the 3" configuration, MFD distribution with eight permanent magnets is analysed (Fig. 3.6).
The distribution of contour and vector plot of the magnetic field is almost uniform in the
finishing region (like in 1% configuration), as shown in Fig. 3.6 (a) and (b), respectively. MFD
distribution along the lines AB, CD & EF and finishing spots (1 & 2) is shown in Fig. 3.6 (c)
and (d), respectively. Lesser variation in the magnetic field as compared to 2" configuration
along both the lines and finishing spots is observed. The maximum value of MFD 0.17 T is
observed at the finishing spots. However, this configuration poses a major problem of reduced
value MFD at the poppet surface compared with the previous 2" configuration (Fig. 3.5). At
the fixture centre, the MFD value is near zero, which is unacceptable. This may be due to MFD
lines that cross each other because of different combinations of four magnets underneath the

fixture centre.
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Fig. 3.6 Magnetic flux density plot (a) contour, (b) vector, (c) along lines (AB, CD & EF, ,
Fig. 3.3), and (d) around the periphery of finishing spots (1 & 2, Fig. 3.3) for 8 magnets

Different combinations of underneath magnets are; Two magnets with the south pole facing up
and the other two with the north pole facing up; all four magnets having the south poles facing
up or vice-versa. The MFD distribution with four underneath magnets having two magnets

with the south poles and another two with the north poles facing up is shown in Fig. 3.6. The
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3" configuration having different combinations of all four underneath magnets show
approximately similar MFD variation. Here, the difference in MFD magnitude between
finishing spots 1 and 2 is high (Fig. 3.6 (b)). Therefore, this configuration is also discarded.
Initially, only an even number of magnets were considered because previous literature
deals with an even number of magnets. Also, the problem with an even number of magnets is
that MFD lines cross each other due to the placement of magnets below and above the fixture.
Later due to the requirement of a higher value of MFD at the centre and finishing spots, an odd

number of magnets are also considered in the following configuration.

4™ configuration

The magnetic field distribution with seven permanent magnets is considered for the 4™
configuration of the magnet fixture. The distribution of contour and vector plots of the magnetic
field is not so uniform in the finishing region, but it was good enough for polishing, as shown
in Fig. 3.7 (a) and (b), respectively. MFD distribution along the line (AB, CD & EF) and
finishing spots (1 & 2) is shown in Fig. 3.7 (c) and (d), respectively. These distributions show
the higher variation of MFD along different lines, and finishing spots. The maximum value of
MFD 0.15 T is measured at the finishing spots, which is sufficient enough for polishing poppet
valve ridge profiles. At the centre, the maximum value of the calculated MFD is 0.13 T. Here,
a total of six magnets on the fixture and one magnet underneath the fixture are placed. In this
configuration, two combinations are tried; At 1% combination, the underneath magnet having
south pole is facing up; In the 2" combination, the north pole of the underneath magnet is
facing up. After magnetic field simulation, it has been observed that the underneath magnet
facing the south pole up (1% combination) shows less variation in MFD distribution at the
finishing spots than the 2" combination (Fig. 3.7 (c) and (d)). Also, the 1% combination
provides enough magnetic field at the centre, as shown in (Fig. 3.7 (c)). Therefore, this design
was reasonable enough to choose the magnet fixture. Still, a major problem remains as a 20
mm distance between the magnet face and the magnet's centre was not maintained due to the
more number of the magnets (6 number). Hence, the space required to accommodate each
magnet at an equal gap is not appropriately balanced side by side near the finishing spots.
Because of these constraints, the magnets will be far away from the centre, although it was
previously established that a maximum distance of 20 mm is to be maintained. The size of the
fixture also became large. Here also, the maximum value of MFD was 0.15 T, which is less
than all previous configurations. Due to these reasons, the proposed 4™ configuration was not

discarded entirely but given the thought for designing the next configuration with five magnets.
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It is also understood that the underneath magnet having the south pole facing up gives enough

magnetic field at the centre and finishing spots.
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Fig. 3.7 Magnetic flux density plot (a) contour, (b) vector, (c) along lines (AB, CD & EF, ,
Fig. 3.3), and (d) around the periphery of finishing spots (1 & 2, Fig. 3.3) for 7 magnets

5t configuration

Finally, the 5™ configuration with five magnets has been tried. The magnetic field distribution

with five permanent magnets in the 5" configuration is determined. The distribution of contour

and vector plots of the magnetic field is uniform and good enough for polishing in the finishing

region, as shown in Fig. 3.8 (a) and (b), respectively. MFD distribution along the line (AB, CD

& EF) and finishing spots (1 & 2) is shown in Fig. 3.8 (c) and (d), respectively. The variation

in MFD distributions along lines and finishing spots is lesser than the 4™ configuration having

seven magnets. The maximum MFD value of 0.23T is observed at finishing spots, which is

good enough for polishing poppet profiles and is higher than all previous configurations. Also,

a higher value of MFD (0. 17T) exists at the centre.

Here four magnets on the fixture and one magnet underneath the fixture are placed. In

this configuration, two combinations are tried; 1% combination with the underneath magnet

having the south pole facing up and 2" combination with the north pole facing up, even though
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the knowledge of the south pole facing up showed the best result from the previous
configurations. In between these two combinations, here also the underneath magnet facing
south pole up shows the minimum variation of MFD distribution at finishing spots and enough
magnetic field at the centre, as shown in Fig. 3.8 (d) and (c), respectively.
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Fig. 3.8 Magnetic flux density plot (a) contour, (b) vector, (c) along lines (AB, CD & EF,
Fig. 3.3) and (d) around the periphery of finishing spots (1 & 2, Fig. 3.3) for 5 magnets
In this arrangement, the magnet dimension is correctly balanced side by side for close
proximity to the finishing points, and there is also sufficient room to attach each magnet in an
even space. Now four magnets are placed at a distance of 20 mm from the centre, at a distance
of 11.19 mm from finishing spot-1 and at a distance of 10.17 mm from finishing spot-2
symmetrically. The 5" magnet is placed at 5 mm below the finishing spots (ridge) and 3.7 mm
below from the fixture's centre. With this configuration, the magnet fixture satisfies all
requirements for uniform polishing poppet profiles. Also, the best required MFD, 0.23T and
0.17T at finishing spots and centre, respectively, exist. Furthermore, the optimum size and
location of the magnets have not been changed, enough space left for the MRPF container, and
lastly, the size of the magnet fixture became compact and rigid. After testing all the five fixture

configurations, the 5™ configuration consisting of five magnets is chosen in the present study.
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The five-magnet- configuration design will provide a standardized uniform nano-scale
finishing at the appropriate positions of the poppet ridge profiles.

The other parts of the magnet fixture are designed accordingly as explained below in the
following section. Finally, after fabricating the entire magnet fixture, the simulation results are

validated with the experimental results as discussed below.

3.2.3 Other Parts and Geometry of Magnet Fixture

After selecting the 5™ configuration, now the challenge was to design and fabricate other parts
and decide the magnet fixture's final geometry. The total number of magnets and their optimum
locations have been decided at 20 mm from the centre. Considering these constraints, the final
dimension of the magnet fixture is designed as 110 mm x 110 mm x 20 mm. The maximum
value of MFD exists at the centre of the magnet fixture. Hence, the magnets are placed
accordingly on the aluminium plate. All four magnets are firmly fitted on the aluminium plate
by perspex sheet (25 mm x 10 mm x 20 mm). Also, the magnets are covered with diamagnetic
steel plates (32 mm x 27 mm x 1 mm). The steel plates covering the magnets are fixed on the
aluminium plate using Allen bolts (M 3 x 20 mm) made of diamagnetic steel. Nonmagnetic
Perspex, diamagnetic SS Allen bolt and SS plate are used to avoid any interference of the
applied magnetic field.

Due to the complex design of poppet ridge profiles on the magnet fixture and MRPF
container, these are manufactured as two separate parts. Also, it was challenging to fabricate
these two components as a single rigid body. The container is made leak-proof from MR fluid
using a gasket and rubber placed underneath the container in the magnet fixture at the specified
slot. The magnet fixture also has a provision/space to attach the 5" magnet. The container has
a dimension of 30 mm height, internal and external diameters of 26 mm and 32 mm,
respectively. The MRPF container is shown in Fig. 3.9. There is also a need for a base to hold
the whole magnet fixture and the 5™ magnet. It was also necessary to make the entire fixture
rigid and compact, easily fitting on a CNC table for uniform polishing of poppet valve profiles.
The magnet fixture base is designed with a 110 mm diameter, as shown in Fig. 3.9.

The primary requirement was to finish only the ridge profiles of the poppet valve without
disturbing other parts. Holding the poppet valve in the CNC spindle has been a challenging
task since the upper part of the poppet is hollow (Fig. 3.1 (a)). Hence, ultimate care is taken

while fixing it in the CNC spindle. After designing and fabricating all the parts of the magnet
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fixture, the final assembly is made, as shown in Fig. 3.9. After that, the capability of the magnet

fixture is checked with the experimental investigation.

Poppet valve

MRPF
container

Magnet fixture

MR polishing

fluid .

Fixture for 5%
magnet or base

I North pole
Magnet
I South pole } 8

Fig. 3.9 Schematic diagram of magnet fixture assembly for poppet valve polishing

3.3 Experimental Investigation

As discussed earlier, the final magnet fixture has been fabricated based on the 5th
configuration. The values of MFD at different points is measured using a digital Gaussmeter.
Further, the simulated MFD from Ansys is validated with the experimentally measured MFD
to check the magnet fixture's capability.

Initially, the Gauss-meter probe is kept vertical for measuring the MFD at corresponding
lines (AB, CD & EF) and finishing spots (1 & 2). The results obtained in the first experiment
show a 75 % error with the simulated results. The measured results were almost similar for two
more repeated experiments with the same vertically placed digital Gaussmeter probe, with a
75% error with simulated results. All the magnetic flux lines are not passing perpendicularly
through the digital Gaussmeter probe due to the placement of the 5th magnet, which results in
the inaccuracy of MFD measurement. Fig. 3.10 (a), (b) and (c) explain how the Hall probe of
the digital Gaussmeter should be placed (at some angle) to pass the whole MFD lines
perpendicular to the hall probe. However, it is unknown at what angle the magnetic probe is to
be set. Hence, three more experiments are conducted to measure the MFD by placing the probe
at 30°, 45°, and 60° angles, respectively. After completing all four experiments, it was found
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that the probe placed at a 45° angle showed approximately less than 8% error with the simulated

results.

B Magnet north pole
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Fig. 3.10 (a) Schematic illustration of overall 3D magnetic flux density (MFD) distribution

by five magnets, net MFD line on finishing spots in (b) 3D and (c) 2D view
Here, the normal component of the magnetic field (which is most significant) is considered,
neglecting other insignificant components. The resultant value of MFD on the poppet valve
ridges can be obtained from Eqg. (3.1). The probe placement at 45° is shown in Fig. 3.11. The
MFD lines cross perpendicularly to the probe as shown in Fig. 3.11 (b) and (c), after placing
the Hall probe at an angle of 45°. Hence, the measured MFD offers almost similar results as
obtained through simulation. The total MFD can also be calculated analytically from Eqg. (3.2).
The total normal magnetic force acting on carbonyl iron particles can be calculated from Eq.
(3.3) [140]-[142].
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B, =+/B?+B,’ (3.1)

Bir =Br + 14 (Mcw) (32)
B, (5
e Meip X B (5) ds (3.3)
i Hy

Here, Brr is the total resultant magnetic flux density or magnetic field in the working gap (s),
which is filled with MRPF, Mcip is the magnetization of the CIPs, po is the magnetic
permeability of free space, Fm is the normal magnetic force, ym is the magnetic susceptibility,
and Br (s) is the variation of magnetic flux density along working gap (s). The distribution of
magnetic lines of force (3D schematic view) by five magnets is shown in Fig. 3.10 (a). The
resultant magnetic field in 3D and 2D schematic views is shown in Fig. 3.10 (b) and (c),
respectively.

For accurate measurement of the MFD, 15° incremental interval of rotation angle along
the periphery of the finishing spot (1 & 2), 2 mm incremental interval along the lines is

considered. The probe is attached to a digital height gauge. The height gauge is placed on a

e

small x-y-z table, as shown in Fig. 3.11.

Digital height gauge i By )
e Vertical
B> magnetic
- Tz . probe
Magnetic probe at angle Poppet ridge
X 3 - profile on
Digital 45° from vertical ; A magnet
Gaussmeter fixture probe (b)
B,
Br Magnetic
probe at
angle 45°

Poppet

ridge profile
on magnet . (C)
fixture

Fig. 3.11 (a) Magnetic probe of digital Gaussmeter placed at a 45° angle from vertical,
schematic of net MFD line passing through probe after placing the probe (b) vertically and
(c) at an angle 45°
After fixing the Hall probe of the digital Gaussmeter at a 45° angle with the vertical axis, the
final and accurate measurement of magnetic flux density is obtained along the lines (AB, CD

& EF) and around the periphery of finishing spots (1 & 2). The comparison between the
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experimental and simulated value of the magnetic flux density is shown in Fig. 3.12 and Fig.
3.13, respectively. Further, the measured magnetic flux density along three lines (AB, CD &
EF) are plotted together in Fig. 3.14(a) to compare the magnetic field variation among these
lines. Similarly, the measured MFD along finishing spots (1 & 2) are plotted together in Fig.
3.14(b). MFD values are measured three times at each position, and an average value is
considered. Measured results show that placing the Hall probe of digital Gaussmeter at a 45°
angle from the vertical axis reduces the error with simulated results to 8%. The magnetic probe
is held at 45° and connected to the digital height gauge to see the variation in magnetic flux
density along vertical direction (height 0 to 33 mm) at equal intervals of 1 mm starting from
finishing spots (1 & 2) and centre (OH). The final plot of magnetic flux density along height is
shown in Fig. 3.15. A comparison of the maximum value of magnetic flux density (from all

measured and simulated results) at the centre and finishing spots 1 & 2 (Fig. 3.3) is made in
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Fig. 3.14 Experimentally measured magnetic flux density plot along the (a) lines (AB, CD &
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Table 3.1 Maximum value of simulated and measured magnetic flux density at magnet
fixture centre and finishing spots (1 & 2, Fig. 3.3)
Maximum magnetic Flux Density (T)

Measured From Experimentally Error (%)
spots simulation measured

Centre 0.19 0.180 5.55
Finishing spot-1 0.23 0.215 6.97
Finishing spot-2 0.21 0.204 2.94

The experimental setup for the poppet valve is shown in Fig. 3.16. The magnet fixture has five
permanent magnets (Sm2Co17 of grade 30H) of dimension 25x20x20 mm. The poppet valve
is attached to a precision 3-axis CNC milling machine head. The magnet fixture is held with a
precise vice during polishing, as shown in Fig. 3.16. At first, during starting of the finishing
process, the CNC spindle is rotated at 1200 rpm. The initial working gap between the poppet
ridge and the magnet fixture profiles is fixed at 2 mm. After that, the spindle is guided to move
up to 1 mm downward (towards magnet fixture) with a feed rate of 0.01lmm/min from its
starting position to completely fine finish the poppet ridge profiles for 100 minutes. This
vertical motion of the poppet valve is provided to make the process faster as with increased
finishing time, the sharp cutting edges of the abrasives become blunt, and the abrasives require
a higher normal force to polish the poppet ridge profiles further.

Table 3.2 provides the experimental conditions such as poppet rpm, finishing time and
vertical feed rate. A CNC milling machine is used to adjust the rpm of the poppet valve. The
surface topography and surface roughness of the workpiece before and after experimentation
is measured using a non-contact type optical-type profilometer (Taylor Hobson Talysurf). The
process mechanism is analyzed during preliminary experimental study, and the most significant
process parameters are identified.

Indigenously made customized MRPF is prepared to finish the poppet valve profiles
properly. Initially, the acid (HF and HNO3) was used as a base medium with distilled water
[143] because of the very high hardness (HRC 47) of the workpiece material. However, it was
observed that some parts of the workpiece got damaged due to the chemical reaction between
the workpiece and acid. The new compositions of MRPF are shown in

Table 3.3. Therefore, hydrofluoric acid (HF) has been removed from MRPF for further
experimentations. However, HNOz remains, as it is used to brighten the surface. An extra agent,
i.e., H202 is mixed with MRPF to dissolve the hard metallic surface to help abrasive particles
indent easily. Copper (I1) nitrate (CuNOgz), which forms due to the reaction of Cu, HNOsand

H20g, is also used as a polishing agent. So MRPF was formulated with a base medium of H20-
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and deionized water and further mixing with CIPs and abrasive particles. Further glycerol is
added to the MRPF. This functions as a stabilizer to spread CIPs, consistently eliminating

agglomeration. It also contributes to prevent sedimentation.

Milling machine head

SS Allen bolt  Poppet ridge and
valley profile

Magnet fixture

for poppet valve - } 2 =

mmenlll P 'CC1S10N VICE

Fig. 3.16 Experimental setup for poppe valve finishing with magnet fixture details

Table 3.2 Experimental conditions during R-MRFF

Parameter Conditions
Finishing time 1 hr. 40 min
Feed rate 0.01 mm/min
Rotational speed of poppet 1200 rpm
Working gap 2mm
Table 3.3 Composition of MR polishing fluid
Constituents VVolume concentration (%)
CIPs 30
SiC abrasive (mesh size 800) 7.1
Glycerol 8
Nitric acid (HNO3) 1.17
Hydrogen peroxide (H20-) 1.3
Deionized water 52.43

3.4 Results and Discussion
Experiments were conducted to evaluate the functionality and performance of the novel magnet
fixture for standardized uniform polishing of the narrow ridge profiles of the poppet valve. On
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the ridge profiles of the poppet, an effective, consistent and optimum distribution of magnetic
flux density is present. This helps in getting a fine surface finishing. In order to understand the
finishing surface characteristics, the influence of MRPF on surface topography, surface
roughness, macrograph and the FESEM image is deduced.

3.4.1 Surface Roughness

The surface roughness parameters of the poppet valve profiles were evaluated while using the
novel magnet fixture. Poppet valve profiles was finished with MRPF, and its composition is
given in Table 3.3. At first, the polishing of the poppet was performed with just the rotary
action of the poppet valve. Due to the only rotational movement given to the poppet valve, the
sharp edges of abrasives got blunt and are unable to trim the roughness peaks [144]. Hence, the
desired surface finish is not achieved. Hence, it becomes necessary to move poppet in the
downward direction at a certain feed rate to increase further the applied normal force (Fn) (EQ.
(6.26)) on abrasive particles. Also, due to the resulting magnetic force (Fr), the MRPF is bound
to the periphery of poppet finishing spots, not segregating into the container, nor leaving the
poppet valve profile. So the resultant indentation force (Fingentation) (EQ. (6.28)) will act on the
abrasive particle (Fig. 3.17) to indent into the poppet ridge profiles, and due to resultant cutting
force (Fc) (Eq. (6.27)), (Fig. 3.17) the abrasives easily remove material from poppet ridge
surfaces. The resultant force (Fr), which acts on active abrasive grain to cut the roughness peak
(Fig. 3.17(d)), is given in Eq. (3.4).
Fr = Fe + Fingentation (3.4)

After finishing, the minimum average surface roughness (Ra) on finishing ridge profiles were
decreased to 20.1 nm (Fig. 3.18 (b)) from the initial value of 320 nm (Fig. 3.18 (a)).

Now to check the capability of novel magnet fixture for its intended requirements,
different positions (on finishing ridge profiles and other areas) are selected as shown in Fig.
3.19. At these positions, the surface roughness values are measured. It was observed that the
surface roughness values at finishing ridge profiles are decreased to minimum values as
intended. However, an insignificant reduction in surface roughness values is observed in other
positions as per the requirement to avoid any damages. These were the exact requirement of
the present MR finishing operation of poppet valve ridges. Hence, the novel magnet fixture is

capable of producing the required surface roughness values on poppet ridges.
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3.4.2 Surface Characterization

The surface topography of the poppet valve profile before and after finishing is shown in Fig.
3.20. Initial turning scratches, deep valleys and pits (Fig. 3.20 (a)) has been removed after final
MR polishing (Fig. 3.20 (b)). These results demonstrate that nearly all parts of the poppet
profile have the same reduced surface roughness value. The significant decrease of surface
roughness values on the poppet valve profile indicates that the novel magnet fixture is capable
of producing a good fine surface finish. This is attributed to the same degree to which the
magnetic field is dispersed at the poppet profiles (Fig. 3.8 (c) and (d)). The surface finishing
mechanism by the action of cutting force (Fc), and indentation force (Findentation), iS Shown in
Fig. 3.17.

The macro-graphs of the poppet valve profile before and after finishing are shown in Fig.
3.21. Before finishing, as shown in Fig. 3.21 (a), the continuous deep valleys and pits were
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present, which have been removed after MR finishing. After finishing, a consistent and smooth

surface is obtained, as shown in Fig. 3.21 (b).
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Fig. 3.20 Surface topography of poppet valve (a) before and (b) after finishing
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Fig. 3.21 Macrographic images of poppet valve profiles (a) before and (b) after finishing
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Fig. 3.22 FESEM images of poppet valve profiles (a) before and (b) after finishing
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The FESEM images of the poppet valve profile before and after finishing are shown in Fig.
3.22 (b). FSEM image in Fig. 3.22 (a) show that initial scratches, burrs and pits are removed
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after finishing (Fig. 3.22 (b)). The rotational motion of the poppet valve has left negligible
rotational marks after finishing, as shown in Fig. 3.22 (b). In the present R-MRFF process, the
material removal was performed by active abrasive particles in the direction of the cutting force
on the poppet valve profile. All initial defects generated while fabricating the poppet by turning
operation were removed. The final polished surface becomes very smooth with almost no
surface defects, as shown in Fig. 3.22 (b). Therefore, the FESEM image of the finished surfaces
of a poppet valve indicates that the surface structure is significantly improved in accordance
with the ground surface. As illustrated in Fig. 3.22 (b), the final surface characteristics are the

exact criterion for finishing the poppet ridge profile.

3.5 Summary

One of the exciting approaches for improved practical use of poppet valves is its ridge profile
polishing using the latest R-MRFF technology with a novel magnet fixture. Depending upon
the standardized uniform distribution of magnetic flux density obtained through magnetostatic
FE analysis on the poppet valve profiles, a novel magnet fixture for the R-MRFF method is
developed. For finishing the poppet valve profiles on required positions, the effectiveness of
the designed fixture is confirmed experimentally. The current study shows the reliability and
effectiveness of the current magnet fixture. The resultant magnetic field produced by five
magnets is uniformly distributed along the poppet ridge profiles. Because of that, active
abrasive particles will uniformly indent into the poppet surface, which results in a consistent
cutting of the poppet surface asperities in the vertical and rotating directions with the poppet
movement. It allows smooth finishing and high-geometrical accuracy of the poppet profiles.
The surface roughness (Ra) value for poppet valve profiles is reduced significantly to 20.1 nm,
from 320 nm. The quality of the poppet surface is improved considerably and uniformly. The
error between the measured value of magnetic flux density by digital Gauss-meter and the
simulated value obtained using Ansys® is less than 8%. The MR polishing fluid reacts with
poppet valve material during the finishing process and forms a polishing agent, which helps in
finishing the poppet valve precisely. The surface characterization of finishing ridge profiles
shows that all defects (burrs, pits, scratches, etc.) are entirely removed. A finely finished poppet
valve using a novel magnet fixture will improve its corrosion, wear resistance, and sealing
effectiveness, further minimising hydrocarbon emissions at elevated pressure and temperature

during its actual use.
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Chapter 4 Uniform Finishing of Miniature Gear

4.1 Introduction

Nano-finishing of miniature gear is a tough challenge due to the complexity of its geometry.
Miniature gears are used in numerous complex applications, such as biomedical instruments
for pumping, cutting, and various other works, even in small servo motors, commonly used in
UAVs in different manufacturing, military, and research applications. The high material
removal causes noise or vibration between the meshing teeth. The traditional method for
finishing of miniature gears produces an error in miniature gear teeth profiles because of the
transverse grinding lines, fine micro-cracks, burr, scratch marks, burns, pits and thermal
distortion. Very few finishing processes are applied to miniature gears due to the narrow
spacing between the miniature gear teeth.

In the current study, a novel uniform flow restrictor (a negative replica of the miniature
gear profiles) is used in the R-MRFF process for precise finishing of the miniature gear teeth
profiles. For this purpose, the effect of key parameters on the process's performance has been
studied through response surface methodology (RSM). Analysis of variance (ANOVA) has
been applied to identify significant parameters. Further, a model is also simulated using
Comsol® Multiphysics software to determine the depth of indentation caused by a single
abrasive particle on SS316L spur miniature gear teeth profile due to normal finishing force.
The surface characteristics of the polished surfaces with distinct magnetorheological fluids are
outlined for surface roughness and surface texture without and with the use of a novel flow
restrictor. Ultrafine surface roughness (Ra = 23.9 nm) at miniature gear teeth profiles are
obtained using a Type-I111 MR fluid and uniform flow restrictor. All manufacturing defects like
burrs, dents, scratches and pits are also completely removed. MR fluid of Type-I1I is selected
to polish miniature gear teeth profiles. From experimental results, it was observed that the
combination of a high volumetric proportion of iron/abrasive particles and a higher rotational
speed of magnets is more favourable to obtain a higher degree of surface finish, while the
combination of the high extrusion pressure and a higher rotational speed of magnets causes
higher material removal. The finishing results are compared without and with using a uniform
flow restrictor. After using the R-MRFF process, the miniature gear may have better
mechanical strength, longer service life, and minimum maintenance during its working

performance.
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4.2 Experimental Investigation

The uniform flow restrictor is a negative replica of the miniature steel gear. There is a random
movement of ferromagnetic iron and abrasive grains, although the magnetic field is active, as
demonstrated in Fig. 4.1 (b). However, with the introduced fixture and uniform flow restrictor,
uniform confined space between flow restrictor and miniature gear is generated [140]. MR
fluid is forced to pass with constant velocity through each and every profile of the miniature
gear teeth, as demonstrated in Fig. 4.1 (a). The finishing mechanism of the R-MRFF process

with and without uniform flow restrictor is presented in Fig. 4.1 (a) and (b), respectively.

Random move-
ment of iron and
abrasive grains

Uniform flow
restrictor

Confined
movement of
iron and abra-
sive grains

Iron Particles

SiC abrasives

—— Rotation of magnets ——

Miniature
gear

t Cylindrical

fixture

Miniature
gear

Magnetic poles of

- permanent magnet
(@) (b)

Fig. 4.1 Finishing mechanism of R-MRAFF process for miniature gear teeth profiles (a) with
and (b) without using uniform flow restrictor

Steel miniature gear and uniform flow restrictor are fabricated using wire electro-discharge
machining (WEDM) process, which uses a slender wire. The wire is traced along the miniature
gear profiles. The gear profile is manufactured by melting the material due to intense heat
generation by electrical sparks in WEDM. The workpiece is exposed to high temperature along
the machined surface, whose consequences reach to few millimetres deep inside the surface
profiles. The material used to manufacture the miniature gear and uniform flow restrictor is
SS316L. This steel grade is of lower carbon content than its SS316 variant, as the designation
L means low here. SS316L grade steels are corrosion-resistant, durable, stronger at elevated
temperatures, and unusually resistant to an acidic environment.

The miniature gear has a pitch diameter of 12.5 mm, outside diameter of 14 mm. The

maximum outer diameter for uniform flow restrictor and workpiece fixture is 18 mm, and 22
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mm, respectively. The miniature gear's involute profile is of 1.25 mm module, number of teeth
is 10, and the thickness of the miniature gear is 2 mm. An Nd-Fe-B permanent magnet
generates a magnetic field in the region where finishing is being performed. The workpiece
fixture holds the miniature gear workpiece and uniform flow restrictor, and it is surrounded by
a magnet fixture, which includes four permanent magnetic bars. Brass material is used to
manufacture the workpiece fixture as it is non-magnetic. The workpiece fixture is fixed in
between two polishing media cylinders along with the magnet fixture. Eight holes on the outer
side of the workpiece fixture's flanges were made to allow the MRP media to flow across the
miniature gear profiles. The retention of more MRP media helps in improved finishing of the
workpiece. Uniform flow restrictor placement along with the miniature gear maintains a
constant gap between all profiles of miniature gear teeth and uniform flow restrictor. A vertical
two-way abrasive flow machining (AFM) setup, which has two hydraulic cylinders to flow the
media up & down continuously, is used for the R-MRFF process for improved finishing
capability. In the first half-cycle, MRP media of the bottom media cylinder passes through a
workpiece fixture in an upward direction. In the next half-cycle, the same process reverses
again to complete one cycle and uniformly finish the miniature gear profiles. The movement
of the pistons of cylinders extrudes pressure on the MRP media, which forces the MRP media
through the workpiece fixture. The experimental setup of the R-MRFF process with details of
magnet fixture and workpiece fixture is demonstrated in Fig. 2.11. The attached limit switch
helps in the piston's to and fro motion to automate the finishing process. Based on previous
works on steel components, MRP media compositions are identified for the finishing of
SS316L spur miniature gear, as demonstrated in Table 4.1 [84].

Three types of MR polishing media with varying sizes of iron particles and the
concentration of abrasives have been prepared to check their gear profiles' consequences. The
composition of different types of synthesized MR polishing media is demonstrated in Table
4.1. SiC abrasive having a mesh size of 800 is chosen, as it is best to finish steel miniature gear
[84]. Hence, it is kept fixed for all experiments. Initially, paraffin oil's volume percentage is
maintained at 63 % to make MR polishing media semi-thicker. The media quickly passes
through a small gap of 2 mm between the miniature gear and the uniform flow restrictor.
However, it was observed that, as MR polishing media is semi-thick, a small amount of MRP
media started to seep out of the experimental setup. The grease is mixed as an additive to
increase the viscosity of MR polishing media. Due to the frictional heat generation, the grease

starts separating, weakening the adhesive bond between solid particles and liquid carrier of MR
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polishing media. After using an extra rubber pad at the top and bottom media cylinders, this
leakage was controlled.

The minimum amount of abrasive concentration in the MRP medium can't be less than 5
%. Also, the abrasive concentration cannot be much higher. Higher abrasive concentration
causes their accumulation on the outside edges of the loop of MRP media, which is having iron
particle chains, and many abrasives separate from this loop. This leads to the sliding and rolling
of abrasives in the working gap without any polishing activity. Abrasives stuck in iron particle
chains decrease magnetic force (F) in between two adjacent iron particles (IPs) [145] as
described in Eq. (4.1).

9 RI

Where Lo is permeability for the free space, r is the radius of an IP, R" is the centre distance

wr( 2om ¥
F_L{r CMJ (4.0

between two IPs, and C is constant, M is the magnetization of MRP media. The magnetic force
(F) is inversely related to the gap between two adjacent iron particles (R'). So, whenever an
abrasive particle arrives between iron particles, the gap between two adjoining iron particles
rises, and F reduces. Because of the lower value of magnetic force (F), the bonding strength
between iron particles becomes weak, and consequently, they are unable to hold abrasives
effectively. Thus, the final surface roughness value (Ra) rises, and MRR reduces with increased

abrasive concentrations (Vol. %) beyond 5%.

Table 4.1 Different types of synthesized MR polishing media

_ Iron particles Abrasive grains s oace (Vol. - Paraffin oil

Media types \1eh size Vol. (%) Mesh Size Vol. (%) (%)) (Vol. (%))
Type-1 250 22 800 5 10 63
Type-II 400 22 800 8 10 60
Type-1II 800 22 800 15 10 53

The parameters are taken in the present study that effects the reduction in surface roughness
and improvement in MRR is the volumetric proportion of iron/abrasive particles (V), rotational
speed of magnets (N) and extrusion pressure applied by hydraulic cylinder (P). On the basis of
the preliminary experimentations done for % ARa, and available literature [30], [84], [131],
MRP media is made by mixing IPs (mesh size 800), SiC abrasive powder (mesh size 800),
grease, and paraffin oil. Grease is added to improve MRP media viscosity. This functions as a

stabilizer to spread IPs, consistently eliminating agglomeration and preventing sedimentation.
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In the present research, the % volume of the base fluid in MRP media varies from 53%- 63%.
After selecting the MRP media composition, the no. of the finishing cycle is varied to find out
the optimum no. of the finishing cycle. It was observed that up to 800 finishing cycles, the
desired nanometer level surface finish are achieved. With further experimentation, surface
finish improved; however, gear teeth profiles get deformed, and some amount of pitting is also

observed. Hence, the 800 finishing cycle is the optimum cycle for the current study.

Table 4.2 Preliminary experimentation for selecting a range of process parameters
S.No. V N(rpm) P (bar) Initial Ra(nm) Final Ra (nm)

1. 1 90 35 253 150.1
2. 1.5 90 35 256 112.9
3. 2 90 35 257 116.3
4. 2.5 90 35 260 1241
5. 3 90 35 261 148.1
6. 4 90 35 254 159.4
7. 1.5 30 35 254 128.5
8. 1.5 60 35 250 126.3
9. 1.5 90 35 259 111.5
10. 1.5 120 35 256 127.9
11. 1.5 150 35 265 152.1
12. 1.5 90 30 262 130.2
13. 1.5 90 32.5 258 124.9
14. 1.5 90 35 259 1121
15. 1.5 90 37.5 259 136.1
16. 1.5 90 40 262 150.1
17.  1.75 90 35 255 115.9
18. 2 90 35 257 119.6

V - Volumetric proportion of iron/abrasive particles, N - Rotational speed of magnets,
and P - Extrusion pressure applied by the piston of hydraulic cylinder

Table 4.3 Range of process parameters
Process parameters

Lupls \/ N (rpm) P (bar)
-2 0.31 39.5 30.7
-1 1 60 32.5
0 2 90 35
1 3 120 37.5
2 3.6 140.4 39.2

To determine the variable range of the process parameters, preliminary experimentations were
performed on the gear component. The initial average roughness values (Ra) of the gear
workpiece ranges between 252-265 nm. To measure the surface roughness of the gear

component before and after conducting experiments, a “Talysurf” non-contact optical
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profilometer is used. The preliminary experimentations were conducted for the 40 minutes of
the finishing cycle with the different range of the selected variable parameters. To vary the
chosen variable, one parameter was varied at one time, and the other two were fixed, as shown
in Table 4.2. The values of surface roughness (Ra) obtained after initial experiments are
reported in Table 4.2 for the variable parameters like the volumetric proportion of iron/abrasive
particles (V), the rotational speed of magnets (N) and extrusion pressure (P). The results
obtained from the preliminary experimentations are used for selecting the range of the process
parameters for effectively finishing the gear teeth profiles. The selected range for parameters

is reported in Table 4.3.

Table 4.4 Plan of experiments for statistical DOE

s, No Factors Response
L \ N (rpm) P (bar) % ARa MRR (g/min)
1 1 60 32.5 48.71 0.00090
2 3.68 90 35 66.89 0.00020
3 2 90 35 90.78 0.00081
4 1 120 32.5 55.35 0.00099
5 2 90 30.79 42.37 0.00071
6 2 90 35 83.55 0.00093
7 1 120 37.5 73.66 0.00118
8 2 90 35 88.23 0.00092
9 2 39.54 35 63.95 0.00070
10 2 90 35 91.21 0.00090
11 0.31 90 35 59.29 0.00091
12 3 60 37.5 41.32 0.00055
13 3 60 32.5 48.78 0.00032
14 2 90 39.20 40.07 0.00078
15 2 140.45 35 85.60 0.00110
16 1 60 37.5 42.37 0.00061
17 3 120 32.5 60.20 0.00042
18 2 90 35 88.44 0.00091
19 3 120 37.5 56.62 0.00097
20 2 90 35 90.54 0.00083

% ARa — Percentage change in centre line average surface roughness value, MRR -Material
removal rate

To analyze the parametric study for the fine finishing of poppet valve ridge profiles, the design
of experiments (DOE) is used. Further, for analyzing the outcome of various parameters on the
% change in surface roughness (% ARa) and material removal rate (MRR), response surface
methodology (RSM) is used. The effect of the different process parameters and their combined
effects are studied. From the analysis of variance (ANOVA), each process parameter's

influence on % ARa and MRR are analyzed, and significant process parameters are selected.
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The regression equation will help to explore the process parameter influence on % ARa and
MRR. The plan of experiments along with their response are shown in Table 4.4 and the
experiments are carried out randomly. Each experimentation is performed on the poppet gear
workpiece for 3 hr. 20 minutes. The confidence level of the model is 95% to verify the
effectiveness of the model. The F-level test from analysis of variance (ANOVA) is done to
identify the implication of the regression equation for strengthening the relation amid the %
ARa and controlled process parameters. The % change in the Ra value and final MRR after the
experimentation is calculated using Eq. (4.2) and Eq. (4.3), respectively.

Initial R, value —Final R, value
Initial R, value

Initial weight — Final weight
Finishing time

The gear workpiece's surface characterization is also observed with the help of a field emission

% AR, = 4.2)

MRR =

(4.3)

scanning electron microscope (FESEM).

4.3 Region of Active Abrasive Particles

The effective magnetic field distribution on the miniature gear profiles without and with
uniform flow restrictors is almost the same and uniform. However, the shear stress (primary
cutting stress) distributions along the arc length of tooth profile (BD) is uniformly distributed
when a flow restrictor is used, as compared when a flow restrictor is not used (Fig. 2.6).
Without using a flow restrictor, a maximum variation of shear stress is obtained along the arc
length of tooth profile BD (Fig. 2.6).

The working gap between the uniform flow restrictor and miniature gear teeth profiles is
equal at every surface along the miniature gear teeth profiles. As demonstrated in Fig. 2.6, in
the presence of a uniform flow restrictor, there is an almost static variation of shear stress is
present. So, from FE analysis, it can be concluded that when the uniform flow restrictor is used
around the miniature gear teeth profiles, constant shear stress is present at every profile of the
miniature gear teeth. The average shear stress variation without using flow restrictor is almost
half of the when using flow restrictor at miniature gear teeth involute, top and in-between
surface profiles. Hence, at a single stroke total number of active abrasive grains/particles taking
part in finishing action will also be almost half at miniature gear teeth involute (BD), top (DF)
and in-between (AB) profiles and same for the face profiles of gear teeth when the flow
restrictor is not used as compared to when flow restrictor is used. On the face profiles of

miniature gear tooth, there will be almost no effect of the flow restrictor. So the effective
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surface area of active abrasives at the miniature gear teeth involute (BD), top (DF) and in-
between (AB) profiles becomes half and will remain the same for the face profiles of miniature
gear teeth. As total active abrasive particles are more and uniform with a uniform flow
restrictor, it will result in fast and uniform material removal and, thus, uniform surface finish
at the miniature gear teeth profiles [84]. The development of active abrasives area on the
miniature gear teeth in-between, involute, and top profiles are considered rectangular. And
active abrasives region formation on the face profile of miniature gear teeth is assumed to be
of trapezoidal shape. The following equation gives the total surface area for the active abrasive
grains region without using a uniform flow restrictor per single tooth per stroke.

(Total active surafce area/tooth) = (S-A)g, (1 X(S-A) e j X2

without flow restrictor 2 2

(4.4)

1
+(SA) face + (E s (S'A)involute j x2
The following equation gives the total surface area for the active abrasive grains region with
using a uniform flow restrictor per single tooth per stroke.
with flow restrictor — (S'A)top + 2 s (S'A)in—between

+(S.A), +2x(S.A)

fac involute

(Total active surafce area/tooth)
(4.5)

Two is multiplied because there is two half in-between surface and two involute surfaces per
single tooth are present, and one top and face profiles are present. The total number of active
abrasive grains (Ng) per single stroke and tooth in the region is given as per the following Eq.
(4.6) [146].

% vol. fraction of SiC abrasive grain xtotal active surafce areax D,

Volume of sin gle SiC abrasibe grain
where Dy is the diameter of the SiC abrasive grains is 19 um. The volume of single SiC abrasive

(4.6)

g

3
4 (D } _ 3 .
grain = gﬂ[%j =3.591x10"°m’  The total number of active abrasive grains is calculated for

different MR polishing media compositions for all profiles of single miniature gear tooth
without and with uniform flow restrictor is given in Table 4.5. At the time of finishing, the
magnetic field's effective region is retained equally at every surface of miniature gear teeth
profiles. Only active abrasives change location because of the rotation of the magnet fixture
during finishing. The inactive abrasives get activated during the presence of the proper
magnetic field. Thus, the rotation of the magnet fixture and its reciprocation speed of active

abrasives in MRP media provided by piston extrusion pressure in the medium cylinder
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determines the shearing zone of the active abrasive grains and also how long it contacts the

miniature gear teeth profiles.

Table 4.5 Calculation of active abrasive particles and indentation depth

Number of active Simulated depth (tiotal) Of
MR fluid types ab_rasive grains (!\lg) indentz?ltion/tooth (t ><.10—13 m)
Uniform flow restrictor Uniform flow restrictor
Without With Without With
Type-I 2788 3946 -3.241 -4.135
Type-II 4460 6313 -5.180 -6.611
Type-lIl 8364 11838 -9.712 -12.41

The total normal indentation force per SiC abrasive particle causes indentation on the
workpiece to remove the material. A solid mechanics simulation is done in the commercial
software package Comsol® Multiphysics to simulate the normal indentation force by an active

abrasive particle on the workpiece surface.
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Fig. 4.2 (a) Deformation due to magnetic force and (b) total indentation by an abrasive
particle on workpiece surface
The indentation force is used as the input force on the abrasive particles to simulate the material
removal. At any point in time, a single point contact between abrasive particle and workpiece
surface occurs. The deformation on the workpiece after applying the indentation force due to
Ng active abrasive particles/tooth is demonstrated in Fig. 4.2 (a). Now, the total displacement
of the material due to Ng active abrasive particles/tooth is demonstrated in Fig. 4.2 (b). An
abrasive particle indentation on the workpiece surface propagates from that single contact point
with maximum indentation force. The dislodgement of the workpiece by a single abrasive

particle along line AB is plotted in Fig. 4.2 (b) without and with a flow restrictor. Maximum
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material displacement due to Ng active abrasive particles/tooth is 9.84 x 1013 m with using a
uniform flow restrictor along the arc length of a workpiece (AB) (Fig. 4.2 (2)), and it is
demonstrated in Fig. 4.2 (b) [147]. Material removal at any experimental condition is predicted
from this simulation study of material dislodgement. During the simulation, it is assumed that

the active abrasive particles move in a straight-line path.

4.4 Results and Discussion

An experimental investigation is executed to analyze the performance of different synthesized
MR fluids on the miniature gear's complex teeth profiles. Further, the ANOVA method is used
to find the optimum process parameters and their effect on the gear profiles. The surface
roughness of the miniature gear tooth profiles before and after the MR finishing was measured
by using a non-contact optical profilometer. After the surface roughness measurements, the
initial and the MR finished miniature gear tooth profiles were investigated with the field
emission scanning electron microscope (FESEM), microscope and optical profilometer for

characterizing the tooth profiles of miniature gear during the finishing.

4.4.1 Surface Characterization

After finishing with Type-1 and Type-11 MRP media (Table 4.1), even after 800 finishing cycles
(3 hrs. 20 min), no major improvement was seen in surface features and surface roughness
values of miniature gear teeth profiles. This could be ascertained by the fact of the usage of the
large size difference between the iron and abrasive particles. As the large size of iron particles
forming chains along the magnetic field lines, with relatively much smaller sized abrasives
being trapped in between them, could not come effectively in contact with the workpiece. And
also, from Eq. (4.1), it is evident that as the distance between iron particles decreases due to
the smaller size of abrasive particles, the interaction of magnetic force (F) increases. Due to
the high value of F, the bonding strength between iron particles is strong. They will tightly grip
the abrasive particles corresponding to which abrasive particles will not effectively contact the
working surfaces, as demonstrated in Fig. 4.3 (a). Since effective contact could not occur
between abrasive grains and the workpiece, no appreciable amount of finishing took place even
after 800 cycles of finishing. A schematic diagram of a polishing mechanism having a
difference of size between iron and abrasive particles and having the same size of iron and

abrasive particles is demonstrated in Fig. 4.3 (a) and (b), respectively.
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(a) (b)
Fig. 4.3 Schematic of R-MRFF polishing mechanism having size of iron particles (a) greater
than and (b) same size of abrasive particles

4.4.1.1 MR Polishing Media of Type-I

An experiment with Type-I synthesized MR polishing media is carried out, which composition
is given in Table 4.1. Type-1 MR polishing media is relatively thinner than Type-I1 and Type-
I1I MR polishing media. It was observed that no significant polishing of the workpiece took
place after 800 finishing cycles. As displayed in the macrographic image and surface
topography (Fig. 4.4(a) and (d)), initially, the recast layer, burrs, pits, and deep valleys are
present on the involute profile of miniature gear teeth, which remains after finishing with MRP
fluid of Type-I without and with using uniform flow restrictor (Fig. 4.4(b), (c), (e) and (f)).
However, the surface roughness value (Table 4.6) at the involute teeth profile without and with
using uniform flow restrictor reduced to 205.6 nm and 181.5 nm, respectively, from 265 nm.
Hence, the MR polishing medium of Type-I is not suitable for finishing miniature gear teeth
profiles.

4.4.1.2 MR Polishing Media of Type-II

As demonstrated in Table 4.1, Type-11 MRP fluid comprises a volume percentage of 22 % iron
particles with 400 mesh size, 8 % abrasive grains with 800 mesh size, 10 % grease, and 60 %
paraffin oil. For Type-1I MRP media, after 800 finishing cycles, there was little appreciable
improvement in the surface features. Surface roughness values on miniature gear teeth profiles
are observed compared with finished miniature gear teeth profiles using Type-1 MR polishing
media. The improvement in finishing the workpiece using this composition of MR polishing
medium can be reasoned because the size difference between abrasive particles and iron

particles used is lesser than Type-1 MRP media. The surface roughness value (Table 4.6) at the
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involute teeth profiles without and with using uniform flow restrictor reduced to 86.5 nm and
74.6 nm, respectively, from 265 nm. However, as demonstrated in the macrographic image
(Fig. 4.5(a) and (b)), burrs are dislodged but still a minimum amount of recast layer is present
on teeth profiles and also extra scratch mark has come on teeth profiles without using uniform
flow restrictor. From the surface topography analysis (Fig. 4.5(c) and (d)) also it is observed
that burrs have been eliminated, but pits remain on the teeth profile. Hence, the MR polishing
medium of Type-II is not suitable for finishing miniature gear teeth profiles as required surface
finish, and manufacturing defects of miniature gear teeth profiles has not been completely

removed.

4.4.1.3 MR Polishing Media of Type-I111

As demonstrated in Table 4.1, Type-111 MR polishing media comprises a volume percentage
of 22 % iron particles with 800 mesh size, 15 % abrasive grains of 800 mesh size, 10 % grease,
and 53 % paraffin oil. After little appreciable improvement in finishing miniature gear teeth
profiles with Type-l1l MR polishing media, it was intended to obtain much finer smooth
miniature gear teeth profiles. Type-I1l MRP media was synthesized to achieve more refined
finishing while reducing iron particles' mesh size to abrasive particle mesh size. Finishing with
this type of MR polishing media was also done for 800 finishing cycles. It was observed that
there was a much higher significant amount of improvement in the surface finish and surface
features have taken place. The fine finish obtained with this type of MRP media is due to the
same size of iron and abrasive particles. Because of the similar size of iron and abrasive
particles, the abrasives stuck in-between iron particle chains will be in effective contact with
the miniature gear teeth profiles (Fig. 4.3 (b)). Thus, they could shear off the gear surfaces'
undulations easily (Fig. 4.3(b)). Hence, this composition of MR polishing media showed
appreciable improvement in finishing the miniature gear teeth profiles.

After final finishing with novel workpiece fixture, Type-I11l MRP media without and with
using uniform flow restrictor the minimum surface roughness (Ra) for the involute profiles of
miniature gear tooth was decreased to 34.3 nm and 24.5 nm, respectively from the original

value of 265 nm.
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Fig. 4.4 Macrographs of gear teeth involute profile (a) before finishing; After finishing (b)
without and (c) with using uniform flow restrictor; Surface topography of involute profile (d)
before finishing; After finishing (e) without and (f) with uniform flow restrictor by Type-I
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Fig. 4.5 Macrographs of gear teeth involute profile after finishing (a) without and (b) with
using uniform flow restrictor; Surface topography of involute profile after finishing (c)
without and (d) with uniform flow restrictor by Type-11 MRPF
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For the top, involute, in-between, and face profiles of miniature gear teeth, initial and final
experimental roughness values with 800 finishing cycles by each type of MR polishing media
obtained are presented in Table 4.6.

This significant uniform decrease of final surface roughness (Ra) on the miniature gear
teeth profiles with Type-I1l MRP media indicates that the novel uniform flow restrictor and
workpiece fixture can produce a uniform fine surface finish on the miniature gear teeth profiles.
Extrusion pressure is applied to MR polishing media; thus, abrasive grains will cut the peaks
of roughness profiles by sliding and rotating action. The shear force acting on active abrasives
eliminates the roughness peaks. After final finishing with MR polishing media of Type-III
(Table 4.1), and by observing from the macrographic image (Fig. 4.6(a) and (b)) and surface
topography analysis (Fig. 4.6(c) and (d)) of miniature gear teeth profiles, it is found that fine
uniform smooth surface is obtained with using uniform flow restrictor. Still, some little amount
of pits are observed without using a uniform flow restrictor. The comparative analysis of
surface topography and macrographic image of miniature gear tooth profiles demonstrates that
with using uniform flow restrictor surface has been shown uniform smoother finish compared
to without using uniform flow restrictor. So, finally, FESEM analysis is done to see if any kind
of recast layer or manufacturing micro-defects are present on the miniature gear teeth profiles
(Fig. 4.6(e) and (f)). Initially recast layer was present on the WEDM fabricated miniature gear
profiles. The recast layer and the loose materials from the miniature gear teeth profiles were
entirely removed. Additionally, the finished involute profiles were completely free form pits,
cracks and scratches when finishing with uniform flow restrictor as demonstrated in (Fig.
4.6(f)). However, little amount of micro-cracks and pits (Fig. 4.6(e)), were observed on
miniature gear teeth profiles when finished without using a uniform flow restrictor. It was
observed that the sides of the tooth were rounded a little bit. It was found from the literature
survey that the rounding of the edges of the miniature gear tooth helps to dislodge the burrs,
pits, and other undesired features from the working surface [73]. Improved surface finish and
form accuracy on the miniature gear teeth profiles was obtained with using a uniform flow
restrictor. The results obtained from FESEM found that all manufacturing defects were
eliminated entirely from the finished tooth profiles of the miniature gear using a uniform flow
restrictor. The surface finish on different working surfaces was uniformly improved. Hence,
the MRP media of Type-Ill is best suitable for finishing SS316L miniature spur gear teeth
profiles [140]. After experimenting with each type of MR polishing media without and with
using a uniform flow restrictor, the final roughness value obtained is plotted in bar chart graph

as demonstrated in Fig. 4.7, for observing the uniform polishing at miniature gear teeth profiles
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at each stage of finishing. As shown in Fig. 4.7(a), without using the uniform flow restrictor,
more variation in surface roughness is obtained at the different profiles of miniature gear teeth,
as compared to the surface roughness values obtained with uniform flow restrictor (Fig. 4.7(b))
by finishing with each type of MRP media. After finishing with using a uniform flow restrictor,
the almost same surface roughness value is obtained at each miniature gear tooth profile, as
demonstrated in Fig. 4.7(b). It means that more uniformity in surface roughness value is

obtained at each stage and each gear tooth profile by using a uniform flow restrictor.

Uniform
smooth
surface finish

Reflection of
macroscope
light

Uniform
smooth
surface
finish

2= 203X W0=33nm  SOWATRL

ENT= S00hY  Mag= 200X  WD=13mr  SpwiA=inefllil

(e) ()

Fig. 4.6 Macrographs of gear teeth involute profile after finishing (a) without and (b) with
uniform flow restrictor; Surface topography of involute profile after finishing (c) without and
(d) with uniform flow restrictor; FESEM images of involute profile after finishing (e) without

and (f) with uniform flow restrictor by Type-I11l MRPF

The higher MRR can be achieved using a uniform flow restrictor, as the number of active

abrasive particles is higher when using a uniform flow restrictor. Uniform flow restrictor,
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which is an almost negative replica of the miniature gear workpiece, has finished the miniature

gear workpiece up to a nano-scale level uniformly.
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Table 4.6 Comparison of measured surface roughness values at gear tooth profiles between
three MR polishing medium for 800 finishing cycles
Ra (nm) with Type-1 Ra (nm) with Type-11 Ra (hnm) with Type-I11

Miniature | ... MRPF MRPF MRPF
gear tooth Inggal Ra Uniform flow . . . i
) (nm) - Uniform flow restrictor Uniform flow restrictor
profiles restrictor
Without With  Without With Without With
In-between 264 195.1 182.4 105.9 74.1 22.1 24.3
Involute 265 205.6 181.5 86.5 74.6 34.3 24.5
Top 252 156.1 179.1 74.1 73.5 46.5 23.9
Face 259 123.8 180.4 100.2 74.0 19.6 25.2
4.4.2 ANOVA Study

In the present research, 20 experiments are performed to assess the outcomes of the selected
process parameters on the % ARa and MRR. The experimental response data is tabulated in
Table 4.4. Further, an analysis of variance (ANOVA) is utilized to develop the quadratic
theoretical statistical model. After performing ANOVA on the basis of the sequential model,
the p-value of the model for % ARa and MRR is found to be less than 0.05 for 95% confidence
interval, this shows that the model is significant. The p-value is 0.0634 and 0.0663 for % ARa
and MRR, respectively, which is higher than 0.05, which signifies that the lack of fit is not
significant. The experimental response data were used to perform ANOVA as reported in Table
4.7. The ANOVA table shows that the F-value of the developed quadratic model is 33.25 for
% ARa and 25.78 for MRR, respectively. The model is significant, and the chance of the model
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to be insignificant due to noise is only 0.01%. The obtained response surface quadratic equation
for % ARa and MRR is given in Egs. (4.7) and (4.8), respectively.
%AR, =-3448.05+84.67V —0.139N +197.08P —0.0467VN

2 2 2 (4'7)
-1.151VP +0.047NP -10.04V “ —0.006N “ —2.844P
MRR =-0.0044 —0.001V —0.00005N +0.0004P —6.22x10~"VN
+0.00004VP +1.32x10° NP —0.0001V 2 +7.34x10 N (4.8)

-9.49x10°°P?
Using Egs. (4.7) and (4.8), the % ARa and MRR is calculated and compared with the

experimental % ARa values and MRR. The variation in experimental and calculated value for
% ARa values and MRR is shown in Fig. 4.8(a) and (b), respectively. From the Figure, it can
be concluded that there is not much variation amid the experimental and the calculated values

from the developed model.
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Fig. 4.8 Comparison between experimental and predicted values of (a) % ARa and (b) MRR

It can also be validated from the model as the co-efficient of determination (R?) value of

regression equation of the model is 96.77% for % ARa and 95.87% for MRR, respectively,
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which shows the accuracy of the model. A higher R? value (near 1) suggests that the model fits
the data better. The percentage contribution (F/ZF) of each significant factor (linear and non-
linear) in Table 4.7, gives a rough but efficient guide for the percentage contribution of the
factors [148]. After the regression analysis of the process parameters on the % ARa and MRR,
the outcome of the significant parameters has been conferred in this section. The influence of
each process parameters on % ARa and MRR is plotted with the help of regression Egs. (4.7)
and (4.8), respectively. The plots are analyzed and discussed to clarify the process mechanism.

Table 4.7 ANOVA for % ARa and MRR

% ARa MRR (g/min)
Source E value p-value Per_cen_t E value p-value Per_cen_t
Prob >F contribution Prob > F contribution
Model 33.25 <0.0001" 25.78 < 0.0001"
\Y 0.0004 0.9838™ 0.0001 73.02 <0.0001" 31.86
N 33.62  0.0002" 10.04 69.05 < 0.0001" 30.12
P 0.0281 0.8702™ 0.008 6.84 0.0258" 2.984
VN 0.7088 0.4195™ 0.211 0.4174  0.5328™ 0.1821
VP 2.98 0.1151™ 0.890 14.81 0.0032" 6.4619
NP 4.57 0.0583™ 1.365 11.82 0.0064" 5.1573
\/2 65.41 <0.0001" 19.53 36.25 0.0001" 15.816
N2 22.67  0.0008" 6.771 9.41 0.0119" 4.1058
P2 204.79 < 0.0001" 61.17 7.57 0.0204" 3.3029
Lack of fit  4.45 0.0634™ 4.35 0.0663™

“ Significant, ™ Not Significant, R? = 0.97 for % ARa, 0.96 for MRR, % ARa — Percentage
change in Ra (CLA), MRR — Material removal rate

4.4.2.1 Effect of Process Parameters on % ARa and MRR

The influence of the volumetric proportion of iron/abrasive particles, V on % ARa, is shown in
Fig. 4.9 (a). Low IP/SiC proportion implies a higher concentration of abrasive particles, and a
lower concentration of IPs and high IP/SiC proportion implies the other way around. The lower
[P/SiC proportion results in lower % ARa because of the higher concentration of abrasives,
which implies the formation of a weak chain structure resulting in the easy breaking of the
chain. As the distance between the two CIPs (R’) increases, which reduces the magnetic
interaction force (F) as given in Eq. (4.1) [149]. This led to the reduction in the shear strength
of the MR fluid [150]. Easily ruptured chains cannot provide enough polishing force, which in
turn results in low % ARa [25]. With the increase in IP/SiC proportion, the volume
concentration of IP in the polishing medium starts to increase, resulting in a strong polishing

force on the abrasive particle, which increases % ARa. However, as observed from Fig. 4.9 (a),
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after an optimum value of IP/SiC proportion, % ARa shows decreasing trend due to the
decrease of abrasive particles in the polishing medium.

Fig. 4.9 (b) depicts the effect of magnet rpm on % ARa. % ARa increases with the
increase in the magnet rpm due to the higher centrifugal force and tangential cutting force,
which help in finishing. Also, abrasive particles cover more area on the workpiece surface due
to the simultaneous reciprocating and rotational motion of the polishing medium, which results
in a better finishing performance. However, beyond the optimum magnet rpm, % ARa goes
down due to the shear-thinning nature of MRP fluid.

The effect of extrusion pressure on % ARa is shown in Fig. 4.9 (c). From Fig. 4.9 (c), it
is observed that % ARa increases with increased extrusion pressure, and it reaches to an
optimum value. With the increase in the extrusion pressure, both shear force and axial cutting
force increase, which help in removing surface undulations from the workpiece surface. The
increase in material removal helps to achieve a better surface finish. Increasing surface finish
increases the percentage improvement in surface roughness. However, beyond the optimum
extrusion pressure, % ARa reduces due to the shear-thinning nature of MRP fluid.

The influence of the volumetric proportion of iron/abrasive particles, V on MRR is shown
in Fig. 4.9 (d). As the IP/SiC proportion increases, shear stress (depends upon magnetic field
strength) increases and also volumetric magnetic body force increases [151]. Hence, the
material removal increases. However, when the IP/SiC proportion goes beyond a limit, the
trend of MRR decreases due to the decrease of abrasive particles in the polishing medium.

Fig. 4.9 (e) depicts the effect of magnet rpm on MRR. MRR increases with the increase
in the magnet rpm due to the higher centrifugal force and tangential cutting force, which help
in more removal of roughness peaks. Also, the gap (2 mm) between the flow restrictor and flow
restrictor is very less and uniform, which increases the MRR with simultaneous reciprocating
and rotational motion of the polishing medium.

The effect of extrusion pressure on MRR is shown in Fig. 4.9 (f). From Fig. 4.9 (f), itis
observed that MRR increases with increased extrusion pressure, and it reaches to an optimum
value. With the increase in the extrusion pressure, both shear force and axial cutting force
increase, which help in removing more materials from the workpiece surface. The increase in
material removal in minimum time improves MRR. However, beyond the optimum extrusion
pressure, % ARa reduces due to the ineffectiveness of MRP fluid, as MRP fluid becomes less

viscous, showing shear-thinning nature.
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Fig. 4.9 Effect of (a) volumetric proportion of iron/abrasive particles (V), (b) rotational speed
of magnets (N), and (¢) extrusion pressure (P) on %A Ra; Influence of (d) volumetric
proportion of iron/abrasive particles (V), (e) rotational speed of magnets (N) and (f) extrusion

pressure (P) on MRR

The 3D surface plot of the effect of both volumetric proportion of iron/abrasive particles, V

and rotational speed of magnets, N on % ARa, with other parameters kept constant as (P = 35

bar) is shown in Fig. 4.10(a), which shows the similar effect explained earlier. Increasing both

parameters simultaneously lead to the increment of cutting force and magnetic force (normal

indentation force). Further increment of shear force and magnetic force leads to removal of
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unwanted materials, which scratches already polished surfaces. Hence, it will result in a
decreasing trend of the % ARa.

The 3D surface plot of the effect of both volumetric proportion of iron/abrasive particles,
V and extrusion pressure, P on % ARa, with other parameters kept constant as (N = 90 rpm) is
shown in Fig. 4.10(b), which shows the similar effect explained earlier. As the V and P increase
simultaneously, the trend of the % ARa increases, then after it decreases. As the Vand P
increases simultaneously, there is an increase in the normal force, which leads to an increase
in the shearing of the surface asperities. Hence, the trend of % ARa increases. However,
excessive increase in pressure results in loss of abrasives grip in the IPs chain, MRP fluid shows
shear-thinning nature. There is also a decrease in the overall cutting edges of abrasives due to
more IP aggregates outside the already existing IPs chains in which the abrasives are tightly
gripped [25]. Owing to which there is improper chipping off surface asperities from the
workpiece surface, which leads to a decrease in the trend % ARa.

The 3D surface plot of the effect of both volumetric proportion of iron/abrasive particles,
V and rotational speed of magnets, N on MRR, with other parameters kept constant as (P = 35
bar), is shown in Fig. 4.10(c), which shows the similar effect explained earlier. Increasing V
parameter leads to the enhancement in the MRP fluid shear strength due to an increment in
yield stress. It will result in faster removal of material. However, with the maximum amount
of IPs in MRP fluid, it will be hard to go beyond the yield strength of MRP fluid and breaks
the IPs chain. These IPs chain bound the abrasives firmly will not let them effectively contact
the workpiece surface. This leads to a reduction in the removal of material.

The 3D surface plot of the effect of both volumetric proportion of iron/abrasive particles,
V and extrusion pressure, P on MRR, with other parameters kept constant as (N = 90 rpm), is
shown in Fig. 4.10(d), which shows the similar effect explained earlier. As P, increases the
trend of the MRR increases, then after it decreases. Pressure increases the indentation force of
abrasives into the workpiece surface; as a result, MRR increases. Beyond a pressure limit, MRP
fluid started to show shear-thinning nature, which decreases MRR. The regression equation
(Eq. (4.7)) gives prediction of 89.21 % improvement in Ra, when N = 109 rpm, VV = 1.5, and P
= 35 bar. Experimentations were performed using the optimized parameters on the gear profiles
for 200 minutes. After 200 minutes, there is no significant improvement observed on the gear
profiles. The total improvement in % ARa after 200 minutes MR finishing on the gear involute
profile was found as 90.75 % (Table 4.6). After the analysis, it was found that the error amid
the experimental and theoretical values of % ARa and MRR lies in the range of —2.83% to

4.52%. This confirms the output reproducibility of the present work.
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Fig. 4.10 Combined effect of (a) VVol. proportion of iron/abrasive particles (V) and rotational
speed of magnets (N), (b) Vol. proportion of iron/abrasive particles (V) and extrusion
pressure (N), on %A Ra; Combined effect of (c) VVol. proportion of iron/abrasive particles
(V) and rotational speed of magnets (N), (d) Vol. proportion of iron/abrasive particles (V)
and extrusion pressure (N), on MRR
To validate the ANOVA model and further regression equation, three validation tests are
carried out; Exp. I: at optimum experimental condition, followed by two more experiments
(Exps. 11 and I11) chosen randomly within the range of process parameters (Table 4.8). The
initial surface roughness values of the workpieces are selected almost the same for all three
experiments. The experimental value of % ARa and MRR is computed for all three validation
tests using Eq. (4.2) and Eq. (4.3), respectively. These values are compared with the predicted
values calculated using regression Egs. (4.7) and (4.8), respectively. The comparison between
the experimental and the predicted results as well as percentage error, is shown in Table 4.8.
The observed maximum error for % ARa and MRR is less than 10 % among all three validation

experiments, which describes the repeatability of the proposed model.
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Table 4.8 Validation tests for % ARa and MRR
No. V N P (bar) Exp. (% Pred. (% Error Exp. MRR Pred. MRR Error
o (rpm) ARa) ARa) (%) (g/min) (g/min) (%)
1. 15 109 35 90.75 89.21 170 0.00118 0.00114 4.13
2.
3.

S

2 85 36 80.51 84.39 482 0.00099 0.00091 857
25 100 33 82.11 76.99 6.24 0.00077  0.00073 5.86
Exp. — Experimental, Pred. — Predicted

4.5 Summary

In this chapter, uniform flow restrictor and workpiece fixture's effectiveness are confirmed
experimentally and theoretically while finishing complex teeth profiles of miniature gear using
R-MRFF process. Due to the large difference between iron and abrasive particles’ size,
expected finishing performance was not achieved using both Type-1 and Type-11 MRP medium
even after 800 finishing cycles. The consistent restricted space between flow restrictor and gear
teeth profiles creates a uniform flowing MRP media channel, leading to a super smooth uniform
surface finish. The minimum roughness values in-between, involute, top, and face profiles of
gear teeth are obtained as 24.3, 24.5, 23.9, and 25.2 nm, respectively, while using a uniform
flow restrictor with Type-I111 MRP media. The corresponding surface roughness values without
using the uniform flow restrictor are 22.1, 34.3, 46.5, and 19.6 nm, respectively with the same
media. More active abrasive particles per stroke will result in faster material removal and a
high finishing rate while using a uniform flow restrictor. Uniform surface roughness values are
achieved at each tooth profile of miniature gear with different types of MR polishing media
while using a uniform flow restrictor. Among all indigenously developed MRP fluid, The
minimum value of surface roughness is achieved with Type-1Il MRP media. The rpm of
magnets, extrusion pressure and volumetric proportion of iron/abrasive particles significantly
affect both surface finish and MRR. The values of the optimized process parameters, i.e. the
volumetric proportion of IP/SIC, extrusion pressure, and rotational speed of magnet fixture are
1.5, 35 bar, and 109 rpm, respectively, achieving 90.75% improvement in Ra. A combined
effect of the moderate extrusion pressure and higher rpm of the magnet is more favourable to
achieve higher MRR. In comparison, a combination of the lower volumetric proportion of
iron/abrasive particles and higher rpm of the magnet causes a better improvement in surface
finish. An increase in extrusion pressure and rpm of the magnet significantly increases the
MRR. In contrast, only a marginal increase in MRR was observed with an increase in IP/SiC
proportion up to 1.6; beyond that, MRR tends to decrease. The abrasion and ploughing action
on the SS316L are the dominant mechanisms of material removal while finishing by the R-

MRFF process.
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Chapter 5 Uniform Finishing of Poppet Valve

5.1 Introduction

Nano-finishing of poppet ridge profiles is a tough challenge due to the complexity in its
geometry. This uniform finishing of the poppet valve in the actual application will reduce
hydrocarbon emissions. Very few finishing processes can be applied to these complex narrow
profiles. In the current study, a novel magnet fixture arrangement is used in the R-MRFF
process to precisely finish the poppet ridge profiles. For this purpose, the effect of key
parameters on the process's performance has been studied through response surface
methodology (RSM). Analysis of variance (ANOVA) has been applied to identify significant
parameters. The surface characteristics of the polished surfaces with distinct
magnetorheological fluids are outlined for surface roughness and surface texture with the use
of a novel polishing setup. Ultrafine surface roughness (Ra = 20.1 nm) at poppet profiles are
obtained using an MR fluid of Type-Il11. All manufacturing defects like burrs, dents, scratches
and pits are also completely removed. MR fluid of Type-I11I is selected to polish poppet ridge
profiles. Experimental results showed that a combination of the lower feed rate and a high rpm
of the poppet valve is more advantageous for obtaining a greater % ARa in minimum time.
After using the R-MRFF process, the poppet valve will have high wear and corrosion resistance
capability, longer service life, and minimum maintenance during its working performance.
After final finishing, the maximum percentage improvement of surface roughness is obtained

as 90.86%. It has high accuracy and reliability for specific applications.

5.2 Experimental Investigation

The magnet fixture consists of five Sm2Co17 (Samarium-Cobalt) of grade 30H permanent
magnets at specified places. It was challenging to polish this kind of narrow ridge profile of
the poppet valve, which has only a width of 0.32 mm and a circular periphery. For overcoming
this challenge, the same ridge profile has been created on the magnet fixture. Due to relative
angular motion between the ridge profiles of the poppet valve and magnet fixture, abrasives do
effective contact mainly on the ridge profiles of the poppet valve. Precision 3-axis CNC vertical
milling machine head is used to rotate the poppet valve. The experimental setup for poppet MR
polishing is displayed in Fig. 3.16, mentioning all the main components. Fig. 3.16 shows the
detailed view of magnet fixture, with same poppet valve ridge profiles and MR fluid container.

MR fluid is filled in-between the working distance of magnet fixture and poppet profile in MR

108
TH-2855_176103021



fluid container. The spindle head is guided to move 0.1 mm below at every time interval of 10
minutes for excellent finishing of the poppet ridge profiles in 100 minutes. This vertical motion
of the poppet valve is regarded to make the process faster by considering that at any time
interval, the sharp cutting edge of abrasives does not leave the contact poppet ridge profiles.
Since there is no literature review available related to the MR finishing of the poppet
valve, the parameters are taken in the present study that effects the reduction in surface
roughness is the poppet valve rotation (N), vertical feed rate of the poppet valve (mm/min), %
volume of CIPs (C) and % volume of SiC abrasives (A). On the basis of the preliminary
experimentations done for % ARa and available literature, the MR fluid is made by mixing
CIPs, SiC abrasive powder, glycerol, HNOgz, H202 and Deionized water [143]. Initially, the
acid (HF and HNO3) was used as a base medium with distilled water. It was done keeping that
workpiece material was hard with hardness (HRC 47). However, acid has damaged the
workpiece. Therefore, hydrofluoric acid (HF) has been removed, but HNO3 remains, as it is
used to brighten the surface, and an extra agent H20x is used for dissolving the metallic surface
to help abrasive grains. So MR fluid was formulated in the base medium of H.O> and deionized
water, with CIPs and abrasive particles. To improve MR fluid viscosity, glycerol is added to
the fluid. This functions as a stabilizer to spread CIPs, consistently eliminating agglomeration.
Deionized water is used to prevent corrosion of the MR polishing fluid in place of the distilled
water. The different compositions of MRP fluids are listed in Table 5.1. These MR fluids have
been prepared to check the effects of different concentrations of abrasives, CIPs and various
compositions of career media on the polished surfaces. A laboratory stirrer is being utilized for

preparing MRP fluid by blending CIPs and SiC abrasive particles in the carrier media.

Table 5.1 Different types of synthesized MRP fluids
VVolume concentration (%)
Type-1 Type-2 Type-3

Constituents

CIPs 30 30 40
SiC abrasive (mesh size 800) 7.1 7.1 7.1
Glycerol 8 8 8
Hydrofluoric acid (HF) 1.17
Nitric acid (HNO3) 2.33 1.17
Hydrogen peroxide (H20-) 1.3 1.3
Deionized water 51.4 52.43 43.6

In the present research, the % volume of the base fluid in MR polishing fluid varies from 52%-—
63% depending on the % volume of abrasives and % volume of CIPs selected for

experimentation. To determine the variable range of the process parameters, preliminary
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experimentations were performed on the poppet valve workpiece. The initial average
roughness values (Ra) of the poppet valve workpieces (Nickel aluminium bronze (BS1400
Gr.AB2)) range between 298-330 nm after turning operation in Lathe for initial
experimentation. To measure the surface roughness of the poppet ridge profiles before and after
conducting experiments, a ‘“Talysurf” non-contact optical profilometer is used, and the analysis
of measured data is performed using a “TalyMap application” software. The preliminary
experimentations were conducted for the 20 minutes of the finishing cycle with the different
range of the selected variable parameters. The values of surface roughness obtained after
preliminary experimentations are reported in Table 5.2 for the variable parameters poppet valve
rotation (N), vertical feed rate of poppet valve (mm/min), % volume of CIPs (C) and % volume
of abrasives (A). The results obtained from the preliminary experimentations are used for
selecting the range of the process parameters for effectively fine finishing of the poppet valve

profiles. The selected range for parameters is reported in Table 5.3.

Table 5.2 Preliminary experimentations for selecting range of process parameters
S.No. A(vol%) C(vol%) N (rpm) F (mm/min) Initial Ra (nm) Final Ra (nm)

1. 0.5 40 1200 0 330 230
2. 3.5 40 1200 0 299 190
3. 7 40 900 0 325 160
4. 10.5 40 900 0.005 307 171
5. 14 40 1200 0.005 315 225
6. 7 30 1200 0.005 298 125
7. 7 35 900 0.005 309 138
8. 7 40 1200 0.010 308 141
9. y/ 45 1200 0.010 321 215
10. 3.5 30 600 0.010 323 202
11. 7 35 900 0.010 318 129
12. 7 40 1200 0.005 327 140
13. 7 45 1500 0.010 311 179
14. 7 40 1200 0 313 187
15. 10.5 40 1500 0.005 316 241
16. 7 40 1200 0.010 322 118
17. 10.5 30 1200 0.015 324 186
18. 7 40 1200 0.02 320 198

C (vol%) — Percentage volume of CIPs concentration in MRP media, A (vol%) — Percentage
volume of SiC abrasives concentration in MRP media, F — Vertical feed rate of the poppet
valve, N — Poppet valve rotation

To analyze the parametric study for the fine finishing of the poppet valve ridge profiles, the
design of experiments (DOE) is used. Further, for analyzing the outcome of various parameters

on the % change in surface roughness (% ARa), response surface methodology (RSM) is used.
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Table 5.3 Process parameters and their range for DOE
Process parameters

Levels—=Vol%6) A (vol%) F (mm/min) N (rpm)
-2 25 0 0 300
-1 30 3.5 0.005 600
0 35 7 0.010 900
1 40 10.5 0.015 1200
2 45 14 0.02 1500
Table 5.4 Plan of experiments for DOE
S No Factors Response
7 C(vol%) A (vol%) F (mm/min) N (rpm) % ARa
1 30 35 0.015 1200 68.73
2 35 7 0.01 900 91.88
3 30 35 0.005 600 53.94
4 25 7 0.01 900 66.28
5 30 10.5 0.015 1200 81.06
6 35 0 0.01 900 71.22
7 35 7 0.01 900 89.81
8 45 7 0.01 900 84.22
9 35 7 0.01 900 88.05
10 35 7 0.02 900 79.15
11 40 35 0.005 600 66.05
12 30 10.5 0.015 600 79.07
13 35 7 0.01 300 70.88
14 30 10.5 0.005 1200 76.01
15 35 7 0.01 1500 77.37
16 35 14 0.01 900 87.89
7/ 35 7 0.01 900 88.05
18 35 7 0.01 900 91.88
19 40 10.5 0.015 600 85.8
20 40 3.5 0.015 1200 79.85
21 40 10.5 0.005 1200 81.83
22 35 7 0.01 900 93.54
23 40 10.5 0.005 600 70.38
24 30 3.5 0.015 600 65.28
25 40 35 0.005 1200 78.96
26 40 10.5 0.015 1200 86.87
27 40 3.5 0.015 600 77.39
28 30 3.5 0.005 1200 67.83
29 30 10.5 0.005 600 63.56
30 35 7 0 900 62.76

% ARa — Percentage change in centre line average surface roughness value

The effect of the different process parameters and their combined effects are studied. From the
analysis of variance (ANOVA), the influence of each process parameter on % ARa are
analyzed, and significant process parameters are selected. The regression equation will help to

explore the process parameter influence on % ARa. The plan of experiments along with their
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response, are shown in Table 5.4, and the experiments are carried out randomly. Each
experimentation is performed on the poppet valve workpiece for 1 hr. 40 minutes. The
confidence level of the model is 95% to verify the effectiveness of the model. The F-level test
from analysis of variance (ANOVA) is done to identify the implication of the regression
equation for strengthening the relation amid the % ARa and controlled process parameters. The
% change in the Ra value after the experimentation is calculated using Eq. (4.2). The surface
roughness value (Ra) was measured five times during each experimental condition, and an
average of five measured Ra is considered. Further, the study of the surface characteristics of

the poppet valve is observed with the help of field emission scanning electron microscopy.

5.3 Active Abrasive Particles (AAPS)

Due to the effect of the magnetic field, an effective active abrasive particles surface area on the
poppet ridge profiles will be formed. These particles are uniformly distributed due to uniform
MFD distributions causing uniform surface finish at poppet ridge profiles. The area where the
active abrasives indent into the workpiece surfaces by the effect of normal indentation force
and execute polishing by shear force is regarded as an effective surface area [84]. During the
polishing process of the poppet valve ridge profiles, the absolute amount of active abrasive
particles usable for polishing is determined on the active surface area using the percentage
volume fraction of abrasive particles and volume of single SiC abrasive particle of mesh size
800 [152]. The total surface area for active abrasive particles is “ zr x W ”, on the poppet ridge
profiles, where “r” is the radius of finishing poppet ridge profiles, “w” is the width of poppet
ridge profiles (Fig. 5.1). The total active abrasive particles acting on the poppet profiles are
determined by the given below specific equation

_ % vol. fraction of SiC abrasive particles x zr xwx D, (5.1)

‘ Volume of sin gle SiC abrasibe particle

where, Dg (19 pm) is the diameter of single active SiC abrasive grain. The volume of single
: : : 4 Dg ’ -15 3 . . .
SiC abrasive grain =§7r > =3.591x107"m", Ngq is the total amount of active abrasive

particles on poppet ridge profiles. The total number of active abrasive grains is calculated for
different compositions of MR polishing medium for both poppet ridge profiles is listed in Table
5.5. The effective surface area remains the same, only the location of active abrasive particles

changes while polishing. As the poppet valve rotates, the inactive abrasives become active.
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Finishing profile/spot — 1

Finishing profile/spot — 2

~~\ Active abrasive particles acting at

poppet valve finishing ridge profiles

Fig. 5.1 Active abrasive particles on poppet valve ridge profiles during finishing

The active abrasive particles of MRP fluid rotates with poppet valve rotation and shear-off the
roughness peaks from the workpiece profiles due to the application of total cutting force. Thus,
the number of AAPs on the workpiece surface has also played an important role in deciding
the shearing rate of the roughness peaks. So, predicting the optimum % volume concentration
of SiC abrasives in MRP fluid is important for effectively finishing the poppet valve surfaces

with an optimum number of AAPS.

Table 5.5 Number of active abrasive particles on poppet ridge profiles
Abrasive concentration  Number of active abrasive particles (Ng)

(vol %) Finishing profile-1 Finishing profile-2
35 1822 1631
7 3644 3262
10.5 5466 4894
14 7288 6525

5.4 Results and Discussion

Experiments were performed to evaluate the functionality and performance of the novel magnet
fixture for standardized uniform polishing of the narrow ridges of the poppet valve. In order to
understand the excellent surface characteristics, the influence of MR fluid on surface
topography and surface roughness are analyzed using an optical profilometer. The material
properties were checked using an EDX analysis, and also the presence of foreign materials was

analyzed by means of a FESEM analysis.

5.4.1 Surface Characterization

Both surface roughness and surface topography are essential variables in the case of the poppet

valve. Poppet valve efficiency and lifespan largely depend upon the poppet surface
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morphology. Post using the novel magnet fixture; the surface roughness parameters were
evaluated for the poppet ridge profiles. Poppet profiles were finished with MR polishing media,
which composition is given in Table 5.1. After final finishing with the novel magnet fixture,
the minimum surface roughness (Ra) for the poppet ridge profiles was decreased to 20.1 nm
from the original value of 320 nm. Now, after finishing the poppet made of Nickel-Al-bronze
alloy with these three types of MRP fluid, various surface roughness and surface characteristics
are inspected.

This significant decrease of final surface roughness values on the poppet ridge profiles
indicates that the novel magnet fixture is capable of producing a uniform fine surface finish.
Extrusion pressure is applied to MR polishing media; as a result, abrasive particles will cut the
peaks of roughness profiles by sliding and rotating action, as demonstrated in Fig. 5.2. The
cutting force (Fc) acting on active abrasives eliminates the roughness peaks. After performing
several MR rotations of the poppet valve, the roughness peaks have been adjusted into the flat
smooth surface, as demonstrated in Fig. 5.2 (b). At the beginning of the finishing process, the
trapped active abrasives with iron particles hit the roughness peaks of initial poppet ridge
profiles, as demonstrated in Fig. 5.2 (a).

Sliding

Rolling CIP chains

Active abrasive

F¢

(@) (b)
Fig. 5.2 Surface roughness peaks at the poppet profiles (a) before and (b) after finishing

5.4.1.1 MR Polishing Media of Type-1

Three types of magnetorheological polishing fluids have been prepared. Initially, EW grade

CIPs with a mean diameter of 4 um from BASF, Germany and SiC abrasive powder of size 19
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um is used to make the MR polishing fluid with the acid (HF and HNO3) used as a base medium
with deionized water [143]. It was done keeping in mind that workpiece material was hard with
hardness (HRC 47). However, it was observed that the poppet workpiece gets damaged due to
acid reaction, as shown in Fig. 5.3 (b). Hence, Type-1 MR fluid was discarded. Two more
types of MR polishing fluid namely Type-2 and Type-3 as listed in Table 5.1. The first acid-
base media comprises hydrofluoric acid (HF), nitric acid (HNO3) and deionized water.
Generally, HF supports in softening the surface while HNO3z supports brightening the surface.

The chemical reaction between copper and acid-base medium is presented in Eq. (5.2).
Cu+2HF+2HNO, — CuF, +2NO, +2H,0 (5.2)
The chemical reaction generates copper (I1) fluoride, nitrogen oxide and water. Copper (1)

fluoride is an inorganic compound with the chemical formula CuF.. It is a white
crystalline, hygroscopic solid with a rutile-type crystal structure.

Damaged surface
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Fig. 5.3 FESEM images of poppet valve (a) before finishing; After finishing with (b) Type-1,
(c) Type-2, and (d) Type-3 MRP medium

After formation of copper (I1) fluoride metal oxide fumes has occurred. CuF, forms rectangular

prisms with a parallelogram base. This CuF2 has changed the physical characteristic or property
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of the poppet component. Hence, HF does not become stable during finishing. Fig. 5.4
represents the detailed descriptive image of reaction between MRP media of Type-1 and poppet

material.

a:

Poppet material Poppet material

Fical reactions that occur between Type-1 MRPF

and poppet material
Fig. 5.5 (a) and (b) show surface topography of poppet workpiece before and after finishing
with MR fluid of Type — I. In the final surface topography, after finishing with MR fluid of
Type-1 (Fig. 5.5 (b)), the surface has more continuous deep valleys and scratches, increased
number of pits are present than the initial surface. Initially, surface roughness value was 320
nm (Fig. 5.6), and it has increased to 1640 nm (Fig. 5.6) after finishing with MR fluid of Type-
1.

Turning scratches .
g & Deep valleys “10 Increased continuous Increased number | [,

scratches _ 7
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Fig. 5.5 Surface topography of poppet valve (a) before finishing; After finishing with
(b) Type-1, (c) Type-2, and (d) Type-3 MRP medium
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Fig. 5.6 Comparison of surface roughness values on poppet ridge finishing profiles 1 and 2
(Fig. 5.1) before and after finishing with different MRP medium

Surface Roughness, Ra (nm)

.

Fig. 5.3 (a) and (b) show the FESEM images of initial and final surfaces of the poppet
component at 500X magnification. Fig. 5.3 (a) shows that the initial surface is riddled with
scratch marks, pits and burrs. However, the final surface (Fig. 5.3 (b)) shows more unwanted
damaged particles, enlarged pits, continuous deep valleys, and scratches. Fig. 5.7 (a) and (b)
show the EDX analysis for the composition of the workpiece before and after finishing using
Type-1 MRP media. The weight percentage of copper in the initial workpiece (Fig. 5.7 (a)) is
79.9 % making it the primary element. Fig. 5.7 (b) shows the wt. % of oxygen has increased to
7.5 % and copper wt. % of copper has reduced from 79.9 % to 75.3 % , due to the damaged

workpiece surfaces.
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Fig. 5.7 EDX analysis of poppet valve (a) before finishing; After finishing with (b) Type-1,
(c) Type-2, and (d) Type-3 MRP medium

After again reaction with hydrogen peroxide (H202), hydrofluoric acid (HF) and copper (Cu),
Copper (1) fluoride (CuF) will be formed, as shown in Eq. (5.3).

Cu+2HF+H,0, — CuF, + 2H,0 (5.3)

So hydrofluoric acid (HF) has been removed from the next preparation of MR fluid. Instead
of HF, hydrochloric acid (HCL) is also not used because it will form Cuclz, Which is mainly

used in industry as a colouring agent and also used as a catalyst.

5.4.1.2 MR Polishing Media of Type-2

In the MR fluid of Type-2, HF has been removed, but HNOs remains as it is used to brighten
the surface, and an extra agent H20- is used for dissolving the metallic surface to help abrasive
particles.

2Cu+2HNO, +H,0, — 2CuNO, +2H,0 (5.4)

However, by the reaction of hydrogen peroxide (H20.), nitric acid (HNOz) and copper, as
shown in Eq. (5.4), gives the Copper (1) nitrate (CuNOs3), which is also used as a polishing
agent. It forms a simple blue crystalline solid. Fig. 5.8 represents the detailed descriptive image
of reaction between MRP media of Type-2 and poppet material. The composition of the MR
fluid of Type-2 is shown in Table 5.1.

Fig. 5.5 (c) show surface topography of poppet component after finishing with MR fluid
of Type — 2. The surface roughness value has reduced from 320 nm (Fig. 5.6) to 20.1 nm (Fig.
5.6) after finishing with MR fluid of Type-2. The FESEM images of surfaces of the poppet
workpiece at 500X magnification after finishing with MR fluid of Type-2 is demonstrated in
Fig. 5.3 (c). The smooth surface without deep valleys, pits, burr and scratch marks is obtained
on the poppet surfaces after finishing with MR fluid of Type-2. Fig. 5.7 (c) show the EDX
analysis for the composition of the workpiece after finishing with MR fluid of Type-2. Fig. 5.7
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(c) shows the wt. % of oxygen has increased to 8.4 % and copper wt. % of copper has reduced
from 79.9 % to 76.1 %. After an experiment with MR fluid of Type-2, Type-3 is prepared with
only H2O> and deionized water as a base medium.

Poppet material Poppet material

Fig. 5.8 Schematic representation of chemical reactions that occur between Type-2 MRPF
and poppet material

5.4.1.3 MR Polishing Media of Type-3

In this fluid, nitric acid (HNO3) is removed. To only see the effect of weak acid hydrogen
peroxide (H202) on the workpiece.

Cu+2H,0, - CuO, + 2H,0 (5.5)

Hydrogen peroxide (H203) acts as an oxidizing agent and helps the abrasive particles during
finishing by dissolving the metallic surface of the workpiece. The chemical reaction generates
Copper dioxide (CuO.), which helps in promoting the oxide layer during finishing. Which is
useful for not taking place any reaction on the surface during application and preventing further
corrosion. Fig. 5.9 represents the detailed descriptive image of reaction between MRP media

of Type-3 and poppet material.

Poppet material Poppet material

Fig. 5.9 Schematic representation of chemical reactions that occur between Type-3 MRPF
and poppet material

Fig. 5.5 (d) show surface topography of poppet component after finishing with MR fluid of
Type - 3. As shown in Fig. 5.5 (d), a smooth surface without deep valleys, pits, burr and scratch
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marks are also obtained on the poppet valve profile with MR fluid of Type-3. However, the
surface roughness value has increased from 20.1 nm to 28.5 nm (Fig. 5.6). Fig. 5.3 (d) show
the FESEM images of the poppet valve profile at 500X magnification after finishing with MR
fluid of Type - 3.

A negligible amount of deep valleys remains at the surface of the workpiece. The EDX
analysis for the composition of the poppet component after finishing with MR fluid of Type —
3 is demonstrated in Fig. 5.7 (d). Fig. 5.7 (d) shows the wt. % of oxygen has increased to 11.3
% and copper wt. % of copper has reduced from 79.9 % to 74.1 %, due to the formation of
more layers of copper oxide (CuOy).

Based on the above experiments, with Type-1, 2 and 3, Type-2 has given the best result
with minimum surface roughness value. However, Type-3 has given more oxide layer
formation to prevent corrosion and further reaction on the workpiece surfaces. If a poppet valve
will be used in the application of seawater, then to prevent corrosion and surface reaction, more
oxide formation on the surface is the best requirement, so MR fluid of Type-3 finished poppet
is best suited for these types of application. It depends upon the application to select MR fluid
of Type — 2 or Type — 3 finished poppet.

5.4.2 ANOVA Study

In the present research, a total of 30 experiments are performed to assess the outcomes of the
selected process parameters on the % ARa. The experimental response data is tabulated in
Table 5.4. Further, an analysis of variance (ANOVA) is utilized to develop the quadratic
theoretical statistical model. After performing ANOVA on the basis of the sequential model,
the p-value of the model for % ARa is found to be less than 0.05 for 95% confidence interval,
this shows that the model is significant. For lack of fit, the p-value is higher than 0.05 (0.07851),
which signifies that the lack of fit is not significant. The experimental response data were used
to perform ANOVA as reported in Table 5.6. From the ANOVA table, it can be seen that the
F-value of the developed quadratic model is 58.87. The model is significant, and the chance of
the model being insignificant due to noise is only 0.01%. The obtained response surface

quadratic equation for % ARa is given in Eq. (5.6).

%AR, =-270.23+12.76C + 6.89A+6031.05F +0.121IN
~0.159C* - 0.238A%* - 2.028x10° F* —4.8x10° N*
—0.075CA-0.066CF —0.0001CN +59.43AF —0.0003AN
-1.7423FN

(5.6)
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Using Eq. (5.6), the % ARa is calculated and compared with the experimental % ARa values.
The variation in experimental and calculated values is shown in Fig. 5.10. From the figure, it
can be concluded that there is not much variation between the experimental and the calculated
values from the developed model. It can also be validated from the model as the coefficient of
determination (R?) value of the regression equation of the model is 98.21%, which shows the

accuracy of the model. A higher R? value (near 1) suggests that the model fits the data better.

100 A

2 404 - & — Expeimental
30 - —s— Calculated
20 4
10
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
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
Number of experiments
Fig. 5.10 Comparison between experimental and predicted values of % ARa
Table 5.6 ANOVA for % ARa
Sum of F p-value Percent
Sourcg squares PeIF s value Prob > F Contribution
Model 3025.48 14 216.11 58.87 < 0.0001"
C 482.55 1 482.55 131.44 <0.0001" 13.5581
A 416.52 1 416.52 113.45 < 0.0001" 11.7024
F 403.20 1 403.20 109.83 < 0.0001" 11.329
N 219.39 1 219.39 59.76 < 0.0001" 6.1643
CA 28.12 1 28.12 7.66 0.0144" 0.7901
CF 1.003 1 1.003 0.04 0.9973™ 0.004
CN 0.9812 1 0.9812 0.2673 0.6127™ 0.0276
AF 17.31 1 17.31 4.71 0.0464" 0.4858
AN 2.13 1 2.13 0.5802  0.4580™ 0.0598
FN 109.28 1 109.28 29.77 < 0.0001" 3.0708
C? 438.07 1 438.07 119.33 < 0.0001" 12.3089
A? 233.87 1 233.87 63.70 < 0.0001" 6.5707
F? 705.38 1 705.38 192.14  <0.0001" 19.8193
N? 502.15 1 502.15 136.78 < 0.0001" 14.1089

Lack of fit 29.51 10 2.95 0.5774 0.7851™
“ Significant, ™ Not Significant, R? = 0.98 for % ARa, % ARa — Percentage change Ra (CLA)

The percentage contribution (F/ZF) of each significant factor (linear and non-linear) in Table
5.6 gives a rough but efficient guide for the percentage contribution of the factors [148]. After
the regression analysis of the process parameters on the % ARa, the outcome of the significant
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parameters has been conferred in this section. The influence of each process parameters on %
ARa is plotted with the help of regression equations (Eq. (5.6)). The plots are analyzed and
discussed to clarify the process mechanism.

5.4.2.1 Effect of Process Parameters on % ARa

The contribution of % volume of CIPs (C and C?) is 25.85 % in the % ARa. The influence of
(CIPs) concentration (vol %), C on % ARa is shown in Fig. 5.11 (a). The other parameters
remain constant, as given in Fig. 5.11 (a). As the CIPs concentration increases up to the volume
of 35%, the % ARa increases. Since the % volume concentration of CIPs increases, the normal
stress, shear stress, and volumetric magnetic body force also increase [151]. Hence, the trend
of % ARa increases with an increment in the removal of material. However, when the % volume
concentration of CIPs goes beyond 35%, the trend of % ARa decreases. Further addition of
CIPs, decreases the effectiveness of the active abrasive particles (AAPS) [25]. This leads to a
reduction in material removal. Thus % ARa also decreases. The maximum value of the % ARa
was achieved at 35% of the volume concentration of CIPs.

The contribution of % volume of abrasives (A and A?) is 18.27 % in the % ARa. Fig.
5.11 (b) demonstrates the effect of abrasives concentration (vol %), A on % ARa. The other
parameters remain constant, as given in Fig. 5.11 (b). Up to increment in abrasives
concentration (vol%) up to 7 %, % ARa trend increases then after it decreases. It happens
because, initially, the AAPs are firmly attached in between the CIPs and make fewer
discontinuous chains. After increasing the concentration of the abrasive beyond 7% volume,
the more number of AAPs gets twisted between the CIPs. The distance between the two CIPs
(R”) increases, which reduces the magnetic interaction force (F) as given in Eq. (4.1) [149],
[126]. This led to the reduction in the shear strength of the MR fluid [150]. Many abrasives do
sliding and rolling without any polishing activity in the working gap. Hence, the trend of %
ARa decreases [145].

The contribution of the feed rate of poppet valve (F and F?) is 31.14 % in the % ARa.
The effect of the vertical feed rate of poppet valve (F) on % ARa is shown in Fig. 5.11 (c). The
other parameters remain constant, as shown in Fig. 5.11 (c). Up to increment in F up to 0.01
mm/min, % ARa trend increases then after it decreases. As F increases up to the value of 0.01
mm/min, there is an increment in total indentation force, which is due to an increase in normal
force on working parts by increasing the rate of average compressive strain [139]. This helps

the AAPs penetrate the working surfaces rapidly, and thus shearing the surface asperities by
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AAPs on the work part region also increases. This leads to an increase in % ARa. Beyond feed
rate of 0.01 mm/min, total indentation force further increases, and hence it increases the
interaction time of surface asperities and active abrasive particles (AAPs), which collide very
rapidly and remove excess material [153]. The AAPs shear off the unwanted surface asperities
in a short moment of time, leading to a decrease in % ARa. The maximum value of the % ARa

was achieved at the feed rate of the poppet valve of 0.01 mm/min.

. . 90
A =7%,F =0.01 mm/min and
85 4 N =900 rpm . C=35%, F =0.01 mm/min and
.,.---lrl-l‘ﬂ--_.\. N =900 rpm
804 " T 80 ,./l"""""q‘-_..__
P ] o 1
75 ./I ./l |
- - Ve 75 4 ./
2 / - -
<70 =
s < 70 _/
& 8
651 65
60 604
50 T T T T T T T T T T T 1 50 r . r . . : :
30 31 32 33 34 35 36 37 38 39 40 41 3 4 5 6 5 3 9 10 1
CIP concentration (vol %), C Abrasive concentration (vol %), A
(@) (b)
90 - 904
. A =T7%,C=35% and ) A =7%,F =0.01 mm/min and
831 N =900 rpm 851 C=35%
e B _gEE-E-Eem_
04 g T %0+ e .
\'\. " "
™~ 754
p .\. 3 /
<70 < 70 -
2 $
6 635
60 - 60
50 T T T T T 1 50 T T T T T T T 1
0.004 0.006 0.008 0.010 0.012 0.014 0.016 600 700 800 900 1000 1100 1200 1300
Vertical feed rate of poppet, F (mm/min) Rotational speed of poppet, N (rpm)
(c) (d)

Fig. 5.11 Effect of (a) CIPs concentration, (b) abrasives concentration, (c) vertical feed rate
of poppet, and (d) poppet rotational speed on %A Ra

The contribution of poppet valve rotational speed (N and N?) is 20.26 % in the % ARa. Fig.
5.11 (d) shows the effect of poppet valve rotation speed (N) on % ARa, with other parameters,
are constant. With increasing in value of N, % ARa also increases up to a value of 900 rpm,
and then the trend starts decreasing. It happens because, as the N increases, the rotational speed
of the AAPs that rotates over the surface asperities of working surfaces also increases. It leads
to an increase in the centrifugal force and tangential force. Thus there is an increment of total

cutting force of AAPs, which shear off the surface asperities rapidly and precisely, which
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provides an improvement in finishing. Hence, the trend of % ARa increases. Beyond the poppet
valve rotation of 900 rpm, there is an excessive increase in centrifugal force. The active
abrasive particles tend to loosen their grip in the CIPs chain during finishing. Hence, AAPs
cannot shear-off the surface asperities properly from the work part surface, which decreases
the trend of the % ARa. The maximum value of the % ARa was attained at the 900 rpm of
poppet rotation.

Fig. 5.12 (a) shows the combined effect of poppet valve rotational speed (N), and feed
rate of poppet valve (F) on the % ARa, with other parameters, kept constant as (A = 7% and C
= 35%). As the N and F increases up to 900 rpm and 0.01 mm/min, respectively, the trend of
the % ARa increases, then after it decreases. Increasing both the parameters simultaneously
leads to the enhancement in the net relative motion of the AAPs that acts on the work part
surface and also the indentation capability of AAPs to working surfaces. This enhances the
surface finish of the workpiece, due to which there is an increase in the trend of the % ARa.
However, beyond the N = 900 rpm and F = 0.01 mm/min, a significant centrifugal force
destabilizes the CIPs columnar chain in the MRP fluid, affecting the finishing action. And also,
at a high feed rate of the poppet valve, the rate of indentation force also increases, which creates
unwanted valleys and peaks on working surfaces. Thus, overall % ARa decreases.

Fig. 5.12 (b) shows the combined effect of the feed rate of poppet valve (F) and % volume
of abrasives (A) on the % ARa, with other parameters, kept constant as (C = 35% and N = 900
rpm). As the F and A increase up to 0.01 mm/min and 7 %, respectively, the trend of the %
ARa increases, then after it decreases. Increasing both parameters simultaneously lead to the
increment of shear force and indentation force. However, beyond F = 0.01 mm/minand A =7
%, further, increase of shear force, and indentation force leads to removing unwanted materials.
Hence, it will result in a decreasing trend of the % ARa.

Fig. 5.12 (c) shows the combined effect of % volume of (CIPs) C and poppet rotational
speed (N) on the % ARa, with other parameters kept constant as (A = 7% and F = 0.01
mm/min). As the N and C up to 900 rpm and 35%, respectively, the trend of the % ARa
increases, then after it decreases. As the N and C increase simultaneously, there is an increase
in the centrifugal and normal force in MR polishing (MRP) fluid, leading to the increase in the
shearing of the surface asperities. Hence, the trend of % ARa increases. However, beyond the
N =900 rpm and C = 35%, an excessive increase in centrifugal force results in loss of AAPs
grip in the CIPs chain. Also, there is a decrease in the overall cutting edges of AAPs as more

CIPs aggregates outside the already existing CIPs chains in which the AAPs are tightly gripped
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[25]. Owing to which there is improper chipping off surface asperities from the workpiece

surface, which leads to a decrease in the trend % ARa.

% ARa

% ARa

N =900 rpm

"4
(d)
Fig. 5.12 3D plots showing combined effect of (a) rotational speed and feed rate of poppet,
(b) feed rate and abrasive concentration, (c) rotational speed and CIPs concentration, and
(d) abrasive and CIPs concentration on %A Ra

Fig. 5.12 (d) shows the combined effect of % volume concentration of abrasives (A) and %

volume concentration of (CIPs) C on the % ARa, with other parameters kept constant as (N =
900 rpm and F = 0.01 mm/min). As the A and C up to 7 % and 35 %, respectively, the trend of

the % ARa increases, then after it decreases. Increasing both the parameters simultaneously

leads to the enhancement in the MRP fluid shear strength due to an increment in yield stress.

It will result in faster removal of material. Hence, the trend of % ARa increases. However,
beyond A = 7% and C = 35 %, decreases the shear strength of the MRP fluid. This is because
the higher % volume concentration of abrasive increases the distance between the CIPs, which

decreases the magnetic interaction force. This leads to the reduction in the removal of material,

due to which % ARa decreases. In the present work, the main aim is to get maximum % ARa

TH-2855_176103021
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for MR finishing of the poppet valve. To get the best possible outcome for the % ARa, the
prediction of the optimum parameters was done after the regression analysis. The Eq. (5.6) was
used to calculate the maximum % ARa.

The regression equation (Eqg. (5.6)) gives prediction of 93.25 % improvement in Ra, when
N =900 rpm, F = 0.01 mm/min, C = 35% and A = 7%. The composition of MR polishing fluid
for finishing the poppet valve with the present process is 35% volume concentration of CIPs,
7 % volume concentration of the abrasives and the remaining 58% volume concentration of
water-based carrier fluid. Further, experiments are performed using the optimized parameters
on the poppet valve profiles. The total improvement in % ARa after 100 minutes MR finishing
on the poppet valve surface was found as 92.22%. After 100 minutes, there is no significant
improvement observed on the poppet valve profiles.

To validate the ANOVA model and further regression equation, three validation tests are
carried out; Exp. I: at optimum experimental condition, followed by two more experiments
(Exps. 11 and I11) chosen randomly within the range of process parameters (Table 5.7). The
initial surface roughness values of the workpieces are selected almost the same for all three
experiments. The experimental value of % ARa is computed for all three validation tests using
Eq. (4.2). These values are compared with the predicted values calculated using regression
equation (Eg. (5.6). The comparison between the experimental and the predicted results as well
as percentage error, is shown in Table 5.7. A maximum error of 9.82 % is observed among all
three validation experiments, which describes the repeatability of the proposed model.

Table 5.7 Validation tests for % ARa
0 [0)
S.No. C (%) A (%) (mm|/:min) N (rpm) Exp. (% Pred. (%  Error

ARa) ARa) (%)
1. 35 7 0.01 900 92.22 93.25 1.12
2. 30 7 0.01 600 69.44 76.26 9.82
3. 32 10.5 0.013 1100 87.97 91.51 4.02

Exp. — Experimental, Pred. — Predicted

5.5 Summary

The performance of the developed fixture is justified experimentally and theoretically while
polishing poppet valve ridge profiles. Three types of MRP medium are prepared to check their
effects on the finishing surfaces of poppet valve ridge profiles. The uniform distribution of
magnetic flux density forms an effective surface area of active abrasives on the poppet valve
ridge profiles. The surface roughness of the poppet profiles is reduced significantly to 20.1 nm
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from its initial value of 320 nm using MR fluid of Type-2. The quality of the poppet profiles is
improved considerably. Type-2 MR fluid achieved best result with minimum surface roughness
value. However, using Type-3 MRPF more oxide layer is formed required to prevent corrosion
and further reaction on workpiece surface. Depends upon the applications of the components,
either MR fluid of Type — 2 or Type — 3 can be selected while finishing poppet valves. The
value of the optimized process parameters, i.e. rotational speed of poppet (N = 900 rpm),
vertical feed rate of poppet (F = 0.01 mm/min), CIPs volume fraction (C = 35%), and abrasives
volume fraction (A = 7%), provided 93.25 % improvement in Ra. A combination of lower feed
rate and higher poppet rpm is more advantageous for achieving higher % ARa with minimum
finishing time. After using the R-MRFF process, the poppet valve will gain high wear and
corrosion resistance capability, longer service life, and minimum maintenance during its

working performance. It has high accuracy and reliability for specific applications.

127
TH-2855_176103021



Chapter 6 Surface Roughness Simulation

6.1 Introduction

The uniform finishing of the poppet valve ridge and miniature gear profiles is analyzed using
an FEA based software Comsol® Multiphysics, where outcomes are shear stress, normal stress
and magnetic flux density distributions at workpiece profiles. Simulation of forces responsible
for finishing in the R-MRFF method helps in regulating the process accurately. The forces
which are responsible for finishing are normal forces (help in indenting the material), and shear
forces (help in eliminating the indented materials). Surface roughness simulation is carried out
using FEA findings and finishing force analysis. A mathematical model is also formulated to
analyze the indention depth caused by a single active abrasive on workpiece material while
finishing. The gap between the experimental and simulated results are marginal. It has high

accuracy and reliability for specific applications.

6.2 Miniature Gear Finishing

The various finishing forces, acting on active abrasives during gear MR finishing, are
responsible for eliminating the roughness peaks. These active abrasives cause the indentation
into the workpiece surface, and this indentation depth is a function of the normal magnetic
force (Fm) and other normal finishing forces. In order to determine the accurate predictive
pattern of surface roughness, the mathematical model for the precise estimation of normal
finishing forces, number of active abrasive particles and depth of indentation on the workpiece
surfaces should be developed. The following assumptions can simplify the theoretical analysis
of this mathematical model:

e Iron and SiC abrasive particles are spherically shaped and evenly spread in MRP fluid.

e The average diameter of the abrasive particles (dg) is calculated from the mesh size

number (Me) as, d, =15|\iﬁ[154].

e Each abrasive has a single active cutting edge.

e The load on each abrasive is constant, and therefore the workpiece surface has the same
indentation depth.

e Magnetic leaks and losses are ignored.

e The nano-chips of the workpiece do not alter MR polishing fluid.
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e The tangential component of magnetic force is neglected.
e The induced magnetic field on the gear profiles is not used for magnetic force
calculation.
Due to developed magnetic dipoles in iron particles of MRP fluid, these particles form a chain-
like structure. The yield strength of this chain structure retains the active abrasive particles
during its surface finish at the gear profiles [55]. The effectiveness of finishing depends on how
tightly these chains bind the abrasive particles.

6.2.1 Analysis of Finishing Forces

The active forces (Fig. 6.1), which are responsible for material removal, depend upon gear
teeth' profiles and motions given to the MRP fluid. The MRP fluid is given a continuous
rotating and reciprocal motion through the R-MRFF process so that the approaching active
abrasive particles uniformly remove the roughness peaks of the material. The magnetic force
presses the abrasives, which are trapped by iron particles into the workpiece's surface (Fig. 6.1
(@) and (b)). The magnetic forces are assumed to be normal to each gear tooth profile. The
magnetic force, Fm, works on one iron particle in a magnetic field is given as [155], [156]

I:m = mipluolmHVH (61)
Where, mip is the mass of iron particles (kg), 7, is the magnetic susceptibility of IPs in (m%/kg)
inside the polishing medium, H is the magnetic field strength in (A/m), VH is the gradient of

the magnetic field strength, and 4, is the magnetic permeability of free space (4nx 10" N/A?).

This normal magnetic force Fn helps the abrasives in indenting the workpiece surfaces. The
relation between the magnetic field strength (H) and magnetic induction/magnetic flux density
(B) may be regraded for practical use as shown in Eqg. (6.2).

B=uH (6.2)
So, using Eq. (6.2), Eq. (6.1) can be rewritten as Eq. (6.3).
A
Fm = mip ZILBVB (6.3)
Hy

The variation of magnetic flux density (B) is only considered in the horizontal direction, and
other directions are neglected. Thus, in the working gap (x) from the inner teeth profile of the
uniform flow restrictor to the outer teeth profile of gear, Eq. (6.3) may be interpreted as Eq.
(6.4).
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700 =m, 22809 64

0

Here, B (x) is the magnetic flux density variation in the working gap (x) ranging from 0 to 2

mm. Mass of magnetic susceptibility (¥,,) of iron particles is presented in Eg. (6.5).

_M _uxM
Zm_H - B (65)

Where, M is iron particles magnetization (A-m?/Kg), and magnitude is evaluated from the M-
B curve of MRP media (Fig. 2.4(a)) [157]. B (x) is derived from the FE analysis using Comsol®
Multiphysics in-between the working gap of A’A, C’C, E’E (Fig. 2.3 (b)) and along the arc
length of SY of gear tooth face (Fig. 2.3 (a)). Eq. (6.6) and Eq. (6.7) represent the magnetic
flux density variation in the working gap A’ A with and without using a uniform flow restrictor,

respectively.

B, A(X) =—0.0353x +0.2461 (6.6)
B, A(X) =-0.0352x+0.2445 (6.7)

In Eq. (6.6) and Eq. (6.7), “x” is in meters ranging from 0 to 0.002 m. Differentiating Eq. (6.6)
and Eq. (6.7), with respect to x give Egs. (6.8) and (6.9) as follows.

dBA'A(X) —

dBA'A(X) _

In a similar way, the FE analysis gives an equation of magnetic flux density variation in the
working gap C’C, E’E and along SY of gear tooth face with and without uniform flow
restrictor. Iron particles help the adjacent active abrasives in indenting the workpiece surfaces
[158]. The magnetic force on the iron particles next to active abrasives is calculated using Eqgs.

(6.4)—(6.9). The calculated magnetic susceptibility (,,) and magnetic force (Fm) at positions

A, C, E (Fig. 2.3 (b)) and O (Fig. 2.3 (a)) in the working gap of A’A, C’C, E’E and along SY
of gear tooth face with and without uniform flow restrictor is given in Table 6.1.

Shear force (Fs) is responsible for shearing the material as microchips on the gear tooth
profiles (Fig. 6.1(a) and (b)). Normal force (Fn) allows abrasives to penetrate into the gear tooth
profiles (Fig. 6.1(a) and (b))) [159]. Normal force, Fn is given as

F,=0,xA, (6.10)
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where, A, is normal projected area of gear working profiles (m?), o, is normal stress variation

along gear profiles (Pa). o, is derived from FE analysis.

Table 6.1 Calculated normal magnetic force at different positions of gear tooth profile using
Egs. (6.4)-(6.9)
Mass of magnetic

Positi Magnetic flux susceptibility I\/Iagnetic_lgorce
vt tootn DSYBM g )T
profile Uniform flow Uniform flow Uniform flow
(mm) restrictor restrictor restrictor
Without With Without ~ With Without With
A 0.1755 0.1741 1.0468 1.046 -0.1455 -0.1440
C 0.2132 0.2172 1.030 1.027 -0.1191 -0.1102
E 0.2288 0.2273 1.021 1.022 -0.1778 -0.1741
o) 0.2095 0.2075 1.032 1.032 -0.1659 -0.1719

In R-MRFF process (Fig. 6.1(a) and (b)), abrasive particles also rotate with the rotation of
magnet fixture. Because of the rotation of abrasives, a centrifugal force will act (Fig. 6.1(a) and
(b)).

F. =Ml (6.11)
In Eq. (6.11), (® = 2aN/60) is the angular velocity (rad/s), N is the rotational speed of the
magnet fixture, “r” is the radial distance, and map is mass of the abrasive particle (kg). The

total normal indentation force ( ), on the active abrasives along the tooth top, involute

I:indentation

and in-between profile of gear (Fig. 6.1(a)) is represented by,

(Eindentation ) = Em + En —Ecen (612)

And the total normal indentation force ( ), On the actives abrasives along the tooth face

Findentation
profile of gear (Fig. 6.1(b)) is represented by,
(Findentaion ) - = F i+ F s (6.13)
A tangential force [160] & [161], will also act on the abrasives in the tangent direction of
fluid rotation (Fig. 6.1 (a) and (b)).
Fi= 2m(5x\7) (6.14)
Here, o and v represent the abrasives' angular velocity and linear velocity (determined from

FE analysis), respectively. By changing the rotational speed of the magnet (N), centrifugal

131
TH-2855_176103021



force (Feen in Eq. (6.11)) and tangential cutting force (Ft in Eq. (6.14)) also change. The total
cutting force (F,). acting on the active abrasives along the tooth top, involute and in-between

profile of gear is the resultant of shear force ( Fs ), and tangential force (Ft), (Fig. 6.1 (a)) and

it is given as,
(Ec )i = Es +Et (615)
And the total cutting force (F,), acting on the active abrasives along the tooth face profile of

the gear is the resultant of shear force (Fs), tangential force (Ft) and centrifugal force (Fcen),
(Fig. 6.1 (b)) and it is given as

(Ec)f = Es +Ecen +Et (616)

Here, frictional forces are considered as negligible.

Iron particle
“ t
Fs

Active abrasive
particle

(a) (b)
Fig. 6.1 Schematic representation showing forces acting during finishing at (a) tooth top,
involute, in-between, and (b) face profiles gear tooth

6.2.2 Region of Active Abrasives on Gear Tooth Profiles

The external magnetic field developed shear, and normal stress from externally applied
pressure forms an effective active abrasive particles surface area on the gear teeth profiles. The
effective magnetic flux density without and with uniform flow restrictor along A’A, C’C, E’E,
AB, BD, DF, and SY (Fig. 2.3 (a)) of gear tooth profile is almost uniformly distributed all over
the surface (Fig. 2.5). However, the shear stress (primary cutting stress) distribution along AB,
BD, DE profile of gear tooth (Fig. 2.3 (a)) show static variation, when flow restrictor is used

as compared when flow restrictor is not used (Fig. 2.6). With and without using a flow
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restrictor, shear stress variation is almost similar along the gear tooth face (SY) profile. There
is no effect of flow restrictor on gear tooth face profile. The average shear stress variation
without using flow restrictor is almost half of the when using flow restrictor at miniature gear
teeth involute, top and in-between profiles.

Active abrasive

= ‘ I particles
(b)

Workpiece finish
surface area

(c) (d)

Rectangular surface area
of active abrasive particles
on tooth top, involute and
in-between profile of gear
tooth

Inactive abrasive

(@)
Active abrasive
particles

Inactive
abrasiv

Trapezoidal surface area
of active abrasive particles
B on face profile of gear

§ tooth

\C
(e) )

Fig. 6.2 Region of active abrasive particles on gear tooth top, in-between, involute profiles
during finishing (a) without, (b) with using uniform flow restrictor, (c) on tooth face surface
both without and with using uniform flow restrictor, (d) placement of two active abrasive
particles with a single iron particle in a cubic structure diagonally, inclined view of the active
abrasive particles region at tooth (e) face and (f) top, involute and in-between profiles of

miniature gear

Table 6.2 Number of active abrasive particles on involute, top, in-between, and face profiles
of miniature gear with and without using uniform flow restrictor
Number of active abrasive particles (Nactive)

Tooth involute Tooth top Tooth in-between Tooth face
Uniform flow Uniform flow Uniform flow Uniform flow
restrictor restrictor restrictor restrictor
Without With Without With Without With Without With

3485 6971 455 911 1067 2134 9951 9951
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Hence, at a single stroke, the number of active abrasive particles taking part in finishing action
will also become half at these profiles and will remain the same for the face profile. As total
active abrasives are more when using flow restrictor so, it will result in fast material removal.
The area where the active abrasives indent into the workpiece surfaces by the effect of normal
magnetic force and perform finishing by cutting forces is regarded as an effective surface area
[84]. The active abrasives area on gear tooth top, involute, in-between and face profile without
and with uniform flow restrictor during its surface finishing with R-MRFF process is shown in
Fig. 6.2 (a), (b) and (c), respectively. The configuration of active abrasives area on gear tooth
in-between, involute and top profile is regarded as the rectangular shape (Fig. 6.2 (f)), and Eq.

(6.17) determines it. The area (in mm?) of active abrasive particles region (EFGH) is given as
EFGH =EF xFG (6.17)

The active abrasives area (ABCD, mm?) on the face profile of gear teeth is regarded as the

trapezoidal shape (Fig. 6.2 (¢)), and it is given in Eq. (6.18).
ABCD =%X(AB+CD)X SY (6.18)

In addition, the MR polishing fluid's abrasive and iron particles create a cube cell structure, and
a single iron particle placed at the centre comes into contact with the two adjacent active
abrasive particles diagonally in this cube (Fig. 6.2 (d)) [162]. These active abrasives of the cube
participate in the finishing or can tell one face of the cube participates in the finishing process.
Eqg. (6.19) determines the total number of active abrasive particles (Ng) in the active region.

_ Area of the active abrasive particles regionx2

N
g Af

(6.19)

Where ‘Af’ is an area of the cube face, and two is multiplied since two active abrasives
participate in the finishing process at a time in a cubic structure. The total number of active
abrasive particles is calculated for all gear tooth profiles with and without flow restrictor is
given in Table 6.2. The effective surface area remains the same, only the location of active
abrasive particles changes during finishing. As the magnet fixture rotates, the inactive abrasives

become active.

6.3 Magnetostatic Fluid-Solid Interaction Analysis of
Poppet during Finishing

Magnetostatic fluid-solid interaction simulation using software package Comsol® Multiphysics

was conducted to study the magnetic field, shear stress and normal stress distribution along the
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poppet valve ridge profiles. The input parameters used for the simulation study are listed in
Table 6.3. Comsol® Multiphysics solve the permanent magnetic field with fluid flow and solid
mechanics problems of a specified model by allocating materials, boundary criteria, and source
conditions. Table 6.4 represents the boundary conditions used during simulation study. The
computational domain for fluid-solid interaction analysis with the externally applied magnetic
field is shown in Fig. 6.3. The rectangular permanent magnet, Sm2Co17 (Samarium-Cobalt)
of grade 30H, is considered to give a continuous fine polishing of the poppet ridge profiles for

the current analysis.

I Magnet north pole e Poppet valve
Magnet south pole

Fig. 6.3 3D computational domain for fluid-solid interaction analysis under magnetic field

In any finishing process, the forces exerted on the component profiles play a vital position in
the surface integrity. The volume of material removal from the component profiles during
finishing mostly relies on the forces responsible for finishing. These forces are exerted on the
component surfaces via abrasive particles.

The normal force is modelled by assessing the magnetic excitation force on abrasives,
spindle pressure on abrasives through poppet valve and their impact on the workpiece profiles
at the time of fluid-solid (poppet profiles) interaction. Tangential force is derived from the fluid
solid interaction phenomenon. Shear stress and normal stress working on the poppet profiles
are derived from the fluid surface interaction with an active magnetic field and applied
pressure. In the finishing region, due to the use of magnetic field, MRP fluid functions like a
Bingham plastic fluid.

Zero velocity and displacement fields for every flow parameter are initially applied at the
poppet profile and MRP fluid surface interaction. For ensuring the uniform finishing of the
poppet valve profiles, magnetic flux density, shear stress and normal stress distributions are
studied in detail (Fig. 6.4(a)). The various positions (A to H) (Fig. 6.4 (a))) on finishing spots

135
TH-2855_176103021



of poppet valve profile is taken to evaluate the various forces acting on abrasives, which can
be used for simulating the final surface roughness values on these profiles. Only positions (A
to H) (Fig. 6.4 (a)) is considered, and other parts of finishing spots are leftover because they
are symmetric to these positions and give similar results. The working gap at positions A and
B of finishing spots of the poppet valve, which is filled with MR fluid, is shown in Fig. 6.4(b).

Table 6.3 Input parameters used for simulation study

Variables Value
Remnant MFD 05T
Consistency factor 205.93
Density 2703 kg/m®
Magnetic particles vol. fraction 0.30

Power index law factor 0.3039

Feed rate of poppet valve 0.01 mm/min
Rotational speed of poppet 1200 rpm
Newtonian viscosity 0.0358 Pa-s

Table 6.4 Boundary conditions used during the simulation study

Boundary type Boundary conditions
Interactive surface between No slip and free elastic
poppet and MRP fluid deformation

Initial relative interactive Usolid (displacement field) = 0,
surface between poppet and OUsolid/0t (structural velocity
MRP fluid field)=0

Finishing
spot-1

Magnet fixture profile

(b)

Fig. 6.4 Measuring points (a) on finishing spots of poppet ridge, (b) at the working gap

between poppet and magnet fixture profiles for calculating magnetic flux density, shear
stress, and normal stress distribution

Step one in Comsol® Multiphysics simulation is importing a geometric model in “igs” format,

then combine three applicable physics into a single domain with their boundary conditions
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and input parameters, then mesh the domain, after setting statistical study, finally compute
the process outputs. To rotate the poppet valve in simulation analysis in Comsol software,
identical boundaries pairs were used. Where two cylinders are made, one is selected as source
boundary, and the other is selected as destination boundary within simulation domain. The
vertical downward movement of the poppet valve inside the simulation domain is considered
by prescribed mesh displacement in solid mechanics study. In the Multiphysics coupling
interface, fixed geometry fully coupling is selected for fluid-structure interaction analysis.
The mesh displacement in the normal direction to the boundary is limited by an equation such
as (up. n=0), where n is the normal unit vector. In the frequency domain, a prescribed velocity
(vp) can be directly interpreted as a prescribed displacement up (up = Vp/ ip), Where ¢ is the
angular frequency.

The simulations established so far may be applied to any shape and numerous
parametric studies to identify the optimal input parameters in the stated set. MRPF's behavior
in an external magnetic field is characterized by a B-H curve in the simulation domain. VSM
analysis is used to plot M-B curve (Fig. 6.5 (a)), and the B-H curve (Fig. 6.5 (b)) is plotted from
M-B curve.
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Fig. 6.5 (a) MB and (b) BH curve of MRP fluid

6.3.1 Distribution of Magnetic Flux Density

FEA findings for the variation in the allocation of MFD between the working gap (B’B and
A’A) (Fig. 6.4 (b)) of poppet and magnet fixture profiles at positions A, B (Fig. 6.4 (a)) on
poppet surface and along the poppet finishing spots (Fig. 6.4 (a)) of the poppet ridge surfaces
are demonstrated in Fig. 6.6 (c) and (d), respectively. The maximum MFD at finishing spot-1
and finishing spot-2 along the popper ridge profiles is obtained as 0.20 T and 0.21 T,
respectively post magnetostatic FEA, that is good enough for finishing the poppet ridge
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profiles. Magnetized CIPs exert forces on the abrasive particles against the poppet component
in-between the working gap of magnet fixture and poppet profiles to depress them into the
poppet surface consistently. The FEA findings help layout the magnet fixture profiles as the
exact replica of the poppet valve ridge profiles, as MFD lines are exactly approaching at
required positions along magnet fixture profiles (Fig. 6.6 (b)). These uniform MFD lines at
exact desired finishing spots on the magnet fixture profile will bound the MRPF tightly during
the rotation of the poppet valve in the CNC spindle so that polishing will take place precisely
at the required poppet valve finishing ridge profiles. And also, MRPFs do not segregate towards
the wall of the MRPF container. The MFD distributions in the complete domain setup along
with MRP fluid using magnetostatic analysis is shown in Fig. 6.6 (a). Further, on the basis of
magnetostatic coupled with fluid flow and solid mechanics FE analysis, the appropriate profile
region on the poppet ridge surfaces was studied where consistent shear stress and normal stress
is acting to finish poppet ridge profiles while the polishing process uniformly. This allows to
accomplish the aim of the current investigation like enhancing the poppet profiles surface finish
and removing all surface defects, which may further enhance the wear and corrosion resistance
and reduce hydrocarbon emissions while the functional use of poppet valves at a maximum

temperate.

6.3.2 Shear Stress and Normal Stress Distribution

The FEA obtained results for the variation in the distribution of shear stress along the finishing
spots of poppet profiles (Fig. 6.4(a)) are shown in Fig. 6.7 (a) and (b), respectively. The
maximum shear stress obtained at finishing spot-1 and finishing spot-2 is 47 kPa and 43 kPa,
respectively. Maximum shear stress results in a faster material removal rate. Due to the applied
field, MR fluid will behave like a Bingham-plastic fluid, and due to the rotation and free
boundary surface of the fluid, it will flow and rotate. Because of these circumstances, shear
stress will be generated due to the use of external magnetic field [67], [163] and rotation of
poppet valve [164]. The viscosity of MR fluid will also depend upon the poppet valve rotation

due to the effect of centrifugal force [165] as
o%v
n= pMRPa)Zr / [?J (6.20)

Where, v is the radial velocity of MR fluid, r is radial distance, and @ is angular velocity.
Hence, as the rotational velocity of the poppet valve changes, the viscosity will also change the

value of shear stress will also change.
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Fig. 6.6 Distribution of magnetic flux density (a) volume plot at entire computational domain,
(b) vector plot at desired finishing spots of magnet-fixture profiles, (c) at poppet ridge
profiles along finishing spots-1 & 2 (Fig. 6.4 (a)) and (d) in working gaps B’B & A’A (Fig.
6.4 (b)) between poppet valve and magnet fixture profiles

The FEA obtained results for the variation in the distribution of normal stress along the
finishing spots of poppet valve profiles (Fig. 6.4 (b)) are shown in Fig. 6.7 (c) and (d),

respectively. The maximum normal stress obtained at finishing spot-1 and finishing spot-2 is
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21 Pa and 23 Pa, respectively. The average compressive strain (&) (EQ. (2.16)) increases as

the prescribed feed rate of poppet increases; hence normal stress will also increase. Uniform

normal stress results in the uniform indentation of abrasive particles pertaining to an equal

amount of indentation depth at every poppet profile, thus resulting in uniform material removal

from each surface of the poppet profile leading to a uniform surface finish. The study of shear

stress on the component surface is most crucial to achieving the required good surface finish.
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Fig. 6.7 Volume plot of (a) shear stress and (c) normal stress distribution at ridge profiles;
Calculated (b) shear and (d) normal stresses along finishing spots-1 and 2 (Fig. 6.4 (a))

The FEA obtained results for the variation in the distribution of shear stress and normal stress

along the finishing spots of poppet valve profiles (Fig. 6.4 (a)) at 1200, 1300 and 1500 rpm of

the poppet is demonstrated in Fig. 6.8 (a) and (b), respectively. From the results, it is found that

there is the almost same amount of variation is shown at 1200 and 1350 rpm, and the values of

TH-2855_176103021
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the same type of variation increase (1.8 % increment) at 1500 rpm. However, in actual
experiment working condition at 1500 rpm, more vibration of the spindle is taking place, and
contact of poppet ridge profiles to stiff MR fluid creates more friction and thus deteriorates the
surface quality of poppet profiles, so this 1500 rpm is not considered in modelling of surface
finish, force analysis and in the current experiment. And also, tightening the magnet fixture at
the milling machining bed at such high speed is a somewhat difficult task even with certain

faults; it can harm both poppet and magnet fixture profiles.
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Fig. 6.8 (a) Shear stress and (b) normal stress distribution along finishing spots-1 & 2 (Fig.
6.4(a)) of poppet ridge profiles at different poppet rotations (1200, 1350 & 1500 rpm)

6.4 Mechanism of Poppet Valve Profile Polishing

The various finishing forces, acting on active abrasives during poppet valve MR finishing, are
responsible for eliminating the roughness peaks. These active abrasives cause the indentation
into the workpiece surface, and this indentation depth is a function of the normal magnetic
force (Fm) and other finishing forces. In order to determine the accurate predictive pattern of
surface roughness, the mathematical model for the precise estimation of normal finishing
forces, total active abrasive particles and indentation depth on the workpiece profile should be
developed.

6.4.1 Analysis of Finishing Forces

The active forces (Fig. 6.9), which are responsible for material removal, depend upon the ridge
profiles of the poppet valve and motions transferred to the MR fluid by poppet. The MR fluid

is given a continuous rotating motion through the poppet rotation in the R-MRFF process so

141
TH-2855_176103021



that the approaching active abrasive grains uniformly remove the roughness peaks of the
material. The magnetic force presses the abrasives, which are trapped by iron particles into the
poppet ridge profiles. The magnetic force, Fm, acts on CIPs in a magnetic field is represented
by Eq. (6.1) [155].

The variation of magnetic induction or magnetic flux density (B) is only considered in
the normal direction to the poppet profiles, and other directions are neglected. Thus, in the
working gap (z) from the ridge profiles of poppet to the ridge profiles of magnet fixture, the
relation between the magnetic force (Fm) and magnetic induction (B) may be regraded for
practical use as shown in Eq. (6.21).

dB(z)
& (6.21)

F.(2)=m%nB(2)

Hy
Here, B (z) is the magnetic flux density variation in the working gap (z) varying from 0 to 0.002
m. Mass of magnetic susceptibility (7,,) of CIPs is presented in Eq. (6.5). M is iron particles
magnetization in (A-m?/Kg), and magnitude is evaluated through the M-B curve of MRPF
(Fig. 6.5) [157]. B (2) is derived from the FE analysis in-between the working gap A’A (at
finishing spot-1), B’B (at finishing spot-2) of poppet and magnet fixture profiles (Fig. 6.4 (b))
represent the magnetic flux density variation in-between the working gap.

B, (2) =-0.015z +0.2283 (6.22)

By (2) =—0.0147+0.2096 (6.23)

In Eqg. (6.22) and Eq. (6.23), “z” is in meters varying from 0 to 0.002 m. Differentiating Eq.
(6.22) and Eq. (6.23), with respect to z give Egs. (6.24) and (6.25) as follows.
dB,.(2)

e —0.015 (6.24)
dz

The positions A and B is taken on poppet ridge profiles to show the calculation for normal
magnetic force. In a similar way, at every working gap on the poppet ridge periphery, variation
of magnetic flux density distribution can be evaluated to calculate normal magnetic force at
different positions of poppet ridge profiles (Fig. 6.4(a)). CIPs help the adjacent active abrasives

in indenting the workpiece surfaces [158]. The magnetic force on the CIPs next to active
abrasives is calculated using Egs. (6.21)-(6.25). The calculated magnetic susceptibility (;{m)
and magnetic force (Fm) at various positions on both finishing spots (A to H) (Fig. 6.4 (a)) of

poppet ridge profiles is given in Table 6.5.
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This magnetic force creates a repulsive levitation effect, which allows SiC abrasive to indent
into the ridge profiles of the poppet and can perform better finishing on every surface of the
poppet even with strongly bonded CIPs chains. Shear force (Fs) created by the poppet valve
rotation through the CNC-milling machine spindle is responsible for shearing the material as
microchips on the poppet ridge surfaces (Fig. 6.9). This shear force (Fs) can be derived from

FE analysis.

Table 6.5 Magnetic force at various positions on poppet valve ridge profiles calculated using
Egs. (6.21)-(6.25)

Positions at _ Mass of magnetic M ot
poppet Magnetic flux susceptibility agnet|cllorce
ridge Density B (T 4 F)x10™ (N
prof?les y B (T) (7,) x 10 (m3/kg) (F) (N)
A 0.1983 3.713 -2.204
B 0.1816 3.635 -2.019
C 0.1905 3.680 -1.878
D 0.1989 3.543 -1.970
E 0.2010 3.706 -2.154
F 0.2178 3.619 -2.127
G 0.1715 3.540 -1.861
H 0.1850 3.541 -1.994

Rotating poppet valve ¢
Active  \ Active abrasive grain  Micro chips
abrasive F.
grain
grabbed .
by CIPs E .
chain indentation

Initial ridge profile of poppet valve
Fig. 6.9 Forces acting at poppet ridge profiles during finishing
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This poppet valve is compressed into MRP fluid ribbon by spindle pressure in an external
magnetic field. Thus, the normal force (Fn) created by spindle pressure and elastic modulus of
MR fluid, allows abrasives to penetrate into the poppet ridge surfaces. The normal force (Fn)

on projected area (7zr xw) is given by
F, =0, x7rxw (6.26)
Where, o, is normal stress (Pa) obtained using FEA, r is the radius of poppet ridge profiles

(m), and w is the width of poppet ridge profiles (m). In this R-MRFF process (Fig. 6.9), abrasive
particles also rotate with the rotation of the poppet valve. Because of the rotation of abrasives,
a centrifugal force (Eq. (6.11)) will also act. Here, o will be the rotational speed of the poppet
valve. A tangential force (Eq. (6.14)) will also act on the abrasives in the tangent direction of
fluid rotation. Where o and v represent the angular velocity and linear velocity of the abrasives,
respectively. By changing the rotational speed of the poppet valve, centrifugal force (Fcen ) and
tangential cutting force (Ft) also change. The total cutting force, which is responsible for the
cutting of asperities of roughness peaks is given by,
Fc=Fs+Fon+Ft (6.27)

The total normal indentation force ( ) on the active abrasive grains along ridge profiles

I:indentation
of poppet (Fig. 6.9) is represented by,
(Eindentation ) = En + Em (628)

Here, frictional forces are considered as negligible.

6.4.2 Area of Active Abrasive Particles on Poppet Profiles

Using magnet fixture profile (an exact replica of poppet valve profile) gives an almost uniform
distribution of active abrasive particles along poppet ride profiles leading to uniform material
removal and surface finish. The external magnetic field, developed shear and normal stress
from externally applied pressure and rotation of poppet, forms an effective active abrasive
particles surface area on the poppet ridge profiles. The effective magnetic flux density along
finishing spots (Fig. 6.4(a)) of poppet profiles is almost uniformly distributed all over the
surface is displayed in Fig. 6.6 (a). The shear stress and normal stress are also almost uniform
and higher in magnitude at finishing spots, enabling smooth indentation of abrasive into poppet
surfaces and shear off the materials from these surfaces easily. As total active abrasives are
more and uniform so, it will result in fast material removal rate and uniform surface quality at

poppet ridge profiles. The area where the active abrasives indent into the workpiece surfaces
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by the effect of normal magnetic force and execute polishing by shear forces is regarded as an
effective surface area [84]. The active abrasives area on poppet ridge profiles during its surface
finishing with the R-MRFF process is shown in Fig. 5.1. During the polishing process of the
ridge surfaces of the poppet, the absolute amount of active abrasive particles usable for
polishing is determined where the maximum number of abrasive grains contacted to the poppet
valve profiles [152]. The maximum abrasive grains touch the poppet profiles at the outermost
diameter and are determined by the given below specific equation

_ Maximum length for which MRPF in contact with workpiece ~ 2zr

9
Dg Dg

N

(6.29)

Where, Ny is the total amount of active abrasive particles on poppet profiles, r is the radius of
poppet ridge profiles, Dg (19 um) is the diameter of a single active abrasive particle. The
absolute amount of the active abrasive particle is calculated for both poppet ridge profiles is
given in Table 6.6. The effective surface area remains the same, only the location of active
abrasive grains changes while polishing. As the poppet rotates, the inactive abrasives become
active.

Table 6.6 Active abrasive particles on poppet valve ridge profiles
Number of active abrasive grains (Ng)

Poppet finishing Poppet finishing
spot-1 spot-2
3235 2898

6.5 Material Removal Modelling

The normal indentation force (Findentation) IS responsible for indenting the abrasives into the
workpiece surface. The resultant cutting force on the abrasives removes the material from
workpiece surfaces in the form of micro-chips. Constant load on each abrasive with a single
cutting edge creates equal indentation depth on the workpiece surfaces. The indentation
diameter ( Di ) and depth of indentation (t) [146] of an active abrasive particle into the
workpiece surfaces is evaluated from the geometry of the Fig. 6.10 and the relation of Brinell
hardness number (Henn = 217 (for gear material) and Henn = 445 (for poppet material)). The
BHN of the machined workpiece is tested in the Brinell hardness tester. The BHN (kgf/mm?)
is reconfigured to compute the indentation diameter (Dj) is represented in (Eq. (6.30)) [146].

6 2
Di — Dg2 _ L Dg _ 2 Xlo Findentation ] (630)
9.81H,,,,7D,

where, Dy is the abrasive particle diameter in m and indentation force (Findentation) iS in N.
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Fig. 6.10 Cross-sectional view of an active abrasive particle indenting into workpiece surface
and forces acting on it during R-MRFF process

Table 6.7 Calculated normal, centrifugal and tangential forces at different positions of gear
tooth profile

Normal force Centrifugal force ~ Tangential force
Positions  (F) x10° () (R,)x10° (y)  (F) x 107 (N)
ago%iﬁr Uniform flow Uniform flow Uniform flow

profile restrictor restrictor restrictor

Without ~ With  Without  With  Without ~ With

A 3.423 4.286 6.462 6.462 9.712 9.957

C 3.428 4.071 8.027 8.027 8.520 5.251

E 3.291 3.832 8.975 8.975 15.62 16.66

@) 3.145 4.669 7.975 7.975 1.329 4.091

Table 6.8 Calculated shear force, resistance force, indentation force, and depth of indentation
at different positions of gear teeth profile

Normal
Shear force Resistance force e =trion forch,/  Depth of
Positi - ; SiC abrasive indentation
ositions — (F) x 10™ (N) (Fe) x 107 (N) particle (t) x 107
at gear . (m)
tooth (Findentation) x 10 (N)
profile Uniform flow Uniform flow Uniform flow Uniform flow
restictor restictor restictor restictor
Without With  Without With Without With Without With
A 1528 1.607 2.482 3.582 3.420 4.280 2.693 3.370
C 1.597 1.743 2.456 3.314 3.419 4.072 2.692 3.206
E 1.761 1.821 2.346 2.976 3.290 3.834 2.590 3.019
0] 1.705  1.746 2.219 4.040 3.140 4.664 2.472 3.673
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D
t:%—%‘/DQZ—DiZ (6.31)

To allow the cutting operation to take place (Fig. 6.10) through the elimination of roughness
peaks by an active abrasive on the workpiece surfaces, Fs must be higher than Fr. Where, Fs
is the shear force applied by the polishing medium on the projected area of the embedded
abrasive particle above the workpiece surface (A-4°). Fr is the resistance/reaction force acting
on the abrasive particle offered by the workpiece material at the embedded portion of the

abrasive in the workpiece surface (4 ). From Fig. 6.10, Fs, Frand 4’ are given as
F =(A-A)xr, (6.32)

F=Axo, (6.33)

D’ T 2t D
A=—%x"_cost{1-— || =2 -t |,/D t—t2 6.34
4 180 [ D 2 g ( )

g9
Where, Ac is the cross-section area of the spherical abrasive particle, gy is yield stress of
stainless steel (SS316L), and nickel aluminium bronze workpiece in shear 310.5 MPa and 290

MPa, respectively, 7y is average MRP fluid shear stress at the workpiece profiles.

Table 6.9 Calculated normal, centrifugal and tangential forces at different positions of poppet
valve profiles

L Normal Centrifugal Tangential
Positions aé the force force force (Ft) Y 10—7
oppet ridge 4 -9
- F:Z)F:’Of”e 3 (Fn) x 10 (Fcen) x 10 (N) (N)
(N)
A 1.685 1.787 1.903
B 1.423 1.600 2.070
C 1.971 1.787 2.027
D 1.682 1.600 1.999
E 1.342 1.787 2.076
F 1.296 1.600 1.942
G 1.374 1.787 1.895
H 1.492 1.600 1.932

Table 6.7 represents the calculated values of normal, centrifugal and tangential forces at
different positions of the gear profiles. Calculated shear force, resistance force, indentation
force and depth of indentation at different positions of gear teeth profile is shown in Table 6.8.
Table 6.9 represents the calculated values of normal, centrifugal and tangential forces at
different positions of the poppet profiles. Calculated shear force, resistance force, indentation
force and depth of indentation at different positions of poppet ridge is shown in Table 6.10.
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From magnetostatic fluid flow analysis, the MRP fluid shear stress at the gear surface is
calculated, and from magnetostatic fluid-solid interaction analysis, the MRP fluid shear stress
at the poppet surface is calculated. Substituting these values into Egs. (6.32)-(6.34), Fs and Fr
are calculated for all gear and poppet ridge surfaces, listed in Table 6.8 and Table 6.10,
respectively. Since the magnitude of Fsis much greater than the magnitude of Fg, the active
abrasive layer on the workpiece surface will easily shear off the roughness peaks. The condition
for no cutting is Fs<Fr [84], [166]. In such a condition, rotating abrasive particles adjusts the

indentation depth until the necessary resistance (Fr) is equivalent to the usable shear force (Fs).

Table 6.10 Calculated shear force, resistance force, indentation force, and depth of
indentation at different positions of poppet ridge profiles

Normal
Positions at  Shear force . - indentation force / . D€Pth of
the poppet (F) x 10° Resistance force sic abr 3B indentation
ridge ; ) (Fy) x 107 (N) particle (t) x 107
prOfIIe (Findentation) X 10 ‘ (N) (m)
A 1.181 2.771 1.681 6.461
B 1.141 2.145 1.429 5.452
C 1.362 3.529 1.975 7.589
D 1.245 2.768 1.685 6.452
E 1.301 1.979 1.342 5.167
F 1.209 1.865 1.296 4.968
G 1.124 2.036 1.371 5.252
H 1.147 2.304 1.492 5.714

6.6 Surface Roughness Modelling

An optical profilometer is used to take initial surface roughness data in the model. These datas
are in the form of ordinates of all sampled points in the profile at equal intervals. After
evaluating initial input roughness data, modelling of surface finish is performed. Cutting action
will only take place on identified peak points, and each active abrasive particle crossing over
the peaks penetrates equally to “¢”. Non-identified peak point will remain as it is for the next
cycle.

Also, it is assumed that the cutting occurs from a particular peak with peak height (h;) if

the following condition is fulfilled i.e. hi > (himax—t). Therefore, the new height of the i
roughness peak (hinew) will be b ., =h . —t. Where, himax is the highest peak height. It is

explained schematically in Fig. 6.11 for a few peaks and valleys of the roughness profile. From

Fig. 6.11 it can be seen that the new peak heights updated after cutting by one abrasive particle
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is given as: hy=h -t h  hi=h _ —t hi=Nh __ —tand the valleys remain the same as

ha , hd without any update. Surface roughness is measured with respect to the mean line, the

region above and below the mean line is identical. After each stroke or rotation, some material
is withdrawn from the upper half of the mean line, so the location of the mean line would be

changed by (Ah). Thus, the new mean line of roughness profile is estimated after each iteration

and the data points are modified accordingly as, h, ., =h —Ah. Where, h; is the magnitude of

the i data point considering all peaks and valleys. The new peak height h' after one stroke or
rotation with (Ng) active particle/stroke or rotation is given by

=1 — Nt (6.35)

If the point is not a peak point in the data file (for example, hC in Fig. 6.11), then it is transferred

to the next profile as it is. New peak points were measured after each stroke or rotation to adjust
the peak heights, and modified profile data were passed on for the next stroke or rotation
analysis. Eq. (6.36) determines the centre-line-average (CLA) surface roughness value (Ra)

from profile data points before and after each stroke or rotation.

n

- ;'hﬁ| (6.36)
" n

where “n” is number of data points and hj is roughness profile height at the data points.

Old mean line ,
. . hc', ” hl" .
" i \ !/ E \ .‘/ E \

SiC
abrasive

(b)

Fig. 6.11 (a) Abrasive particles approaching initial peaks/valleys, (b) new peak heights
updated after one indentation depth (t). Ah is shifting the position of mean line after each
stroke
Code was written as per the steps shown in Fig. 6.12 in “Phython” programming language to
evaluate final Ra value based on theoretical indentation values. During the evaluation of

roughness values using software (JupyterLab) in the programming language ‘“Phython,”
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continuous material removal is assumed to occur until the profile height reaches zero or non-

negative, after which no further material removal occurs at that point.

Calculate indentation depth using Eq. 6.31

'

| Check for maximum roughness peak point h; .
in initial roughness profile data points

If hi > hi.max - Ngt then modlfy hi = hi.max - Ngt,

Otherwise leave h; as it is in the updated profile data

Y

Check for all roughness data points and calculate the
new mean line and update all data points (h;) w.r.t
new mean line as h; ., = (h; — Ah)

No ' Yes
All finishing cycles over? -D'

Fig. 6.12 Algorithm for surface roughness simulation

Perform magnetostatic FEA to get the exactly desired

MFD distributions at workpiece finishing profiles to Perform the surface roughness simulation to
significantly control the MRPF behaviour during MR predict the final surface roughness value at
polishing workpiece finishing profiles.

Perform magnetostatic fluid-solid interaction or fluid-flow t

FEA to see the magnitude of normal stress and shear stress Check the condition for material removal i.e
at desired workpiece finishing profiles for analyzing the shear force (Fis) > resistance force (Fy)
capability of developed setup

Fig. 6.13 Steps to find the optimum value of output during R-MRFF simulation

The peak points of simulated roughness profile of miniature gear are plotted in red colour and
valley points of roughness peak are plotted in blue colour to clearly identify the cutting of each
maximum peak height (hmax) in reach rotation/stroke. The steps that should be followed to get
optimum output in the R-MRFF method is shown in Fig. 6.13. These steps should be performed
in the current R-MRFF process to predict the best surface roughness value before
experimentation. It will make the process faster and better for MR polishing of poppet valve

ridge and miniature gear teeth profiles.
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6.7 Results and Discussion

Experiments are executed to evaluate the functionality and performance of the novel polishing
setup for standardized uniform polishing of the complex miniature gear and poppet profiles.
An optical profilometer is used to find the roughness profile of workpiece surfaces. The surface
roughness values and material removal rate (MRR) are calculated and validated with the

simulated results.

6.7.1 Validation of Material Removal Model

The normal magnetic indentation force acting on an active abrasive particle is determined from
FE analysis. This force is used to calculate the indentation diameter (Di) and depth of
indentation (t) created by active abrasive particles into the workpiece surface. Material removal
rate (MRR) obtained in the current process for workpiece profile will depend on this depth of
indentation (t). Based on the magnetostatic fluid flow analysis, the variation of shear stress
along the profiles of gear teeth is observed. Using this observation, the number of active
abrasive particles impacting the different gear profiles during the finishing process is
determined. Finally, based on these outcomes, MRR can be calculated using the Egs. (6.37) and
(6.38).

Total Volume of material removed x density
finishing time

MRRtheoreticaI = (637)

And total volume of material dislodged is calculated from Eq. (6.38). The density of SS316L material
is 8000000 g/m?. The finishing time is 200 min.

D 3
Total Volume of material removed =N, x m(t® x 79—%) x10x1600 (6.38)

Ten is multiplied because there are ten teeth present on miniature gear. In one finishing cycle
2 strokes are present, and so for 800 finishing, 1600 strokes will be used for finishing the
miniature gear teeth profiles. The theoretically calculated MRR without and with using flow
restrictor is presented in Table 6.11. The material removal rate (MRR) is the absolute quantity
of material that is removed per minute. The required time in completion of the desired number
of finishing cycle is used to found the MRR. Experimentally, MRR is calculated using Eq.
(6.39).

_ Initial weight — Final weight

MRR,, /i =
exp erimental f|n|sh|ng time

(6.39)
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The experimental MRR obtained without and with using a flow restrictor is presented in Table
6.11. The higher MRR can be achieved using a uniform flow restrictor, as the number of active

abrasive particles is higher when using a uniform flow restrictor.

Table 6.11 Comparison between experimental and simulated MRR for gear finishing

MRR from )
theoretical analysis Experlmen_tal MRR % Error
i (g/min)
(9/min)
U”'form flow Uniform flow restrictor  Uniform flow restrictor

restrictor
Without With Without With Without With
0.00071 0.00104 0.00081 0.00118 12.3 11.5

Theoretically MRR can be calculated from using the Egs. (6.37) and (6.40). Total volume of
material dislodged is calculated from Eq. (6.40). Density of Nickel-Al-Bronze alloy material
is 7600000 g/m?. Finishing time is 100 min.

D 3
Total Volume of material removed =N x z(t? x 79 —~ %) x1200x100 (6.40)

Here, 120000 is multiplied in the above equation because this much amount of revolution will
poppet valve cover before completing the finishing cycle. The theoretically calculated MRR is
presented in Table 6.12.

The material removal for Nickel-Al-Bronze poppet valve was determined depending
on the mesh size of abrasive particle and total rotations of poppet valve. Material removal is
amount of material that is dislodged per minute. The required time in completion of the desired

number of finishing rotations is used to found the MRR experimentally (Table 6.12).

Table 6.12 Comparison between experimental and simulated MRR for poppet valve finishing
Total MRR from

theoretical analysis

(g/min) for poppet
finishing profiles

0.0115 0.0132 12.87

Experimental MRR
(g/min) for poppet % Error
finishing profiles

6.7.2 Validation of Simulated Roughness Values

After using the novel uniform flow restrictor and workpiece fixture, the surface roughness
parameters were evaluated for the gear teeth profiles. Gear teeth profiles were finished with
MR polishing fluid. After finishing with the novel workpiece fixture, without and with using a
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uniform flow restrictor, the minimum surface roughness (Ra) for the involute profile of gear
tooth was decreased to 34.3 nm (Fig. 6.14 (a)) and 24.5 nm (Fig. 6.14 (c)) respectively from
the original value of 265 nm. From the obtained experimental and simulated roughness value,
8.57 % error was observed on the tooth involute profile with using uniform flow restrictor. For
all other profiles of gear teeth, similar initial and final simulated and experimental roughness
values with 800 finishing cycles obtained are presented in Table 6.13. The results demonstrate
that nearly all parts of the teeth profiles have shown the uniform value of surface roughness
using a uniform flow restrictor. This significant uniform decrease of roughness values on the
gear teeth profiles indicates that the novel uniform flow restrictor and workpiece fixture are
capable of producing a uniform fine surface finish. The magnetic fixture is rotating, and
extrusion pressure is applied to MR polishing media as a result abrasive particle will cut the

peaks of roughness profile by sliding and rotating action.
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Fig. 6.14 Surface roughness profiles of gear tooth involute profile from (a) experiment and
(b) simulation after finishing without uniform flow restrictor; Roughness profiles with
uniform flow restrictor from (c) experiment and (d) simulation

Table 6.13 Comparison between simulated and experimental surface roughness values at
different gear tooth profiles for 800 finishing cycles
Experimental Ra

Simulated Ra (nm) % Error

iy (hm)

Gear tooth  Initial  yniform flow Uniform flow . .
profiles Ra (nm)  restrictor restrictor Uniform flow resrictor

Without  With Without With Without ~ With
In-between 264 22.1 24.3 20.5 25.3 7.23 411
Involute 265 34.3 24.5 35.1 26.6 2.33 8.57
Top 252 46.5 23.9 40.2 24.71 13.54 3.38
Face 259 19.6 25.2 18.7 26.2 4.59 3.96
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After using the novel magnet fixture, the surface roughness parameters were evaluated for the
poppet profile. Poppet valve profiles were finished with MRP fluid. The surface roughness
parameter (Ra) on both poppet ridge profiles before finishing was found almost equal as 320
nm, as shown in Fig. 6.15 (b). After finishing with the novel magnet fixture, the minimum
surface roughness (Ra) for the poppet profile was decreased to 20.1 nm (Fig. 6.15 (a)) on
finishing ridge profile-1 of the poppet valve from the original value of 320 nm.

From the obtained experimental and simulated roughness values, a maximum 11.5 %
error (Fig. 6.15 (b)) was observed on the finishing spot-1 (Fig. 6.4 (a)) of the poppet valve
profile. The results demonstrate that both poppet valve ridge profiles have shown the uniform
value of surface roughness. This significant uniform decrease of roughness values on the
poppet profiles indicates that the novel magnet fixture is capable of producing a uniform fine
surface finish. The roughness peaks have been adjusted to the flat smooth surface following

the completion of several MR finishing rotations on the poppet ridge profiles.
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Fig. 6.15 Surface roughness profiles after finishing from (a) experiment and (b) simulation at
finishing spot-1, from (c) experiment and (d) simulation at finishing spot-2

6.8 Summary

The effectiveness of the novel R-MRFF setups is confirmed experimentally and theoretically
while finishing complex profiles of poppet valve and miniature gear. The magnetostatic fluid
flow FE analysis shows that a novel flow restrictor can polish the miniature gear profiles
uniformly. The active abrasive particles become more uniformly distributed throughout the

gear profiles while using a flow restrictor. The surface roughness of the involute gear profile
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is reduced significantly to 24.5 nm from its initial surface roughness value of 265 nm using a
flow restrictor in R-MRFF setup. An error of 8.57% was observed using a uniform flow
restrictor between experimentally measured and simulated roughness values on gear tooth
involute profile. The magnetostatic fluid-solid interaction using FE analysis shows that the
novel magnet fixture can uniformly finish the poppet valve ridge profiles. The magnetic flux
density and shear stress distributions are uniform and higher in magnitude at required finishing
profiles. On these profiles, active abrasive particles become more effective. The surface
roughness of the poppet valve profiles is reduced significantly to 20.1 nm from its initial value
of 320 nm using R-MRFF process. An error of 11.5 % between experimentally measured and
simulated Ra is obtained at the poppet ridge profiles. The number of active abrasives for each
rotation of the poppet is uniform, resulting in faster material removal and uniform surface

finish.
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Chapter 7 Conclusions and Scope for Future
Work

7.1 Conclusions

In the present work, the rotational magnetorheological fluid-based finishing (R-MRFF) process
is used to finish the complex profiles of miniature gear and poppet valve. For finishing
miniature gear, a novel flow restrictor and workpiece fixture, and for finishing of poppet valve,
a novel magnet fixture is designed and developed. Preliminary experimental investigations are
carried out to explore the capability of the developed R-MRFF setups to find out appropriate
MR fluid composition and process parameters while finishing both miniature gear teeth and
poppet valve ridge profiles. Further, statistical design of experiments are performed to find the
optimum process parameters and their contribution output responses for uniform nano-scale
finishing. Also, surface roughness simulation is performed using analysis of finishing force
and outcomes of finite element analysis. Following conclusions are drawn from the work

reported in the thesis.

7.1.1 Miniature Gear

7.1.1.1 Flow Restrictor and Workpiece Fixture Development

A novel flow restrictor and workpiece fixture are designed and developed to finish miniature
gear teeth profiles. Magnetostatic fluid-flow finite element analysis (FEA) is performed to see
the capability of developed flow restrictor for achieving better finishing characteristics. The
conclusions drawn from this study are as follows:

e A novel uniform flow restrictor (exact negative replica of miniature gear) and gear
workpiece fixture for the R-MRFF process are developed based on uniform magnetic
flux density distribution, normal and shear stress values on gear teeth profiles.

e Uniform shear stress distributions help active abrasives to consistently cut the
roughness peaks, with the MRP fluid having both rotating and reciprocating motions.
Achieving uniform shear stress values on gear teeth profiles is crucial for uniform

surface finishing.
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e The magnetic flux density measured (from magnetostatic FEA) at in-between, involute,
top, and face profiles of gear tooth are 0.17 T, 0.21 T, 0.22 T, and 0.24 T, respectively,
after, which is sufficient enough to carry out the finishing operation.

e Maximum shear stress along gear profiles for magnetorheological finishing of gear
component without and with using flow restrictor is 64 kPa and 58 kPa, respectively.

e Maximum normal stress along gear profiles for magnetorheological finishing of gear
component without and with utilizing flow restrictor is 130 Pa and 155 Pa, respectively.

e The shear stress and normal stress variation along gear profiles are almost static when
a flow restrictor is used. It helps in getting the uniform surface finishing across
miniature gear profiles.

e The gap increment between each gear tooth and flow restrictor profiles after MR

finishing is uniform, implying uniform material removal and surface finish.

7.1.1.2 Synthesis of Optimum MR Fluid

Three types of MR fluids are synthesized to generate different types of surfaces. All three
synthesized MR fluids consist of varying mesh sizes of iron particles (IPs) and SiC abrasive
powder (mesh size 800) in an oil-based medium. Base medium has different concentrations of
grease and paraffin oil. The generated surface morphologies are studied and analyzed. The
conclusions drawn from this study are reported as follows:

e The IPs of mesh size 250 are used in MR fluid of Type — I. There was almost no
improvement in observed surface characteristics. However, the improvement in surface
roughness was observed as 31.50 % using a flow restrictor.

e In MR fluid of Type — 1, iron particles size is much more than abrasive particles size.
Hence, the abrasives cannot make effective contact with the gear profiles, which makes
MR fluid of Type — I ineffective even after 800 finishing cycles.

e The IPs of mesh size 400 are used in MR fluid of Type — Il. Some improvement in
surface characteristics was observed. However, the recast layer and pits were still
identified on gear teeth profiles. The improvement in surface roughness was observed
as 71.84 % using flow restrictor after 800 finishing cycles.

e The IPs of mesh size 800 are used in MR fluid of Type — IlI. A fine, smooth, and
uniform surface finish was observed with almost no surface defects when finished using
flow restrictor. However, a small number of micro-cracks and pits were observed on
miniature gear teeth profiles when finished without a uniform flow restrictor. It was
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also observed that the sides of the tooth became little bit round, which helps in
dislodging the burrs, pits, and other undesired features from the working surfaces.

The improvement in surface roughness was observed as 90.75 % using flow restrictor
and MR fluid of Type — I11 after 800 finishing cycles. Since, in MR fluid of Type — 1lI,
iron and abrasive particles are of the same size, which helps the abrasives to have
effective contact with the gear profiles achieving highly uniform finishing.

Uniform surface roughness values are achieved at each miniature gear tooth profile with
different types of MR fluid at each stage while using a uniform flow restrictor. Also, a

minimum value of surface roughness is achieved while using Type — 111 MR fluid.

7.1.1.3 Finishing of Miniature Gear Teeth Profiles

The capability of the R-MRFF process to deliver nano-scale surface finish for various gear

teeth profiles is analyzed using different surface characterization techniques. An optimization

study is carried out to minimize the value of surface roughness and maximize the material

removal rate (MRR). A statistical analysis is conducted to evaluate the significance of each

process parameter. Following conclusions are drawn from the present study.

The final roughness values (Ra) measured at in-between, involute, top, and face profiles
of miniature gear teeth using uniform flow restrictor are 24.3 nm, 24.5 nm, 23.9 nm,
and 25.2 nm, respectively. These Ra values without using a uniform flow restrictor are
22.1 nm, 34.3 nm, 46.5 nm, and 19.6 nm, respectively.

A small amount of tooth deformation was observed when finished without a uniform
flow restrictor; however, no tooth deformation was observed while using a uniform
flow restrictor.

The value of the optimized process parameters, i.e., a volumetric proportion of IPs/SiC
abrasives, extrusion pressure, and rotational speed of magnets, are 1.5, 35 bar, and 109
rpm, respectively, achieving 90.75 % improvement in Ra and 0.00118 g/min of MRR.
The maximum error between predicted and validation-experimental results for % ARa
and MRR are less than 10 %, which depicts the feasibility of the proposed model.

A combination of low extrusion pressure and high rpm of the magnets is more
favourable to achieve a higher MRR. In contrast, a combination of low volumetric
proportion of iron/abrasive particles and higher rpm of magnets causes a higher

improvement in surface finish.
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e An increase in extrusion pressure and rpm of the magnets significantly increases the
MRR. In contrast, only a marginal increase in MRR was observed with an increase in
Vol. ratio of IP/SiC up to 1.6, beyond which MRR tends to decrease.

e The abrasion and ploughing action on the SS316L are the dominant mechanisms of
material removal on gear teeth profiles while finishing by R-MRFF process.

e The consistent restricted space between flow restrictor and gear creates a uniform
channel for flowing MRP media, which leads to a super smooth uniform surface finish.

e To achieve a surface finish below 30 nm on SS316L miniature gear profiles, the Vol.
ratio of IPs/SiC, extrusion pressure, and rotational speed of magnets should be in the
range of 1.5 — 2.5, 30 — 35 bar, and 90 — 120 rpm, respectively.

e The optimum number of finishing cycles is 800. Furthermore, after 800 finishing
cycles, no improvement in surface roughness was observed, as the sharp edge of the
abrasives became blunt and ineffective. Even in some cases, the surface roughness of
the workpiece again increases due to the ploughing of abrasive particles on the already

finished workpiece surface.

7.1.1.4 Finishing Force and Surface Roughness Analysis

The finishing forces involved in the present R-MRFF process are analyzed to better understand
and precisely control the process. Also, the surface roughness simulation study is carried out
using finishing force analysis and FEA findings. Validation experiments are conducted to
substantiate the simulation study. A material removal model using a single abrasive particle is
formulated to predict material dislodgement during MR finishing. Following conclusions are
drawn from the present study.

e Magnetic and shear forces are considered as the main component of normal indentation
force (Findentation) and cutting force (Fc), respectively. Normal indentation force is
responsible for the indentation of abrasive particles on the workpiece surface. Cutting
fore is responsible for shearing of the indented materials from the workpiece surface.
Based on FE analysis, different values of normal indentation and cutting forces are
observed on different teeth profiles.

e The normal indentation force (F

indentation

), acting along the tooth top, involute, and in-

between-teeth profiles is the resultant of normal force (Fn), magnetic force (Fm) and
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centrifugal force (Fcen). The normal indentation force ( . acting along the tooth

I:indentation )

face profile of gear is the resultant of normal force (Fn) and magnetic force (Fm).

 The total cutting force (F,). acting along the tooth top, involute and in-between-teeth

profiles is the resultant of shear force (Fs ) and tangential force (Ft). The total cutting

force (F,), acting along the tooth face profile of the gear is the resultant of shear force

(Fs), tangential force (Ft), and centrifugal force (Fcen).

e The maximum percentage error between experimental and simulated MRR and surface
roughness while using flow restrictor is 11.5% and 8.57%, respectively, which is
marginal.

e From FEA analysis, it has been observed that the number of active abrasives that take
part in the finishing action is more than those without flow restrictor. It results in high
MRR and a higly uniform surface finish while using a flow restrictor.

7.1.2 Poppet Valve

7.1.2.1 Magnet Fixture Development

A novel magnet fixture is designed and developed to finish complex narrow ridge profiles of
the poppet valve. Magnetostatic FEA is performed to observe the magnetic flux density
distributions along finishing profiles for achieving better finishing characteristics. The
conclusions drawn from this study are as follows:

e A novel magnet fixture for the R-MRFF process is developed based on the uniform
magnetic flux distributions along the poppet's finishing profiles.

e The required magnetic flux density values at the centre and finishing spots bound the
MR fluid in the finishing zone without segregating towards the MRPF wall container,
also not leaving the finishing zone during poppet valve rotation. These conditions help
uniform polishing across poppet valve profiles.

e The optimum magnetic flux density at the finishing spots and centre of the magnet
fixture is obtained as 0.23 T and 0.17 T, respectively, sufficient for polishing the poppet
ridges.

e Aluminium is considered to fabricate the magnet fixture due to its non-magnetic

property, and it does not restrict / interfare with the movement of MRP fluid.
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The poppet valve is provided with a vertical feed in the downward direction to make
the process faster. The optimum gap between the magnet fixture and poppet valve
profile is 2 mm, and it is filled with MR fluid.

The error between the simulated (Ansys®) and measured (digital Gauss-meter, probe
placed at 45° angle) magnetic flux density is less than 8%, which is in a reasonable

range.

7.1.2.2 Synthesis of Optimum MR Fluid

Three types of MR fluids are synthesized to generate different types of surfaces. The generated

surface morphologies are studied and analyzed. For finishing the poppet valve profiles on

required positions, the effectiveness of the designed fixture is confirmed experimentally. The

conclusions drawn from the present study are as follows:

In an acid-based medium, all three MR fluids consist of carbonyl iron particles (CIPs)
and SiC abrasive powder. Base medium constituents of MR fluid of Type — 1 is
hydrofluoric acid (HF), nitric acid (HNOz) and deionized water. In the case of MR fluid
of Type — 2, the base medium consists of nitric acid (HNOs3), hydrogen peroxide (H20>)
and deionized water. The base medium of MR fluid of Type — 3 consists of hydrogen
peroxide (H202) and deionized water.

Type — 1 MRP fluid damaged the surface due to the formation of Copper (1) fluoride
(CuF2). And the surface roughness (Ra) value is increased to 1640 nm from its initial
320 nm.

After reaction of Type — 2 MR fluid with poppet valve material, Copper (Il) nitrate
(CuNOs3) forms, which is works as a polishing agent. Using Type — 2 MR fluid, the
minimum surface roughness of 20.1 nm is achieved. The quality of the poppet surface
has been improved considerably with no surface defects.

A highly uniform surface finish on the poppet is achieved with both Type — 2 and Type
— 3 of MRP fluids at each rotation cycle level using a novel magnet fixture.

Type — 2 MRP fluid provides the best result with minimum surface roughness value;
however, Type — 3 has promoted more oxide layer formation on poppet valve profiles.
The oxide layer formation prevents corrosion avoiding further reaction of poppet valve

profiles.
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7.1.2.3 Finishing of Poppet Valve Ridge Profiles

The capability of the R-MRFF process to deliver nano-scale surface finish for poppet valve
ridge profiles is analyzed using different surface characterization techniques. An optimization
study is carried out to minimize the value of surface roughness. A stastical analysis is conducted
to evaluate the significance of each process parameter. Following conclusions are drawn from
the present study.

e The final roughness (Ra) value on finishing profiles -1 and -2 of the poppet valve is
achieved as 20.1 nm and 20.4 nm, respectively.

e Uniform fine surface finish has been achieved after 1 hr. 40 minutes of finishing cycles.

e The optimized process parameters, i.e. rotational speed of poppet valve (N =900 rpm),
vertical feed rate of poppet valve (F = 0.01 mm/min), CIPs volume fraction (C = 35%),
and abrasives volume fraction (A = 7%), respectively gives 93.25 % improvement in
Ra.

e The observed error between validation experiments and predicted (from ANOVA) %
ARa is less than 10 %, which shows the accuracy of the currently developed model.

e A combination of the lower feed rate and a high rpm of the poppet valve is more
advantageous for obtaining higher % ARa in minimum time.

e To achieve a surface finish below 30 nm on Ni-Al-Bronze alloy poppet valve profiles,
the rotational speed of poppet valve, vertical feed rate of the poppet valve, CIPs volume
fraction, and abrasives volume fraction should be in the range of 800 — 1000 rpm,
0.005- 0.011 mm/min, 30 — 37 %, and 6 — 8 %, respectively.

7.1.2.4 Finishing Force and Surface Roughness Analysis

The finishing forces involved in the present R-MRFF process are analyzed to better understand
and precisely control the process. The magnetostatic fluid-solid interaction is implemented
FEA to see the capability of the developed fixture. The surface roughness simulation study is
also carried out using finishing force analysis and FEA findings. Validation experiments are
conducted to substantiate the simulation study. A material removal model is formulated to
predict material dislodgement during MR finishing using a single abrasive particle. Following
conclusions are drawn from the present study.
e Normal indentation force (Findentation) IS responsible for the indentation of abrasive
particles on the workpiece surface. Cutting fore (Fc) is responsible for the shearing of

the indented materials from the workpiece surface. Magnetic force is considered the
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main component of normal indentation force, and shear force is considered the main
component of cutting force.

indentation

e The normal indentation force (F, ), acting along the poppet valve profile is a

resultant of normal force (Fn) and magnetic force (Fm).

 The total cutting force (F,). acting along the poppet valve profile is the resultant of

shear force (Fs ), tangential force (Ft), and centrifugal force (Fcen).

e The maximum shear stresses obtained from FEA at finishing spots 1 and 2 are 47 kPa
and 43 kPa, respectively. Also, the maximum normal stress obtained at finishing spots
1and 2 are 21 Pa and 23 Pa, respectively.

e The % error between experimental and simulated MRR and surface roughness values
of poppet valve profiles are 12.87% and 11.5%, respectivel, which is marginal.

e Uniform magnetic flux density, normal stress and shear stress distributions in the target
region make active abrasive particles uniformly distributed along the workpiece profile.
These active abrasives uniformly indent into workpiece finishing profiles and shear off

the undulations of the workpiece profile to get uniform finishing.

7.2 Scope for Future Work

e During experimentation on miniature gear teeth profiles, it was found that a sealing
mechanism is required to prevent MR fluid leakage from R-MRFF setup. At higher
rpm, the magnet fixture starts vibrating, decreasing finishing efficiency. So, a more
robust R-MRFF setup can be further developed to avoid leakage and vibration
associated with the existing setup.

e A new R-MRFF setup can be designed, where MR fluid will rest, and the gear will
reciprocate and rotate inside MR fluid to make the process completely leak-proof and
flexible.

e Further investigations with other types of flow restrictors can be studied to check the
effect of MR fluid behaviour.

e The MR fluid delivery system can be further automated to make it precise and
controllable at the finishing zone with in-situ MR fluid conditioning during poppet

valve finishing.
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e The MR fluid behaviour during the R-MRFF process can be further modelled
considering turbulent flow medium and time-dependent study to understand the process
mechanism better.

e The R-MRFF process can be further optimized and automated using artificial
intelligence.

e Anin-depth tribological study can be performed to analyze the performance of polished
miniature gear and poppet valve profiles using R-MRFF process.

e The present poppet valve MR finishing method can also be further applied for other
types of poppet valves (tulip, mushroom, rigid, etc.), spool and rotary valves, and any
complex components with narrow profiles having a cylindrical head.
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