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ABSTRACT

Fine finishing of the internal surface of cylindrical components such as cylindrical molds and
dies, hydraulic cylinders, power steering housing cylinders, industrial choke valves,
cylindrical barrels for injection moulding, etc. is highly required to improve their operational
functionality. The fine finished internal surface of cylindrical components also results in
resistance to wear, corrosion, pitting, oxidation, and chemical damage. In industries, mostly
traditional finishing processes like grinding or honing are used to finish the internal surface of
the various cylindrical components because of their easy accessibility and low making cost.
The traditional internal finishing processes use rigid hard bonded abrasives for finishing the
internal surface of the cylindrical workpieces. The uncontrolled finishing forces applied by
these hard bonded abrasives introduce various types of defects on the final finished surface
such as residual stress, torn and folded metals, less surface finish, surface irregularities,
micro-cracks, heat affected zone, reduction of strength, and reliability of the part, etc.
Moreover, the traditional finishing processes can finish the surface upto a certain level
because of the use of the rigid hard bonded abrasives tool and further to achieve a fine level
of surface finishing without surface defects may not be possible. Therefore, there is a
mandatory requirement of the advanced finishing processes to finish the internal surface of
the cylindrical components after the traditional finishing processes for enhancing their
operational life in various machines or systems. The finished surface using the advanced
finishing processes has several benefits like close tolerance design, reduction in wear, friction
losses and increase in product service life, etc.

To achieve efficient and defect-free finished internal surface of the cylindrical workpieces,
recently a permanent magnet-based magnetorheological honing (MRH) process developed
for finishing the internal surface of the cylindrical workpieces after various consecutive
development in internal finishing techniques. This process is found advantageous for
finishing the ferromagnetic as well as non-ferromagnetic variable diametric cylindrical
workpieces. Also, this process finishes upto a nano-scale level of surface asperity with
controlled finishing forces and without inducing any heating problem. The MRH tool was
made rotating and reciprocating during the inside surface finishing of the stationary
cylindrical workpieces. Further, with the resumption of all good qualities of the recently
developed a permanent magnet-based MRH process and based on literature related to
enhancement in relative speed of abrasive particles, a novel rotational magnetorheological

honing (R-MRH) process has been developed in the present work for improved productivity



and performance. In this process, the workpiece cylinder is also made rotating in the opposite
direction at the same time when the tool is made rotating and reciprocating for finishing the
inside surface of the cylindrical workpieces. Due to the oppositely rotating workpiece
cylinder, the relative motion of the active abrasive particles gets enhanced which results in
improved finishing productivity and performance. For developing this process, first of all, the
theoretical analysis has been performed. Through the theoretical analysis, the effect of the
rotating motion of the workpiece cylinder on the motion of the active abrasive particles has
been studied in-depth. Also, under theoretical study, a surface roughness model has been
developed to predict the finishing with the given process parameters. From the theoretical
study, it is found that considering the tool rotational of 400 rpm, tool reciprocation speed of
70 cm/min, and cylinder workpiece rotation of 40 rpm opposite to the tool rotation in the
present proposed R-MRH process, theoretically 65 nm of final surface roughness is evaluated
with 40 min of finishing time from the initial surface roughness of 330 nm. Whereas in the
existing MRH process when the tool rotation and reciprocation speed are kept the same i.e.,
400 rpm and 70 rpm respectively but the workpiece cylinder is kept stationary, the final
surface roughness is calculated as 102 nm with 60 min of finishing time from the initial
surface roughness of 330 nm. Hence, theoretically, the improvement in productivity due to
the workpiece rotation in the existing MRH process is clearly observed.

Further, based on the result observed from the theoretical analysis, the present rotational
magnetorheological honing (R-MRH) process is developed. The design requirement in
developing the R-MRH process is to rotate the workpiece cylinder precisely in the same axis
of rotation as the MRH tool rotates and reciprocates during the finishing operation.
Therefore, to fulfill this need of the design requirement, suitable fixtures have been designed
and fabricated for holding and rotating the different size of workpiece cylinders. Further, to
confirm the improvement achieved in finishing performance and productivity as compared to
the existing MRH process, an experimental study has been performed. From the experimental
study, it is found that using the R-MRH process, the final surface roughness value of 50 nm is
achieved in 40 min as compared to the 90 nm in 60 min which is achieved while using the
existing permanent magnet-based MRH process for the same initial surface roughness value
of 330 nm. This also further experimentally validates the significant improvement in
finishing performance and productivity with the present R-MRH process.

Furthermore, to validate the present developed R-MRH process performance in fine finishing
of the real time industrial cylindrical workpieces, the detailed experimentations have been

performed and successfully demonstrated on the inner surface of the outer race of ball

iv



bearing of EN-31 steel, cylindrical barrel of hydraulic cylinder, cylindrical mold for
manufacturing the plastic bottle caps, and cast-iron cylindrical mold. So, the optimal
parameters are predicted using the response surface methodology to achieve the maximum
finishing performance in terms of percentage reduction in surface roughness value on the
ferromagnetic EN-31 steel material and on the above-mentioned real time industrial
cylindrical workpieces. The results obtained from the different experimentations performed
in the present work have been analyzed through the surface roughness measurements,
scanning electron microscopy images, waviness, and circularity of the inside cylindrical
profile of the workpieces. From the results obtained in this work, it has been observed that
the present developed R-MRH process is found in good order for finishing the internal
cylindrical surface of the various industrial components with improved productivity for
improving their operational functionality. Also, the fine finished internal surface of the
cylindrical molds can produce end products with a smooth surface and geometrically correct.
The R-MRH process is further improved in terms of the less expansive, less time, and labour-
intensive by introducing an in-situ MR honing tool. Using the in-situ MR honing tool, the
traditional honing as well as the R-MRH process can be performed on the internal surface of
a cylindrical workpiece at a single setup. To confirm the feasibility of the in-situ honing tool
for finishing the internal surface of the cylindrical workpiece through traditional honing as
well as MR honing, preliminary experimentations have been performed. Using this tool, the
internal cylindrical surface of the mild-steel workpiece has been finished first with the
traditional honing and then the MR honing using the same in-situ tool on the same setup. The
surface roughness value is achieved to 550 nm from the initial machined surface roughness
value of 1510 nm with the traditional honing in 40 min and then 60 nm from the traditionally
honed surface of roughness value of 550 nm with the present magnetorheological (MR)
honing in 60 min. Hence, this result has experimentally demonstrated the ability of the newly
designed in-situ MR honing tool to perform traditional honing as well as magnetorheological
honing on a single setup which makes this tool more useful in industries for micro-finishing

to fine finishing without changing the tool and finishing setup.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Deviation of the surface along the normal direction from the ideal flat surface is defined as
surface roughness. It is impossible to achieve zero height of the peaks and valleys on the
surface, but it can be decreased. The process of reducing the roughness of any surface is
known as the finishing of that surface. The aim of surface topography characterization is to
reflect surface topography with parameters that can be used to monitor the manufacturing
process and the functional performance of surfaces (Krolczyk et al., 2014). In the modern
industries, the surface finishing is an extreme need of the components for improving their
operational functionality, reliability, consistent performance, and prolonged service life,
(Jain, 2008). Also, the fine finished surfaces of the industrial components add numerous of
the crucial qualities such as dimensional precision, closer fits and tolerances, reduced power
loss, friction, increased corrosion and wear resistance, etc. in the parts (Das et al., 2012; Jain
et al.,, 2007). Categorically, the need of finished internal surface of the cylindrical
components is very crucial for improving their precision fits, and functional improvement in
modern industries. The examples of such industrial cylindrical components are hydraulic
cylinders, hydraulic and pneumatic valves, aerodynamic bearings, precision machinery tools,
medical device’s components, cylindrical barrel in injection molding machines, engine
cylinders, etc. (Martinez-Mateo et al., 2011; Quan et al., 2014). In the manufacturing
industries, precise surface finishing of the products consumes 10% to 15% of the total cost of
their manufacturing (Jain, 2008). The finishing expenses depend on the various aspect such
as types of the material of components, level of finishing requirement, quantity of finishing,
etc. The selection of an appropriate finishing process to finish a particular component for
achieving the requirement at minimum cost is an important task. In this section of the present
work, the finishing processes which are useful for finishing the internal cylindrical surface of
the workpieces have been studied. The inner surface of the cylindrical workpieces is usually

finished with the following traditional and advanced finishing processes.

1.2 Traditional finishing processes to finish the internal surface of cylindrical

workpieces

In traditional finishing processes, materials are eradicated from the finishing surface of the

workpieces by sharp-edged multipoint cutting tools with direct contact (McGeough, 1980).



The multipoint cutting edges are the rigidly bonded of the abrasives. Finishing with the
traditional methods of surface finish causes the acting of uncontrolled finishing forces on the
internal surface of the cylindrical workpieces. These uncontrolled finishing forces result in
several surface defects on the finished surface of the workpieces. Finishing a component
which has extraordinary material properties (high tensile strength, high heat resistance, high
hardness, etc.), complex-shaped components, miniature features is a tedious task (Jain, 2008;
Das et al., 2011). The cylindrical-shaped workpieces which require finished internal surface
are used in a vast variety of application in the industries and individual’s machinery
equipment. The internal surface of the cylindrical workpieces is finished using various
traditional finishing processes. Some of these important traditional finishing processes are

discussed below.
1.2.1 Internal cylindrical grinding

Internal cylindrical grinding is a rigidly hard bonded abrasive based finishing process that
grinds the inside surface of the cylindrical components. The internal cylindrical grinding
method is mainly used to improve the operational condition of the internal cylindrical surface
of the components (Daneshi et al., 2014). The cylindrical grinder is always smaller than the
diameter of the holes which is being ground. For internal grinding of a cylindrical part, this
component is fixed in the chuck and rotated in the opposite direction alongwith the rotating

and reciprocating cylindrical grinder as shown in Fig. 1.1.

Cylindrical
grinder

Rotating and
reciprocating motion of
the cylindrical grinder

chuck

Rotating motion of the
workpiece alongwith the

chuck Cylindrical component

Fig. 1.1 Photograph of the experimental setup of the internal cylindrical grinding process
(Jeevanantham et al., 2017).

The opposite rotational direction of the grinding wheel and the cylindrical component gives

the reverse contact of the two surfaces resulting in the accomplishment of finishing action.



The surface finish obtained through cylindrical grinding on the cylindrical workpiece
material steel (grade 90MnCrV8 with hardness 750 HV50) is ranging from 1.1 um to 0.1 pm
(Tawakoli et al., 2007). It can achieve out of roundness up to 1 um (Tawakoli et al., 2007).
However, the process has also some limitations. During the finishing operation, the grinding
wheel makes a line contact for the substantial length of the cylindrical workpiece. This
considerable line contact length results in an extensive rise in temperature which results in
thermal damage. Also, it results in a change in mechanical properties of a workpiece due to
continuous stresses and high temperature which leads to a thin martensitic layer on a
workpiece and reduces material strength (Pan et al., 2017; Kumar et al., 2017). The
cylindrical grinding plays a vital role in finishing the mechanical components of automotive
industries (hydraulic cylinder, housing cylinder of power steering, brake master cylinder,
engine valve, governor bushes, linkage lever governor, etc.), defense and aerospace industries
(defense ammunition, bomb shell cartridge, auxiliary power unit, freezing cylinder,
centrifugal separator, multi-cartridge filter housings, rocket motor casing, etc.), several kinds
of molds for home appliances such as cookware, pressure cooker, cylindrical shaped tiffin
box, etc.

1.2.2 Cylindrical lapping

Cylindrical lapping is a low normal pressure, two motions (rotating and axial), abrasive based
finishing process. The material removal in this process is performed by abrasive particles
mixed with fluid. The abrasive particles mixed fluid is rubbed between the lapping tool and
the surface of workpieces. In this process, the removal of material takes place through
abrasive mixed fluid rubbing between the lapping tool and the workpiece. The cylindrical
lapping is used for lowering the out-of-roundness and surface roughness of the cylindrical
holes of components (Alavijeh and Amirabadi, 2019). By employing the cylindrical lapping,
the surface roughness is influenced greatly which further improves the service life and
sincerely functioning of the component. Further, it also results in low friction and leakage.
The experimental setup for the internal cylindrical lapping is shown in Fig. 1.2. There are
many benefits of the lapping process, including highly dimensional and geometric precision,
lowering the surface stress, reducing the surface roughness, etc. The minimum surface
roughness achieved in this process is 64 nm from initial surface roughness of 1100 nm when
the lapping tool was rotated at speed of 100 rpm. The internal diameter of the cylindrical

workpiece (440c steel workpiece material) of 0.1 mm and its length is 20.82 mm (Alavijeh



and Amirabadi, 2019). This process is associated with the direct contact of rigid tool which

results in several surface defects and finished upto limited range of surface finish.

Tool head to hold the
lapping tool and

provide rotation Reciprocation and

rotational motion of
lapping tool

Lapping tool

Cylindrical
workpiece

Fig.1.2 Experimental setup of the internal cylindrical lapping (Alavijeh and Amirabadi,
2019).

1.2.3 Jig grinding

Jig grinding is a finishing process that finishes the internal surface of the cylindrical as well
as complicated-shaped holes to fulfill the requirement of the highest degree of accuracy. In
this process, the jig grinder is used as a hard tool in which the position of table and spindle is

made more accurate than the manual milling or lathe machine as shown in Fig. 1.3.

Jig grinder tool
Fixed workpiece

Fig. 1.3 Photograph of jig grinding operation
(https://toolanddiemakings.blogspot.com/2016/12/jig-grinder.html?m=1).

Jig grinding machine uses automated control system to precisely control the motions of the
grinder and tool holding spindle. Owing to which an operator assigns an incremental feed for



each reciprocating stroke between the successive feeds. The incremental feed distance and
stroke count setting can be modified by a real-time operation. Therefore, such type of
automation and control system make this process capable of providing the highest degree of
accuracy and precision in finishing. Through this process, the accuracy in position and size
can be achieved upto 2.5 um (Sudheesh and Govindan, 2013). Therefore, process is highly
used in the tool making industries for positional hole and pin die system. The applications of
this process are to finish the components with very high-performance precision tools with
blind hole type features. Also, this process is used in pneumatic valves, aerospace,
automotive, electrical connector industrial components. The jig grinding machine is used to
finish the internal surface of blind-hole type mold cavities. This machine uses coarse and fine
abrasive bits respectively to finish the internal surface of the mold cavities. Due to the use of
rigid abrasive bits and action of uncontrolled forces during finishing operation, the internal
surface of blind hole type mold cavities results in some surface defects such as deep-seated

groove, plowed material, and axial scratch (Bedi and Singh, 2018b).
1.2.4 Honing

Honing is a finishing process that can finish the internal surface of ferrous as well as non-
ferrous cylindrical workpieces. In this process, honing tool performs simultaneously
rotational and reciprocation motions inside the cylindrical workpieces. Due these motions of
the honing tool, the cross-hatched lay pattern is formed which is used for retention of oil on

the honed surface as shown in Fig. 1.4.

Honing tool c

- Cross hatch pattern formed by
Abrgsn < combination of translation and
honing stone rotational motion of the tool

Cylinderl| |/ | @ ] XXX
>

liner

Honing process time
Fig. 1.4 Schematic of the honing process (Cabanettes et al., 2015).
The honing tool uses a honing stone to get a precisely finished surface on the internal
cylindrical workpiece. The hone is made up of abrasive grits that are fastened with cement.
The abrasive stone of hone is analogous to a grinding wheel, but the honing stone is more

pulverulent so that it can adapt the form of the workpiece surface during abrasion (Tilger et
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al., 2017). Alumina, silicon carbide (SiC), cubic boron nitride (CBN), and diamond are used
for making a honing stone (Sabri et al., 2010).

In honing, contact of honing stone on the workpiece surface is relatively higher than in
grinding. The higher contact of stone results in quick dissipation of heat generated during
finishing (Hashimoto et al., 2016). Hence, lower thermal damage takes place due to low-
temperature rise. As honing stones adapt the shape of the cylindrical workpiece surface, it
continuously makes interaction with the cylindrical workpiece surface for a longer period of
the finishing cycle with the light pressure due to honing stone. Therefore, the length of a chip
obtained during finishing in this process is higher than the chip obtained in grinding (Jain,
2009). The speed of rotation, reciprocating, length of the honing stone, stroke, the position of
the stroke and the pressure on honing stone are the parameters to take into consideration for
performing honing on the internal cylindrical surface. The speed of honing stone in honing is
relatively lower as compared to the grinding wheel in grinding (Sabri et al., 2011). But, still
the material removal rate in honing is higher than in grinding. Because the higher contact of
honing stone with workpiece surface abrades a higher material than material abraded in
grinding process which is due to lower contact (line contact) of internal cylindrical grinding
operation (Dimkovski et al., 2009). The honing operation typically removes upto 0.3 mm
thickness of material (Grabon et al., 2010). Hydraulic and pneumatic cylinders, gun barrels,
bearing liners, the bore of connecting rods, gear bore, etc. (Qin et al., 2016) are some
essential industrial components in which honing plays a vital role in finishing. It also corrects
the pre-operations inaccuracies like taper, out-of-roundness, waviness, axial distortion,
undersize barrel, taper, boring marks, etc. The primary limitations of honing are it is not
found useful for non-symmetrical or no-cylindrical workpieces. In addition, traditional
honing can perform surface finishing to a certain extent of finishing, and after that finishing
cannot be accomplished due to the rigid hard bonding nature of the abrasive tool. (Jain, 2009,
Bedi and Singh, 2018).

1.3 Advanced finishing processes for the internal surface of cylindrical workpieces

The continuous development in materials science and their application have led to the need
for nano-level surface finishing with excellent surface characteristics in various industries. To
achieve these requirements using the traditional finishing processes is found a difficult task
(Jain, 2008). Surface finishing on these newly evolved materials upto nano-level with high
positional-accuracy, is a difficult task using the traditional finishing processes. Many times,

the traditional finishing processes are found less effective to finish the products of various
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shapes and sizes. Therefore, to get high precision, high accuracy over position and size, to
enhance interchangeability of parts, to increase fatigue life, and to increase excellent quality,
various types of advanced finishing processes have been developed (Jha and Jain, 2006a). All
the advanced finishing processes which can finish the internal surface of cylindrical
workpieces can be further categorized into two categories such as without and with external
control over finishing forces. The advanced finishing processes without external control over
finishing force are abrasive flow machining (AFM) (Loveless et al., 1994), rotational
abrasive flow finishing (R-AFF) (Sankar et al., 2016). The advanced finishing processes with
external control over the finishing forces are magnetic abrasive finishing (MAF) process
(Heng et al., 2017; Mulik and Pandey, 2013), magnetorheological abrasive flow finishing
(MRAFF) process (Jha and Jain, 2004), and rotational magnetorheological abrasive flow
finishing (R-MRAFF) process (Das et al., 2010) whichs are mostly applicable for internal
surface finishing of the non-ferromagnetic cylindrical workpieces. However, the
electromagnet based magnetorheological honing (MRH) finishing process (Bedi and Singh,
2018a) and permanent magnet-based magnetorheological honing process (Grover and Singh,
2018) are the externally controlled (magnetic field assisted) internal surface finishing
processes. These are applicable for finishing the internal surface of both ferromagnetic as

well as non-magnetic cylindrical workpieces.
1.3.1 Abrasive flow machining (AFM)

AFM is the internal surface finishing process that is used to finish edges, deburr, and intricate
surfaces with the use of the flow of abrasive-laden viscoelastic polymer (Rhoades, 1991). In
AFM, two opposed piston extrude a viscoplastic polymer laden with abrasives to and fro
through an obscure passage of workpiece as shown in Fig. 1.5. In this process, the abrasives
interact where passage is restricted and their material removal takes place. The machining
action in this process in comparison to the traditional internal cylindrical surface finishing
processes is uniform and almost free from surface defects (Loveless et al., 1994). It helps to
micro finish the materials ranging from soft materials like aluminum to hard materials like
nickel alloys, ceramics, and carbides (Rhoades, 1991). This process is also found ideal for
finishing the cylindrical dies and molds of automotive, aircraft, hydraulic components
(Kumar and Hiremath, 2016). The consistency of material removal in this process allows
precise sizing of miniature precision die passages (Kumar and Hiremath, 2016). This
finishing process has a broad range of applicability from crucial aerospace and medical

industrial components to higher production rates (Ibrahim et al., 2014). Using AFM, surface
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roughness obtained as Ra 0.18 um from 1.9 um in five minutes cycle on multi-port aluminum
extrusion die (Rhoades, 1991).
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Fig. 1.5 Schematic diagram of finishing mechanism of the abrasive flow machining (Ibrahim
etal., 2014).

With the use of this process in automotive industrial components, the performance of the
high-speed type automotive engines is enhanced. It is also used in medical and turbine engine
parts. In a turbine engine, the diffuser is finished through this process to improve the flow of
air to the combustion chamber of the engine (Hashimoto et al., 2016). The main limitation
associated with AFM is that, it is only applicable for the obscure passage of the cylindrical
workpiece, this process is not suitable for the flat and open curved surface (Jain, 2008). The
uncontrolled finishing forces applied by abrasive particles in this process induce several

surface defects like pits, grooves, erosion marks on the internal surface of the workpieces.
1.3.2 Rotational abrasive flow finishing (R-AFF)

To achieve better surface finish, improvement in material removal rate (MRR), closer
tolerances in abrasive flow finishing (AFF), the R-AFF process is developed. In this process,
the cylindrical workpiece is rotated simultaneous to reciprocating motion of the finishing
medium by the hydraulic actuators (Sankar et al., 2009) as shown in Fig. 1.6. The active
abrasive particles perform the indeterministic motion due to the rotating motion of the
workpiece cylinder at the same time when finishing medium is reciprocated (Sankar et al.,
2009). Therefore, by incorporating the rotating motion of the workpiece cylinder in the
previously established abrasive flow machining (AFM) method, enhancing the random
motion of active abrasive particles is proven to be a crucial step for R-AFF development.

This process has the same application as in abrasive flow machining (AFM). But the material



removal rate has enhanced due to the additional rotational motion of the workpiece in this

process.
(a) Reciprocating (b) . _
A/ finishing medium —— Abrasive particle
Base —] :. o |_~Roughness peaks
Rotating medium
cylindrical
workpiece

_-Microchips

.

Fig. 1.6 (a) Schematic representation of finishing mechanism in R-AFF and (b) interaction of
active abrasive particles with roughness peaks of cylindrical workpiece internal surface
(Sankar et al., 2009)

1.3.3 Magnetic abrasive finishing (MAF)

MAF process is considered as the material removing process in the form of surface
finishing in the existence of the magnetic flux density in the finishing region. This process is
used to finish the surface of various shapes and sizes. To finish the inner surface of the tube-
shaped workpiece, this process is used and known as the internal MAF process (Yamaguchi
and Shinmura, 1999). Figure 1.7 shows a schematic of the internal MAF process with the
stationary magnetic pole. Mixed powder of magnetic and abrasives particles is placed inside
the tubular workpiece and are accumulated at the finishing area by the magnetic flux density,
producing the finishing force on the inside surface of the cylindrical workpiece. The
generator of the magnetic field can be an electromagnetic coil or a permanent magnet (Y.
Wang and Hu, 2005). As the workpiece is made rotating at high rotational speed, the relative
motion of magnetic abrasive particles taking place on the internal surface of the workpiece
cylinder and abrades the material which results in the internal surface finishing of the
workpiece cylinder. This process is found to achieve the surface finish upto 70 nm average
surface roughness value on stainless steel (Yamaguchi and Shinmura, 1999). This process
was mostly used for finishing the internal cylindrical surface of the hard materials like silicon

nitride using a permanent magnet or electromagnetic (D. Wang et al., 2004).
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Fig. 1.7 Schematic of internal MAF process using stationary magnetic pole
(Yamaguchi and Shinmura, 1999).

But, the MAF process has been used for effective finishing the internal surface of the non-
ferromagnetic (SUS304) cylindrical tube in which FMAB performed the finishing
(Yamaguchi et al., 2007). As in most of the literature on the MAF process, the source of the
magnetic field is kept outside of the cylindrical workpieces. So, the MAF process has been
found less effective for finishing the internal surface of the ferromagnetic cylindrical
workpieces as relative motion of the FMAB over the ferromagnetic cylindrical workpiece
surface may not be possible due to its stickiness. The FMAB formed by the dry powder of
magnetic iron and abrasive particles under the influence of the magnetic field during the
finishing process can produce scratches on the finished surface of soft workpiece materials
(Heng et al., 2017). Also, a significant rise in temperature due to the dryness of the powder

may cause thermal damage to the finishing surface (Yoon et al., 2014).
1.4 Magnetorheological polishing (MRP) fluid

Magnetorheological polishing (MRP) fluid is a magnetically keen smart fluid (Khatri et al.,
2018). The MRP fluid is made by homogeneously mixing the magnetic iron and abrasives
particles in the base fluid consisted of carrier medium like vegetable oil, mineral oil, paraffin
oil, etc. and some surfactants or stabilizers such as grease, glycerol or oleic acid (Jain, 2009;
Jha and Jain, 2004; Genc and Phule, 2002). In absence of the magnetic field, the MRP fluid
acts like a Newtonian fluid. But, when it is kept under the existence of the magnetic field, this
fluid acts like a non-Newtonian fluid (Sidpara et al., 2009). The MRP fluid follows the
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Bingham plastic model according to which it behaves like a semi-solid when low stress is
applied on the stiffened MRP fluid under existence of magnetic field. But, it flows like a
viscous fluid when high stress is applied on the MRP fluid under magnetic field (Kamble and
Kolekar, 2014). As the external magnetic field is applied to the MR polishing fluid, the
magnetic particles of the polishing fluid produce dipoles. The particles with dissimilar poles
get attracted and make chain structures of the magnetic iron particles as shown in Fig. 1.8.
With the influence of the external magnetic field, the MRP fluid has a very rapid responses
time with its responds in milliseconds (Sidpara et al., 2009).

Chain like structures formed by
magnetorheological polishing
id under existence of th

Fig. 1.8 Magnetorheological polishing fluid under (a) absence of the magnetic field, and (b)
presence of the magnetic field (Sidpara et al., 2009).

1.4.1 Characteristics of the magnetorheological polishing (MRP) fluid
e MRP fluid is very quick responsive towards the magnetic field
e It has low viscosity under the absence of the magnetic field
e The MRP fluid shows great yield strength under influence of the magnetic field
e The oil as a base fluid of the MRP fluid makes it corrosive resistant
e Because the MRP fluid is thoroughly mixed, the particles contained in it have less
lumps.
1.4.2 Constituents of the magnetorheological polishing fluid

The magnetorheological polishing (MRP) fluid performs a significant role in finishing
operation when the magnetic field is applied into it. The MRP fluid is a suspension of
magnetic iron particles and micron-sized abrasives in the base fluid (carrier medium i.e. oil or

water, and surfactants or additives) (Niranjan and Jha, 2014). The various formulations of the
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iron particles and abrasives based on their sizes are suspended and mixed homogeneously in
the base fluid to produce the MRP fluid (Chen et al., 2016). The rheological nature of the
MRP fluid is influenced by the its temperature change and chemical composition (Sidpara et
al., 2009). The rheological properties of the MRP fluid differ with the variation in several
formulations of the iron particles, abrasive particles, and base fluid under the different
magnitude of the magnetic field. The detailed study about each constituent of the MRP fluid

is given as follows.
1.4.2.1 Magnetic particles

The magnetic particles of the magnetorheological polishing fluid are the key components.
These particles are the only responsible components of the polishing fluid for making the
chain structures and gripping the abrasive particles under influence of the magnetic field. The
gripped abrasive particles perform the finishing operation. This happens because of the
rheological behavior of the magnetorheological polishing (MRP) fluid. Due to the magnetic
field applied in the MR polishing fluid, the iron particles of the polishing fluid form dipole.
So, each magnetic iron particle under the influence of an external magnetic field gets
attracted towards the opposite pole of the nearby magnetic iron particle. Due to such activity
performed by each magnetic iron particle of the MRP fluid in the influence of the magnetic
field, a columnar structure or chain structure is formed. The strength of poles formed in the
magnetic iron particles depends on the strength of the magnetic field. Therefore, as the
distance of the MRP fluid from the magnetic field increases, the strength of the chain
structures of the iron particles decreases (Jha and Jain, 2006), and accordingly it affects the
finishing performance. The carbonyl iron particles (CIPs) and the electrolytic iron particles
(EIPs) are the commonly used as the magnetic particles. The CIPs are very pure iron which
are prepared of the pure iron pentacarbonyl. The shape of the CIPs is found spherical. The
EIPs are formed by the electrolytic deposition of the metal from an aqueous solution in which
a compatible electrolytic iron is produced. Also, this metal is laid on a cathode and can then
be chipped away from the cathode and crushed into a fine powder. Unlike the CIPs, the shape

of the EIPs is found as irregular.

1.4.2.2 Abrasive particles

The abrasive particles of the MRP fluid are non-magnetic hard particles that are gripped into
the chain structure of the magnetic iron particles under the existence of the magnetic field.
Due to their hardness and being firmly gripped into the stiff chains of the magnetic particles,
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these abrasives cause the removal of material while finishing operation. The abrasives which
contact the finishing surface of the workpieces while finishing operation are known as active
abrasive particles. Since the abrasive particles face the peaks of the surface roughness for
abrading them while finishing action, so the properties of the abrasives play a vital role for
finishing operation. The properties of the abrasives which influence the finishing
performance are shape, size, and hardness (Torrance, 2002). Some commonly used abrasive

particles are silicon carbide (SiC), carbon boron nitride (CBN), alumina (Al203), etc.
1.4.2.3 Carrier fluid

In the MR polishing fluid, the carrier fluid is utilized to suspend the magnetic and abrasive
particles in it. The carrier fluid must possess some vital characteristics for its better
functioning in the MRP fluid which are the high boiling point, resistance to corrosion, low
freezing point, and capable to add rheological behavior in the MR polishing fluid. Mostly
carrier fluid is used as oil-based or water-based. The oil-based carrier fluid is found more
effective against sedimentation as it has high viscosity (Sidpara et al., 2009). Some examples

of the carrier fluid are vegetable oil, paraffin oil, water, mineral oil, etc.
1.4.2.4 Stabilizers/additives

To properly disperse the abrasive particles and magnetic iron particles in the carrier fluid for
preparing the MR polishing fluid, the stabilizers are added (Sidpara et al., 2009). The AP3
grease or thixotropic additives are included in the MRP fluid for raising the stability of the
particles. Also, some additives are urgently added to avoid the oxidation of suspended
magnetic iron particles in the MR polishing fluid. The glycerol is added as a stabilizer in the
MRP fluid for enhancing the suspension of the magnetic and abrasive particles in the
polishing fluid (Sidpara and Jain, 2012).

1.5 Magnetorheological polishing (MRP) fluid-based internal finishing processes

The magnetorheological polishing fluid-based finishing processes are the magnetically
controlled advanced finishing processes that use the MRP fluid as a finishing medium. The
rheological behavior of the MRP fluid is altered according to the need by regulating the
external magnetic field. This property of the MRP fluid enables the MR fluid-based finishing
processes to finish a large variety of the workpieces from hard to soft material, from simple
to complex intricate geometric shapes. Therefore, finishing processes have been developed

for finishing the internal surface of the cylindrical workpieces. Some of MR fluid-based
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finishing processes are only effective for internal finishing of non-ferromagnetic cylindrical
workpieces, but some of the processes are suitable for both non-ferromagnetic and
ferromagnetic cylindrical workpieces for internal finishing.

1.5.1 Advantages of using MRP fluid-based finishing processes for finishing of the
internal surface of the cylindrical workpieces.

The advantages of using the MR polishing fluid-based finishing processes for the internal
surface of the cylindrical workpieces are as follows.

e Capability to finish the workpiece surface upto nanometer-scale of centerline average
roughness value.

e Capability to finish the workpiece of great variety from soft to hard material,
ferromagnetic to non-magnetic material, and flat to intricate surfaces.

e Capable for precise process control, therefore, results in perfect and excellent finishing.

e There is the least chance for the damages caused by heat generation, grains deformation
and stress residual because the base fluid of the MRP fluid acts a coolant during finishing
operation.

e There is no wear of cutting tool takes place because of the processing of MRP fluid in the
interval of a certain period of a finishing cycle.

e Controlled finishing forces are applied on the finishing surface of the workpieces by

controlling the magnetic field during finishing operation.

1.5.2 Magnetorheological abrasive flow finishing (MRAFF)

To retain the adaptability of abrasive flow machining (AFM) process and simultaneously to
possess determinism and controllability of magnetorheological finishing (MRF) process, an
abrasive-laden MRP fluid based MRAFF is established (Jha and Jain, 2004). The rheological
property (Saraswathamma et al., 2015) of magnetorheological polishing (MRP)fluid which is
used as a finishing medium in the MRAFF is controlled by the external magnetic field.
Therefore, the performance of MRAFF process depends on the externally applied magnetic
field, the extrusion pressure from hydraulic cylinders, and the number of finishing cycles.
The hydraulically powered setup is devised in which MRP fluid is extruded from both sides
of the opposed cylinder. The north and south poles of the magnet are placed outside of the
cylinder as shown in Fig. 1.9. The magnetic lines produced from the electromagnetic poles

magnetizes the carbonyl iron powder (CIP) particles and stiffens the MR polishing fluid. The
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MRP fluid is made from CIP particles, silicon carbide (SiC) abrasives which are suspended

into the mixture of grease and mineral oil and are mixed properly.

SiC _ o
abrasive Fluid Magnetic Lines
motion
Magnetorheoldgical Workpiece Fixture
surface

polishing fluid

Fig. 1.9 Mechanism of MRAFF finishing action (Jha and Jain, 2006b).

The extrusion pressure acting on the MRP fluid is liable for material removal from the
finishing surface of the workpiece. This results in cylindrical internal surface finishing. The
best surface finish obtained in the MRAFF process was 0.09 um surface roughness from 0.32
pum initial surface roughness in 200 finishing cycle. This result was achieved when MRP fluid
was made of CIPs of diameter 18 um and silicon carbide (SiC) particles of diameter 19 pum at
magnetic field 0.531 T (Jha and Jain, 2006b).

1.5.3 Rotational magnetorheological abrasive flow finishing (R-MRAFF) process

A further improved finishing technique known as R-MRAFF (Das et al., 2010) has come into
existence to finish the internal surface of the non-magnetic cylindrical workpieces with the
improvement in the existing magnetorheological abrasive flow finishing (MRAFF) (Jha and
Jain, 2004) process. In this process also, the magnetic poles are kept external to the
cylindrical workpiece but these poles are made rotating when at the same time
magnetorheological polishing fluid is reciprocated inside the cylindrical workpiece (Das et
al., 2011). The motions of the polishing (MRP) fluid are intelligently controlled by the
hydraulic unit associated with the setup (Fig. 1.10) to get the desired result regarding the
surface finish. In this process, the MRP fluid is extruded through the inside surface of the
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workpiece cylinder and provided reciprocating motion along with the axis of the tube by two
opposed pistons in the workpiece cylinder by a hydraulic unit (Das et al., 2010).
Simultaneously the magnetic poles are also given externally rotational motion. The rotational
movement of the permanent magnetic poles surrounding the cylindrical workpiece fitments
and the MRP fluid medium is also rotated. The surface finish obtained using this process is
16 nm in 1200 finishing cycles on cylindrical stainless-steel workpiece (Das et al., 2010).
However, this process is found more effective to finish the internal surface of the non-
ferromagnetic cylindrical workpieces such as stainless steel, high-speed steel, marine-grade
steel, etc. and the least effective for the ferromagnetic cylindrical workpieces. This is because
the magnetic field generator was kept outside the cylindrical workpiece/fixture. Due to which
the magnetic field at the internal surface of the ferromagnetic workpiece cylinder is higher
than in the MR polishing fluid. When ferromagnetic workpiece cylinder is finished, due to its
magnetization effects all the magnetic particles of the MRP fluid get stuck on the finishing
surface. Due to which the abrasive particles get resisted for performing the relative motion

against ferromagnetic cylindrical workpiece surface and it results in inefficient finishing.
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Fig. 1.10 Schematic diagram of experimental setup of R-MRAFF process (Das et al., 2010).

1.5.4 Magnetorheological honing (MRH) process for inner surface finishing of the
ferromagnetic cylindrical workpieces
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The MR polishing fluid-based process is developed to finish the inside surface of the
ferromagnetic cylindrical workpieces. The scheme of the MRH experimental setup is shown
in Fig. 1.11. In the existing MRAFF (Jha and Jain, 2004) and R-MRAFF (Das et al., 2010)
processes, the MRP fluid is kept inside to cylinder and the magnetic poles are kept outside
the cylindrical workpiece. Under presence of the magnetic field, the magnetic iron particles
of the MRP fluid get magnetized and make a chain structure. The stiffness of the chain
structure depends on the distance from the electromagnet. As the distance from the source of
the magnetic field increases, the stiffness of chain structure decreases (Jha and Jain, 2006b).
Therefore, in case of the ferromagnetic cylindrical workpiece, the MRP fluid gets stuck on
the finishing surface and resists the relative motion of active abrasives over the inside surface
of the cylindrical workpiece. To overcome this limitation, the MRH process has developed
(Bedi and Singh, 2018a). In this process, an electromagnetic tool is made rotating and
reciprocating inside the ferromagnetic cylindrical workpiece. Due to the inside location of the
MRH tool, the strength of the magnetic field in the MRP fluid is higher than the inside
finishing surface of the ferromagnetic cylindrical workpiece. The lower magnetic field at the
finishing surface of the ferromagnetic workpiece enables the proper relative motion of active
abrasive particles over it which results in the material removal causing in the form of nano-
finishing. In this process, the surface finish is obtained as 83 nm in 90 minutes on the inside
surface of the ferromagnetic mild steel) cylindrical workpiece from the initial surface
roughness value 420 nm (Bedi and Singh, 2018a). The electromagnetic coils have been used
to produce a sufficient magnetic field on the end surface of the electromagnetic MR honing
tool. As continuous current is applied to the electromagnetic coils during the finishing
operation, due to which coils get heated in just a few minutes. Therefore, the duration of a
finishing cycle decreased in two consecutive finishing cycles. As a result, idle time increases,
resulting in less productivity in the finishing process. Also, there were constraints on

finishing the internal surface of the variable cylindrical workpieces with the same tool.
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Fig. 1.11 Schematic representation of experimental setup of magnetorheological honing
process for the inside surface of the ferromagnetic cylindrical workpiece (Bedi and Singh,
2018a).

1.5.5 Magnetorheological honing (MRH) process for internal surface finishing of
variable diametric cylindrical workpieces

To overcome the limitations associated with the electromagnet based magnetorheological
honing (MRH) process (Bedi and Singh, 2018a), a permanent magnet based
magnetorheological honing process (Grover and Singh, 2018) is designed and developed for
nano-finishing the internal surface of variable dimetric cylindrical workpieces as shown in
Fig. 1.12. The MRH tool uses a permanent magnet as the magnetic field generator, and the
distance of the magnet from the internal surface of the cylinder can be adjusted. This feature
of the process therefore allows the various cylindrical workpieces of variable diametric sizes
to be finished. In this finishing process, the surface roughness obtained on the internal surface
of the ferromagnetic cylindrical workpiece is 88 nm in 60 minutes from the initial surface
roughness value of 371 nm (Grover and Singh, 2018). With the assistance of servo motors,

the permanent magnet-based MRH toois given rotating and reciprocating motion
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simultaneously to perform the finishing action inside the fixed cylindrical workpiece.
However, the finishing productivity of this process may be further improved with an increase

in the relative motion of the active abrasive particles.
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Fig. 1.12 Photograph of the experimental setup of the magnetorheological honing process for
finishing the internal surface of variable diametric cylindrical workpieces (Grover and Singh,
2018).

1.5.6 Applications of various internal cylindrical parts in different industries

There is a great requirement of the finely finished components with the defect-free internal
cylindrical surface to improve their functional performance. There are following some different
types of industries where MR polishing fluid-based finishing processes can be used for effective
internal surface finishing of the different cylindrical components.

e In defense industries various cylindrical components need a finely finished internal
surface to improve the functional applicability, to make them corrosion-free, to make
the related machinery less power-driven, reduce the noises while operating, etc. A few
of these components used in the defense industry are a barrel of gun canon, cylinders,
and valves of a defense vehicle engine, etc.

e The aerospace and automobile industries also need various cylindrical components
with the finely finished internal surface for improving their functional performance,
life cycle, to reduce the power loss by reducing friction on the internal surface of such
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components. Some of the components used in the aerospace and automobile industries
which need fine finished are hydraulic cylinders, hydraulic rack cylinder, power
steering housing, cylinder liner, etc.

Some cylindrical products which are produced by the casting method are found very
critical to further finish using traditional finishing processes on their external surface
because of their materials (plastic, glass, aluminum, fibers, and polyvinyl chloride).
Therefore, for casting the components with highly finished external cylindrical
surface, the mold’s internal cylindrical surface must require fine finishing. The
cylindrical molds which require fine-finished internal surface are centrifugal casting
mold, cylindrical barrel for injection molding machine.

In the optical industries, finishing the internal surface of the cylindrical optical
products with the traditional finishing methods is a quite difficult task. Therefore, for
MR polishing fluid-based finishing process can be a better alternative for finishing the
internal surface of the optical industry. The components on which this process can be
applied are optical lenses, funnels, tail, and headlights of cars, etc.
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CHAPTER 2
LITERATURE REVIEW

The cylindrical components with uniform and the great integrity of the finished internal surface
is a crucial aspect for improving operational functionality in manufacturing industries
(Yamaguchi and Shinmura, 2000). Nowadays, nano-finishing the inner surface of the
cylindrical workpieces is a major concern for many industries from different backgrounds. The
advantages of nano-finishing in the components are dimensional accuracy, close fits and
tolerances, enhancement in service-life of the tool, reduced wear, friction losses, etc. (Jha and
Jain, 2008, Singh and Singh, 2019). The internal surface finishing with a higher accuracy and
upto nano-scale is a tedious and time-intensive task (Gorana et al., 2004). The traditional
finishing processes such as internal cylindrical grinding, jig grinding, and honing are
commonly used to finish the internal surface of the cylindrical workpieces (Tawakoli et al.,
2007; Sudheesh and Govindan, 2013; Sabri and Mansori, 2009). The cylindrical grinding uses
grinding wheel that is bonded with hard abrasives. The grinding wheel is rotated inside the
oppositely rotating workpiece cylinder for finishing its internal surface. Due to the rubbing
action of the hard abrasive particles on the finishing surface of the workpiece, the materials get
abraded and finishing action takes place. Similar action is performed in the jig grinding for
precisely finishing the small holes. In this process, the tools and the workpieces are positioned
accurately using automatically controlled system (Sudheesh and Govindan, 2013). In honing
process, the tool is made rotating and reciprocating inside the workpiece cylinder. The honing
tool is comprised of honing stones over its outside surface. The honing stones of the tool can
be translated radially inward and outward depending on the required inner diameter of the
workpiece cylinder to be finished. The honing stones are hard abrasives bonded stones which
finishes the internal cylindrical surface. Traditional finishing processes utilize a rigid tool for
finishing the internal surface of the cylindrical workpieces. Owing to which the tools of the
traditional processes induce uncontrolled finishing forces in these processes. These
uncontrolled forces generate various types of surface defects such as deep grooves, surface
irregularity, cavities, grooves, residual stress, heat affected zone, torn and folded metals, and
ploughed materials remained over the finished surface (Gupte et al., 2008; Jain, 2009). To
achieve a good finishing and characteristics on the internal surface of the cylindrical
components, several advanced finishing processes based on the magnetorheological polishing
(MRP) fluid have been developed. The detailed literature on traditional and advanced finishing

processes are explored in this chapter. Also, the limitations of the traditional finishing processes
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in achieving fine-finished internal surface of the cylindrical components have been discussed
in this chapter. In addition, it is explained the development of several advanced finishing
processes, the material removal mechanism, and the theoretical analysis of some advanced
finishing processes.

2.1 Literature related to the traditional finishing processes as applicable for finishing the
internal surface of the cylindrical workpieces

The detailed literature review regarding traditional internal surface finishing processes is
discussed as follows.

Tawakoli et al., (2007) developed a prototype internal cylindrical grinding machine. In this
machine, two transmissible grinding wheels were placed on a spindle so that their axes of
rotation are perpendicular to the rotational axis of the workpiece. The existing internal
cylindrical grinding (Nadolny and Plichta, 2006) was concerned with a lot of undefined
geometric cutting edges, large length of the tool for deep holes, less space in small holes causes
poor supply for coolant. Due to these limitations in the traditional internal cylindrical grinding,
it results in thermal damage, deflection of the tool, induced accuracy, and low material removal.
Therefore, to overcome the issues related to the traditional internal grinding, this concept was
introduced. In this concept, an internal cylindrical grinding unit was designed and developed
using a 7 KW electromotor as spindle driver, flat belt for power transmission, and two grinding
wheels for the left and right side of the unit. Abrasive grains used in the grinding wheel were
of natural or synthetic material carbon boron nitride (CBN) with grain size of B126 and B252.
The workpiece material considered for the experimentation was steel with grade 90MnCrV8.
Its hardness was recorded as 750 Vickers hardness number. Using this newly developed unit,
the improvement in surface roughness was achieved upto 0.1 um and 0.2 um by varying the
infeed per grinding from 0.15 to 0.3 mm respectively. Despite these benefits of this internal
cylindrical unit, it was only applicable for a cylindrical bore of a large diameter such as 100-
110 mm.

Jeevanantham et al., (2017) studied the effect of the machining parameters on the material
removal rate and surface roughness in the internal grinding process using the EN8 and EN31
steel. Using these two materials the experimentations were conducted. In this work, cutting
force, cutting speed, and depth of cut are the machining parameters which were monitored to
analyze the characteristics of outcome such as material removal rate (MRR), and surface
roughness. For experimentation, the workpiece was fixed in the chuck of the lathe machine and
the grinding wheel was held in the tailstock. The workpiece and the tool, both were made
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rotating in the opposite direction to each other also the tool is made reciprocating
simultaneously. From the results in the form of the relation between input parameters and
output parameters, it was found that with an increase in depth of cut and cutting force from
0.13t0 0.2 mm and 44.33 to 114.1 N respectively, the surface roughness increases from 0.661
to 0.694 um on the internal surface of EN8 steel cylindrical workpiece. However, on EN31
steel workpiece material with the same variation of the depth of cut and cutting force, the
surface roughness increases from 0.628 to 0.682 um. Hence, it was concluded that for
achieving the good quality of surface finish on EN8 and EN31 steel, the depth of cut and cutting
forces must be given as small as it could be possible for finishing action.

Hung et al., (2019) analyzed the effect of coolant parameters on the surface roughness in
internal cylindrical grinding while finishing the annealed 9CrSi steel workpiece material. For
this purpose, the concentration and flow rate of the coolant were investigated using central
composited design and response surface methodology technique. With developed regression
model, the effect of each parameter and their interaction effects were analyzed in this study.
For this study, a MACHT-701 grinding machine equipped with a cylindrical grinding wheel
was used. The optimum process parameters and their value used for the experimentation are
tool depth of dressing cut at 0.15 mm, grinding wheel speed at 12 rpm, workpiece speed at 150
rpm, axial speed at 70 mm/min, and radial feed was considered at 0.0025 mm/double stroke.
The minimum roughness surface roughness attained was 0.4102 pm from initial surface
roughness 0.99 pum using the optimum parameters i.e., the concentration of coolant 3.907 %
and the flow rate of 2.864 (ltr/min), respectively.

Sudheesh and Govindan (2013) performed comprehensive experimentation to evaluate the
jig grinding process. Material removal rate and surface roughness were used to evaluate the
finishing performance. The Taguchi Ly orthogonal array technique is used to conduct the
experimentation by selecting three parameters and three levels. The diamond abrasive with the
vitrified bond is used in the grinding wheel. In each grinding experiment, the tool speed was
varied as 48000, 51300, and 56200 rpm, and air was used as a coolant. For this experimentation,
mild steel material is considered as the workpiece material. Through the experimental
observation, it was found that 56200 rpm speed of grinding wheel, 50 mm/sec feed rate, and
0.03 mm depth of cut was the optimum value. At these optimum values of the parameters, the
minimum surface roughness was achieved as 0.45 pum from initial surface roughness of 0.61
pm with 5 finishing set.

Lee and Malkin (1993) reported the basic investigation of the mechanics of the bore honing

process. In this study, an experimental setup was established which was consisted of honing
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machine instruments with spindle speed measuring sensors, expansion pressure, honing head
displacement, and interfaced with a computer. The setup interfaced with computer was used
for collecting the data and performing analysis. The honing machine used for experimentation
in this work utilized an electric motor with configuration 3 to 6 V with 2.25 KW power. For
reciprocating motion of the honing head during internal bore a hydraulic pump was used which
was driven by the electric motor of power 2.25 KW. In this study, effects of normal force and
grit size on the output parameters i.e., material removal rate, stone wear, honing ratio and
surface roughness during honing of internal bore of cast iron with silicon carbide abrasive stone
were investigated. From this study, the variation of surface roughness vs material removal rate
with the variation of the grit sizes of the honing stones supplied by manufacturers (Mfr.) A, B,
and C is shown in Fig. 2.1. As a result, the coarser grit stones produce rougher finishes. Clearly,
the surface roughness requirement of the honing process imposes a limit on the grit size and

removal rate which can be used.
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Fig. 2.1 Surface roughness versus material removal rate for grit sizes (Lee and Malkin, 1993).

Cabanettes et al., (2015) proposed a method to utilize a 3D confocal measuring instrument
with automated positioning for measuring internal surface of the 600 motor blocks which were
taken from production at different stages of the honing tool wear. This method was proved to
be an improving action for performance of the liner system with accurate feedback of generated
surface. To achieve the objective, there are six motor blocks with each having five-cylinder
liners were examined with 20 topography per liner which makes a total 600 of 3D
measurements. Beyond the 3D roughness measurement, honing texture information was also

analyzed using the parameters. From this study, it was found that areal reduced summit height
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(Spk), areal core roughness depth (Sk), and areal arithmetic mean summit curvature (Ssc) are
the most important parameters linked with manufacturing characterization. The location on the
internal surface of the bore where surface roughness measurement is performed did not
influence the correlation between the roughness parameters and the honing tool wear. The
relation between the measured parameter Sk on each cylinder and the honing tool wear is
demonstrated in Fig. 2.2. From this figure, it was observed that Sk was influenced by the honing
tool wear and cylinder’s initial conditions. From the measured surface roughness values, it was

observed that only a few parameters could trace the change in topography due to tool wear.
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Fig. 2.2 The areal core roughness (Sk) increases with the honing tool specific to each cylinder
(Cabanettes et al., 2015).

Sadizade et al., (2020) used a series of experiments and optimization desirability function
approach to investigate the possibility of achieving the desired plateau surface in two steps of
honing instead of three steps of honing to minimize machining time and increase productivity.
For conducting this study, the initial surface roughness and honing angle for the plateau surface
were considered as 0.75 pm and 30" — 35" respectively. The cast-iron cylinder blocks with a
diameter of 99.86-99.88 mm and cylindricity tolerance of 0.015 mm were considered as the
workpiece for this study. Rough honing and plateau honing were the two steps of the honing
process to obtain the plateau surface. Both steps of the honing were performed at a single
honing machine. For rough honing, the honing tool uses 8 honing sticks of the diamond
abrasives whereas for plateau honing the same number of sticks of carbide materials were used.
For optimization, five surface roughness parameters and a rough honing time were considered

as output parameters in this study. From the optimized input parameters of this study, the
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minimum surface roughness was achieved as 0.19 pum with 12.45 min of finishing time from
the initial surface roughness of 2 um. Therefore, the outcomes of this study disclosed that by
replacing a three-step honing process with an optimized two-step process, the plateau surface
can be achieved.

2.2 Superfinishing processes for the internal cylindrical surfaces without assistance of
magnetic field

To achieve good surface properties in the various industrial cylindrical parts, several advanced
finishing methods have been established that are based on the abrasive fluid finishing medium.
The hydraulically powered extrusion pressure is used for providing the motions and finishing
force to the abrasive particles of the fluid in such finishing processes. The literature reviews
detailing the advanced finishing processes depending on the flexible abrasive based finishing
medium and in which there is no external control on the finishing forces through the magnetic
field are discussed below.

Gorana et al., (2006) performed a study to predict the surface roughness in the abrasive flow
machining (AFM). In AFM, two vertically opposite cylinders extrude abrasive-laden
viscoelastic putty back and forth in the passages formed between the workpiece and the
machine tools. For various machining conditions of AFM, an analytical model is offered

through which the surface roughness was simulated and predicted.
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pressure, when experimental conditions abrasive grain size=80, abrasive concentration=60%
used (Gorana et al., 2006).
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To describe the interaction between the abrasive grain and workpiece surface, the basic
parameters of the AFM like, grain’s size and concentration, active grain density, initial and
final surface roughness are used. This study was conducted by systematically varying the
parameters that are grain size, grain concentration, and extrusion pressure. The surface
roughness model was developed assuming an asperity as an equilateral triangle. In the
roughness model, the relation between the parameters and surface roughness was analyzed. For
this study, the composition of the finishing medium was used silly putty and silicon carbide.
To analyze the effect of the parameters predicted and the theoretical roughness, the
experimentations were performed on the mild steel workpiece material. The trend of influences
of extrusion pressure on theoretical roughness is found similar to the influence of the same
parameter on experimental surface roughness. The error in the %age reduction in surface
roughness of theoretical and experimental value is found approximately within the 10% with
the variation of the extrusion pressure as shown in Fig. 2.3.  From the outcomes of this study,
it was also observed that with an increase in extrusion pressure, the %age reduction in surface
roughness increases. Although this research provided a strong theoretical estimation of the
effect of parameters on surface roughness.

Sooraj and Radhakrishnan (2014) performed internal finishing of the cylindrical workpiece
with elastic abrasives using the concept of the abrasive flow finishing process. In this work,
elastic abrasives were made by mixing the abrasive grits in the polymer beads using chemical
solvent at an appropriate temperature. Based on the requirement of experimentation, the size
of abrasive grits was selected for making these elastic abrasives. The fine abrasives were
effectively ingrained in the elastomeric polymeric bead to generate elastic abrasive particles of
an average size of 3 mm. The reciprocation motion to the elastic abrasives was given inside the
cylindrical workpiece with the pneumatic power to the two oppositely installed pistons to the
workpiece. Based on the reciprocating motion of the elastic abrasive particles, the axial shear
force, and the effect due to this force in terms of volume of material removed was theoretically
analyzed in this work. The experimentation was conducted on a tubular shaped sleeve of
hardened steel 440C-58HRC workpiece. Further, the surface roughness was analyzed
theoretically using the design of experiments with response surface methodology (RSM).
Using central composite design under the RSM technique, the effect of axial-pressure, abrasive
grain-size, and longitudinal stroke velocity of elastic abrasives on the surface finish was
studied. Using this process for 60 min, 20-30 nm surface roughness was achieved from the

initial surface roughness of 158 nm.
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Sushil et al., (2015) performed an experimental investigation and optimized the process
parameters of the abrasive flow finishing process for finishing the workpiece material of
aluminium (Al) alloy with silicon carbide (SiC) and its metal matrix composites (MMCs). In
this work, the composite materials with a high percentage of SiC (e.g., 20-60 % SiC in Al/SiC
composites) were finished using the abrasive flow finishing method. The Taguchi method was
applied to analyze the consequences of the input parameters on material removal rate (MRR)
and change in surface roughness (ARa). It was noticed that the extrusion pressure is the most
substantial factor in respect to MRR and ARa. The MRR and ARa got increased with an
increase in the number of finishing cycles and then decreased. This trend was observed because
initially there were more peaks and valleys which were initially abraded rapidly. From this
study, the optimum MRR achieved from the confirmatory experiments was found as 8.81x10"
® g/s, and the predicted value of MRR was found as 8.59x10° g/s. Therefore, the percentage
error between experimental and predicted MRR was found as 2.49. Similarly, the change in
surface roughness (ARa) was found in the range of 0.40 um - .70 um. In addition, the maximum
reduction in surface roughness (ARa) achieved at optimum process parameters was 1.72 um in
the experiments. However, this value (ARa) found from the predicted surface roughness model
was 1.63 um. Therefore, the %age error in a reduction in surface roughness from experimental
to the predicted value was found as 5.23.

Sankar et al., (2010) introduced the rotating abrasive flow finishing (R-AFF) process to
improve the finishing performance and material removal rate (MRR) of the existing abrasive
flow finishing (AFF) process. The complete tooling setup was made rotational to make
workpiece rotating and the finishing medium was reciprocated with the use of hydraulic
actuators. Due to the rotational motion of the workpiece the abrasives of the finishing medium
performed indeterministic motion with enhanced net relative speed. In comparison to the AFF,
the finishing medium's active abrasive particles had a higher relative speed and indeterministic
motion, which improved the finishing performance and MRR. The finishing medium used in
this work was a mixture of styrene 25 % and butadiene 75 % repeating monomers along the
polymer chain. The theoretical study of the shear force and motion performed by the active
abrasives on the finishing surface of the workpiece was also carried out in this work. The
workpiece materials utilized for the preliminary experimentations performed in this work were
aluminium (Al) alloy and its metal matrix composites (MMCs). In this work, a comparative
experimental analysis between AFF and R-AFF was performed to validate the improvement in

finishing performance and MRR. In comparison to the AFF process for finishing on Al

28



alloy/SiC (10 %) MMC work materials, the R-AFF process resulted in a 44 % better
improvement in surface roughness and 80 % greater material removal.

Sankar et al., (2019) prepared different kinds of in-house abrasive finishing medium with the
variation of polymer (silicon-based), abrasive particles, and rheological additives. Viscoelastic
base carrier, stearate as additives, silicone oil, hydrocarbon oil, and naphthenic oil as
plasticizers, and silicon carbide as abrasive particles were used for preparing the finishing
abrasive medium. Further, the static and dynamic rheological characterization was performed
on the abrasive medium to understand the flowability and deformability of this medium. Using
a central composite rotatable design, the static and dynamic rheological experiments were
planned and performed on the parallel plate rheometer (Anton Paar® MCR series). The results
of characterizations based on the composition of the abrasive medium are investigated through
the ANOVA from the experimental study. Also, to understand the effect of different %age
compositions of the abrasive medium on finishing of Al alloy/SiC (10 %) MMC and Al
alloy/SiC (15 %) MMC, the experimentations are performed on the rotational abrasive flow
finishing (R-AFF) setup. The effects of %age compositions of each constituent of the abrasive
medium on the change in the surface finish were studied. Further, the optimum composition of
material of finishing medium for the best finishing performance was found as silicon polymer
48 % by wt., plasticizer 5 % by wt. and the abrasive particles 37% by wt. for the workpiece
material Al alloy/SiC (10 %) MMC. For this material (Al alloy/SiC (10 %) MMC) using
optimum composition of finishing medium, the maximum reduction in surface roughness was
recorded as approximately 0.20 um.

2.3 Superfinishing processes for the internal cylindrical surfaces with assistance of
magnetic field

Yamaguchi and Shinmura (2000) proposed an inner surface finishing technique based on
magnetic abrasive by rotating the magnetic pole. This technique was introduced because in the
previous research it is found that the process incorporating one of the characteristic behaviors
of the abrasive, the jumbling of the abrasive, results in aggressive contact of the abrasive
against the inner surface, disturbing the smooth surface finish. Due to which the smooth surface
finish was getting disturbed. In this process, the permanent magnets were kept outside of the
tube and the mixed powder of magnetic and abrasive particles was rotated by rotating the
permanent magnet to finish the internal surface of the workpiece tube. There are two types of
magnetic poles (tapered pole and non-tapered pole) based on their shape are used in this work
to analyze the effect of their shape on finishing parameters. Therefore, the effect of the both
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shapes of pole’s rotational speed on the surface finish and material removal was analyzed. For
this analysis, the initial surface roughness of the workpiece was considered as 2 um. Beyond
1200 rpm, the material removal and surface roughness of the tapered pole were significantly
improved. The tapered pole induces a magnetic field of high strength due to its edge effect at
a small region of the finishing surface of the workpiece. This strong magnetic field results in a
harder flexible magnetic abrasive brush (FMAB) which results in higher material removal at a
higher rotational speed. But, for the non-tapered pole, when the pole was rotated from 600 rpm
to 1200 rpm the material removal remained approximately constant upto 2400 rpm and beyond
this slightly increases. Also, the surface roughness decreases continuously with the rotation of
the non-tapered pole from 1200 rpm to 3000 rpm. This is because the non-tapered pole exposes
a flat surface toward the finishing surface of the workpiece which results in a uniform magnetic
field. Hence the uniform magnetic field causes uniform finishing. SUS304 stainless steel is
used as a workpiece tube, and the finishing medium consists of iron particles of 510 um and
magnetic abrasive of 80 um. The minimum surface roughness attained in this process is
reported as 0.2 um with 5 min of finishing time with 3000 rpm of non-tapered pole at SUS304
stainless steel workpiece material.

Singh and Shan (2002) discussed the possible improvement in the surface finish performance
and rate of material removal with the use of a magnetic field around the workpiece cylinder in
the abrasive flow machining (AFM). In this work, a finishing setup had been developed for a
combined process named as magnetically assisted abrasive flow machining (MAAFM), and
the effects of the key parameters on the finishing performance were studied. The electromagnet
is used as the source of the magnet. Nylon and a non-magnetic material were used to make the
fixture such that maximum magnetic field could be achieved at the internal surface of the
workpiece. In this work, the brown super emery powder was used as abrasive particles in
finishing medium. The finishing medium powder had 40 % magnetic particles, 45 % AlO3,
and 15 % Si»0s. The regression model was developed using the response surface methodology
to analyze the %age improvement in surface finish and material removal rate. The
experimentations were performed on the cylindrical component of brass material. To test the
adequacy of the models and to get the significant parameters, the analysis of variance was
applied. Experimental results indicate that MAAFM improves the finishing performance
significantly better than AFM. The material removal rate (MRR) on cylindrical workpiece of
brass in both AFM and in MAAFM is higher as than MRR on the workpiece cylinder of
aluminum. The surface finish in brass with MAAFM process was achieved upto 0.30 pum from

initial surface roughness of 1 um with total of 7 finishing cycles.
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Yamaguchi and Shinmura (2004) studied the application of a magnetic field-assisted
finishing process for the internal surface of a component of alumina ceramic. The experiments
were conducted on this component to investigate the effects of volume of the lubricant, size of
ferrous particles, the size of abrasive grains on the finishing characteristics. In this work, the
cylindrical workpiece of alumina ceramic was attached to the chuck of the computer numerical
control (CNC) machine’s lathe and made rotating (at 1800 rpm) instead of pole rotation. The
magnetic normal force was applied due to the magnetic field caused by the poles of the
magnetic abrasive finishing (MAF) setup. In this work, the workpiece was given vibratory
motion due to which the abrasive particles applied axial shear force along the length of the
tube. The tangential shear is applied by active abrasive particles due to the rotational motion
of the poles along with the tangential direction of the rotating abrasives. The diamond abrasive
and ferrous particles were used as the finishing medium. Using this process, the change in
surface roughness and material removal was observed as shown in Fig. 2.4. With an initial
increase in the size of abrasives from the range of 0-1 um to range 4-8 um, the material removal
increases. Then on further increasing the size of abrasive (8-12 um) slight reduction in material
removal was observed. However, for reduction trend in surface roughness as shown in Fig. 2.4,
it is observed that initially with increasing the size of abrasive from 0-1 um to range 4-8 um
the greater reduction in surface roughness is observed upto 5 min of finishing after then the
similar reduction is observed for all sizes of abrasive after 10 min. This is because the number
of sharp edges in the large-sized abrasive gets decreased which causes less material abrasion

and found less capable for further improvement in surface finish.
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Wang et al., (2004) discussed the finishing characteristics of a magnetic field-based
mechanochemical polishing process using a mixture of Cr.Oz abrasives and magnetic particles
in case of wet finishing using distilled water which was introduced for internal finishing of
SizN4 fine ceramic tubes. This process is based on the chemical reaction between the SisN4 and
Cr203and mechanically removal of the product of the chemical reaction through the high-speed
rotation of the abrasive mixed medium inside the tube. To deal with the issues related to high
heat generation and less finishing efficiency in the case of the dry finishing process with
powder of Cr203 abrasive mixed with ferromagnetic iron particles, the wet finishing was
conducted and examined finishing improvement. Magnetic poles made of Nd-Fe-B permanent
magnets were placed outside of the SisN4 tube and the polishing fluid was placed inside of the
workpiece tube. The magnetic poles were rotated at 1800 rpm and vibrated at an amplitude of
5 mm for performing finishing operations. In this process, the surface roughness and material
removal were changed in pattern as shown in Fig. 2.5. In this work, the maximum surface

finish was achieved as 0.07um from the initial surface roughness of 0.63 um.
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Fig. 2.5 Changes in material removal and surface roughness with finishing time (Wang et al.,
2004).

Wang and Hu (2005) proposed a magnetic abrasive finishing (MAF) setup for the highly
finished internal surface of the tubular components. The basic principle on which this work
was developed is the magnetic abrasive particles placed inside the tube form flexible magnetic
abrasive brush (FMAB) under influence of magnetic lines generated by the magnetic poles kept
outside of the tube. Due to the magnetic field induced by the poles, the magnetic force was

applied on the finishing surface for the application of pressure. However, with rotation and
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vibration of the magnetic poles the shear forces were applied to remove the material in this
work. This study was conducted on three types of workpiece materials such as Ly12 aluminum
alloy, 316L stainless steel, and H62 brass. The objective of this work was to achieve the surface
roughness of the inner surface upto 0.2 um. To analyze its finishing capability and maximum
material removal, there were four different experiments performed on 316L rolled tube for 4
min. The initial surface roughness was kept between 0.8 um to 1.5 um for performing the
experimentations as shown in Fig. 2.6. So, it was obtained that with 4 min of finishing using
this process, surface finish could be achieved to 0.1 um. On further finishing after 4 min, the
surface roughness did not decrease but uneven material removal took place which was not
economical. The limitation with this work is observed as heating of finishing surface and
mainly applicable for hard material. On soft materials, it can cause various issues with finishing
operation such as thermal damages, scratch marks, less effective finishing, etc.
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Fig. 2.6 Variation of surface roughness and material removal with finishing time (Wang and
Hu, 2005).

Singh et al., (2020) improved the internal roundness of the Inconel 625 tube with the
application of a chemically assisted magnetic abrasive finishing (CMAF) process. The CMAF
process is generally used for finishing the hard alloys in which initially the workpiece’s upper
surface is conditioned with the chemical reaction using suitable etchants. Then the softened
(etched) surface of the workpiece is applied magnetic-assisted abrasive finishing. In this work,
the CMAF process was applied for internal finishing of Inconel 625 tube, and %age up-
gradation in inner roundness was analyzed. The etched workpiece was attached with the chuck

of the lathe machine and the magnets were attached with the aluminum fixture outside of the
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workpiece tube (325 mm X 150 mm X 2 mm). In this work, the mixture of ferric chloride
and ethanol was used as chemical etchants, and a mixture of silicon carbide and electrolytic
iron particles was used as abrasive magnetic particles for the magnetic assisted abrasive
finishing process. The maximum %age improvement in the inner roundness was achieved upto
32 with a finishing time of 75 min at workpiece rotational speed of 180 RPM, 35 % of wt. of
abrasives size of 60 um, and 60 gm/Itr of chemical concentration. Improvement in the surface
finish was analyzed through the improved texture of scanning electron microscopic images of
the finished internal surface.

Jha and Jain (2004) developed a new precision finishing process termed as
magnetorheological abrasive flow finishing (MRAFF) process for the complicated internal
surface of the workpiece in which smart magnetorheological polishing (MRP) fluid was used
as finishing medium. The rheological properties of the abrasive laden MRP fluid were
controlled using the external magnetic field induced by the magnetic poles placed outside of
the workpiece. This process resumed the versatility of abrasive flow machining (AFM) and
introduced the determinism and controllability of rheological properties of MRP fluid of the
magnetorheological finishing (MRF) process. The MRP fluid used in the process was
comprised of carbonyl iron particles (CIPs) (20 % vol.) and silicon carbide (SiC) abrasives (20
% vol.) dispersed in the viscoplastic base fluid (60 % vol.) which is further made of grease (20
% by wt.) and paraffin oil (80 % by wt.).
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Fig. 2.7 Effect of magnetic field strength on Ra value (Jha and Jain 2004).

Due to the magnetic CIPs used in the MRP fluid, the change in rheological behavior under the
existence of the external magnetic field was achieved. In this work, the magnets were placed

outside of the stainless-steel workpiece cylinder. The MRP fluid was made in reciprocating
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movement inside the workpiece with two hydraulic actuated pistons. Under existence of the
magnetic field, the MRP fluid inside the workpiece gets stiffened and the abrasive of this fluid
applied the magnetic force on the finishing surface of the workpiece. The reciprocation motion
of the abrasives caused the action of axial shear force and performed finishing operation. As
the magnetic poles were kept outside of the workpiece, the magnetic field at the finishing
surface of the workpiece was higher than in the MRP fluid. So, when the ferromagnetic
cylindrical workpiece is to be finished, the relative motion between abrasive particles and the
finishing surface of the ferromagnetic cylindrical workpiece gets resisted and less finishing
performance may be obtained. Therefore, this process was found limited to non-ferromagnetic
cylindrical workpieces. As the finishing performance of this process relied on the rheological
and viscous properties of the MRP fluid which was further dependent on the strength of the
magnetic field, therefore, the effect of the magnetic field on the surface finish was studied and
the result was reported graphically as shown in Fig. 2.7.

Jha and Jain (2006b) developed a surface roughness model for the magnetorheological
abrasive flow finishing (MRAFF) (Jha and Jain 2004). For this study, the magnetic carbonyl
iron particles (CIPs) and silicon carbide (SiC) abrasive particles were considered spherical in
shape and uniform in their own sizes. The magnetic force exerted by active abrasive particles
(AAPs) by magnetic CIPs in the presence of a magnetic field was found to be responsible for
the indentation of AAPs in this study. As only reciprocation motion was given to the MRP
fluid in this process, therefore, only axial shear force was found as the cause of material
removal. The shear force was calculated by considering the MRP fluid as a Bingham plastic
fluid. For developing the surface roughness model, it was assumed that in every stroke of
finishing a roughness peak was cut upto the height equivalent to the depth of indentation of an
AAP. The average value of the resultant peaks after each stroke gave the theoretical value of
the average surface roughness. For validation of the developed surface roughness model, there
were 6 experiments conducted by varying the size of magnetic and abrasive particles of the
MRP fluid. With the developed surface roughness model, the %error obtained from the
experimental surface roughness as -8.69 % to +11.76 %.

Kathiresan and Mohan (2018) applied the magnetorheological abrasive flow finishing
(MRAFF) process to improve the surface finish quality of the internal surface of a workpiece
of AISI stainless steel 316L upto the nano-level of surface finish. The optimum parameters of
this process for finishing the AISI stainless steel 316L, response surface methodology (RSM)
technique was applied. The effects of the process parameters on the final response in terms of

surface roughness (SR) and material removal rate (MRR) were analyzed through the regression
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model developed in this study under the prediction of optimum finishing parameters through
the RSM technique. In this work, the electromagnet was used as the source of the magnet.
Therefore, the finishing parameters and their optimized value obtained from this study were
hydraulic pressure (38.72 bar), voltage (6.18 V), and the number of the cycle (118). The surface
roughness and material removal rate were considered as the response of the study. Further
using the analysis of effects of parameters the optimum process parameters were obtained. The
best result of surface roughness and material removal rate in this work with the use of optimized
finishing parameters were found as 53.10 nm and 1.817 mg/s, respectively.

Das et al., (2009) improved the performance of the magnetorheological abrasive flow finishing
(MRAFF) by introducing a rotational motion to the source of magnetic field simultaneous to
the reciprocation motion of the MRP fluid given by the hydraulic unit. This process was termed
as rotational magnetorheological abrasive flow finishing (R-MRAFF) process. For developing
the experimental setup, an additional feature is added to the existing MRAFF setup to rotate
the magnets using pulley belt drive through AC motor. In this process, additional tangential
force is applied on the internal surface of the workpiece resulting in improvement in surface
finish as compared to the MRAFF process. The stainless steel, brass, and EN-8 materials are
used as a workpiece for preliminary experimentations at different extrusion pressure to analyze
the effect of these factors on surface roughness. Using this process, the maximum surface
roughness reduction was attained upto 50 nm on the stainless steel from initial 270 nm with
600 finishing cycles whereas on the brass surface this value was attained upto 80 nm from the
initial surface of 250 nm with the same number of finishing cycle. Hence, this result states the
capability of this process in terms of surface finish improvement on hard materials. Since
magnetic arrangement in this process was the same as that of magnetorheological abrasive flow
finishing (MRAFF) (Jha and Jain 2004) process. Therefore, this process also carried the same
limitation for finishing the ferromagnetic workpieces as MRAFF carried.

Das et al., (2010) conducted a study for analyzing the process parameters while internal
finishing of the stainless-steel cylindrical workpiece. The experiments were conducted by
intelligently controlling the reciprocation motion of the magnetorheological polishing (MRP)
fluid as a finishing medium and rotational motion of the magnets. By such controlled motions,
the mirror-like surface finish could be achieved in the range of nanometer scale. For
investigation of optimum finishing parameters, the experiments were planned with the design
of experiments, and response surface methodology was utilized to develop a regression model.
Further, the effects of the finishing parameters on the developed model were analyzed in this

work. The adequacy of the developed regression model in this study was analyzed with the
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help of the analysis of variance (ANOVA) table. The optimum finishing parameters obtained
for achieving the highest %age improvement in the surface finish (% ARa) were magnet
rotational speed= 149 rpm, extrusion pressure= 40 bar, mesh size of abrasive particles= 153,
and the number of finishing cycles= 1200. Utilizing the optimized finishing parameters, the
best quality of surface finish achieved on the stainless-steel workpiece in this work was 16 nm.
Bedi and Singh (2018a) developed a new magnetorheological finishing process that was
capable to finish the internal cylindrical surface of the ferromagnetic and non-ferromagnetic
workpieces. In the existing MRP fluid-based finishing processes such as MRAFF and R-
MRAFF, the source of magnet was kept outside of the workpiece cylinder. Due to which the
magnetic field at the internal surface of the workpiece was higher than the magnetic field in
the MRP fluid (Jha and Jain, 2004, Das et al., 2010). Considering the ferromagnetic workpiece
cylinder for MRAFF and R-MRAFF process, the magnetostatic finite element analysis was
performed in this study and the magnetic field distribution was obtained as shown in Fig. 2.8(a).
As a higher magnetic field was observed at the inner surface of the ferromagnetic workpiece
than the magnetic field in the MRP fluid, all the magnetic particles would get stuck onto the
finishing surface of the workpiece. Therefore, the relative motion between abrasive particles
and the finishing surface would get resisted and less finishing performance can be obtained.
But, here in this process (Bedi and Singh, 2018a), the magnetic tool which was made up with
the electromagnetic coil was moved inside of the ferromagnetic workpiece cylinder and rotated
as well. Therefore, in this process, the magnetic field in the gap is higher than the magnetic
field at the inner surface of the ferromagnetic workpiece as shown in Fig. 2.8(b). This trend of
magnetic field distribution in the working gap allowed the easy relative motion of the active
abrasive particles against the finishing surface and internal surface of the ferromagnetic
workpieces was achieved. The final surface finish was achieved on the ferromagnetic (gray
cast iron) workpiece upto 83 nm from initial surface roughness 368 nm in 90 min of surface
finishing. As this process was using the fixed electromagnetic coils in a magnetic tool,
therefore, this process is found only useful for the internal surface finishing of a fixed diametric
cylindrical workpieces. Also, there was an issue of heating in its coil due to which a lot of time

was getting wasted for cooling the coil in between two consecutive finishing cycles.
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Fig. 2.8 Two-dimensional plot of distribution of magnetic flux density from magnetostatic
finite element analysis (a) between the MRP fluid and surface of cylindrical ferromagnetic
workpiece, and (b) between the MRP fluid and surface of cylindrical ferromagnetic

workpiece (Bedi and Singh, 2018a).

Grover and Singh (2018a) developed an improved magnetorheological honing (MRH)

process which was applicable for nano-finishing the internal surfaces of cylindrical workpieces

with variable diameters. Since this process used the permanent magnet instead of the

electromagnetic coil as a source of the magnetic field, this process is found free from the coil
heating issue of the existing MRH process (Bedi and Singh, 2018a). Also, the MRH tool of this

process was using such a mechanism through which the radial position of the permanent
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magnets was adjusted by inward and outward motion. In this process, the mild steel material is
used for the cylindrical workpiece. The magnetorheological polishing (MRP) fluid used in this
work was composed of 20 % vol. of SiC abrasive particles with size 19 pum, 20 % vol. of
carbonyl iron powder with size 18 um, and base fluid with 60 % volumetric share. Also, in this
work, magnetostatic finite element analysis (FEA) was performed to analyze the effect of the
flat permanent magnet and a curved permanent magnet for finishing the internal surface of the
ferromagnetic cylindrical workpieces. From this analysis, it was found that curved magnets
induced a more uniform decrease in gradient of magnetic field in the working gap towards the
finishing surface which results in uniform and efficient internal finishing of the ferromagnetic
cylindrical workpieces. The maximum surface roughness was reduced upto 88 nm from 371
nm initial surface roughness with only 60 min of finishing time.

Grover and Singh (2018b) developed a theoretical model for evaluating the surface roughness
for permanent magnet-based variable diametric cylindrical workpiece surface finishing
magnetorheological honing (MRH) process. There were two types of motion were involved in
this study which was rotation and reciprocation motion of the MRH tool inside the stationary
workpiece cylinder. In this study, the size of the abrasive particles was assumed as tetrahedron
which was relatively closer shape to the actual shape of the abrasive particles. For calculating
the magnetic field induced by the permanent magnets used in the process, the Columbian
approach was used. In this study, the abrasive particles were assumed as tetrahedron shaped.
The length of the path followed by the active abrasive particles was also analyzed for evaluation
of surface roughness. In this process, the workpiece cylinder is considered a mild steel
ferromagnetic material. From the developed roughness model, the maximum percentage error
between the experimental and theoretical surface roughness was found as 8.06 %. This value
of %age error between theoretical and experimental surface roughness shows that the surface
roughness model was in correct order to predict the surface finish quality. The overall change
in surface roughness was recorded as 96 nm from 393 nm initial surface roughness in 720
numbers of finishing cycle. However, this study lacked the analysis of the role of tangential
and axial shear forces in the finishing mechanism. Because literature related to internal surface
finishing processes i.e., R-AFF and R-MRAFF suggests that there is a scope to improve the
finishing performance and productivity of the MRH process due to increase in relative motion
of the active abrasive particles.

2.4 Research gaps

From the literature survey, it has been observed that a lot of efforts have been made to develop

the advanced finishing processes for the internal surface of the cylindrical workpieces. The

39



conventional internal grinding is used for the internal finishing of the cylindrical workpieces
involved in solid-solid contact. Such type of contact during finishing results in the heat-affected
zone, residual stress, deeper grooves, torn and folded metals, and less effective to finish upto
nanometer range (Gupte et al., 2008; Jain, 2008).

The abrasive flow machining (AFM) process (Rhoades, 1991) and rotational abrasive flow
finishing (R-AFF) process (Sankar et al., 2009) both are capable of finishing complex-shaped
geometry and inaccessible area. But the non-magnetic behavior of the finishing medium makes
this process least controllable. Therefore, the prediction of the results becomes tough and
overall found inefficient for the intended function. Magnetic abrasive finishing (Wang and Hu,
2005; Yamaguchi and Shinmura, 1999) is capable to finish internal surfaces with controlled
finishing forces but only applicable on hard and non-ferromagnetic materials. This is because
in this process mixed dry powder of abrasives and magnetic particles are used as a finishing
medium. Magnetorheological abrasive flow finishing (MRAFF) process (Jha and Jain, 2004)
and Rotational magnetorheological abrasive flow finishing (R-MRAFF) process (Das et al.,
2010) are better controllable and also able to finish the internal surface of the non-
ferromagnetic cylindrical workpieces as stainless steel, high-speed steel, marine-grade steel,
etc. However, as the magnetic field generator was kept outside the workpiece/fixture which
resists the relative motion of an active abrasive particle against ferromagnetic cylindrical
workpiece surface and results in inefficient finishing for the internal surface of the

ferromagnetic cylindrical workpieces.

Magnetorheological fluid-based finishing process (Bedi and Singh, 2018a) was developed to
finish the internal surface of ferromagnetic and non-ferromagnetic cylindrical workpieces. In
this process, the tool used the electromagnetic coil to generate the magnetic field at its finishing
end surface. Due to the use of electromagnetic coils the tool gets heated in a very few minutes.
Therefore, the duration of a finishing cycle decreased in two consecutive finishing cycle. Thus,
idle time also increased which resulted in less productivity. Also, there were constraints on the
finishing of the internal surface of variable cylindrical workpieces. Further developed
magnetorheological honing (MRH) process (Grover and Singh, 2018a) has taken care of the
aforesaid limitations involved in existing MRP fluid based finishing processes. This was done
by using the permanent magnet in the MRH tool and the mechanism of the tool was made in
such a way that the magnets could be adjusted at the variable diametric position for finishing

the internal surface of the variable cylindrical surfaces. In this process, the maximum change
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in surface roughness was found as 76.28 % with 60 min of the finishing cycle (Grover and
Singh, 2018a).

From the numbers of literature, it has been found that the relative motion of active abrasive
particles w.r.t. the finishing surface of the workpiece has a better effect on the surface finish
(Sankar et al., 2010; Das et al., 2010). In the magnetorheological honing (MRH) process, the
MRH tool was reciprocated and rotated inside the stationary ferromagnetic cylindrical
workpiece to finish the internal surface (Grover and Singh, 2018a). From the obtained results
and finishing cycle duration, it was observed that the finishing productivity was likely to slow
and needed to be improved. As a result, rotational motion of cylindrical workpieces has been
incorporated into the MRH process at the same time as rotational and reciprocation movement
of the MRH tool to improve the internal surface finishing perfromance and productivity. Hence,

the following were found the important literature gaps as reported below.

e The finishing productivity and performance of the internal surface finishing of the
cylindrical workpieces were seemed to be improved by increasing the relative motion
of the active abrasive particles.

e Theoretical analysis for the tangential and axial shear forces, and surface roughness
with the increased relative motion of the active particles due to the oppositely rotating
cylindrical workpiece in the MR fluid based honing process was not reported to

understand the mechanism of force acting and resulting in the surface finish.

e The effects of the increased relative speed of the active abrasive particles under effect
of the oppositely rotating cylindrical workpiece on the parameters of the path followed
by the active abrasives which further influences the finishing performance and

productivity was not analysed in the existing MR fluid based honing processes.

e Most of the existing MR fluid-based internal finishing processes are lacking their
validation for being applicable in finishing the various real-time industrial cylindrical

workpiece.

e In the MR fluid-based processes, the micro-sized free abrasive particles find
challenging to finish the surface with coarse surface roughness (machined surfaces).
Therefore, for fine finishing of internal surface in all the existing internal MR fluid-
based finishing processes, first of all, the initial surface is generated using the traditional
finishing processes with the help of different finishing setups and the tools. In this way,
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the involvement of the multiple tools and setups for fine finishing the internal surface
of the cylindrical workpieces using existing MR fluid based honing process make them

more time consuming and labor-intensive, and expansive.

In contrast with the aforesaid research gaps, there is a requirement of the theoretical study to
analyze the effect of oppositely rotational motion of the cylindrical workpiece to the rotational
motion of the magnetorheological honing (MRH) tool on the finishing performance and
productivity of the existing MRH process. Also, formulation of the theoretical surface
roughness model is required for easily validating the improvement achieved in the proposed
process as compared to the existing MRH process. Then the proposed process is to be called
rotational magnetorheological honing (R-MRH) and it is needed to be developed for internal
surface finishing of the cylindrical workpieces with improved finishing performance and
productivity. To validate the developed R-MRH process preliminary experiments are required.
Also, the developed theoretical surface roughness is needed to be validated with the
experimental surface roughness. The optimum process parameters for the developed R-MRH
process are required for various industrial cylindrical workpieces of different materials such as
EN-31, carbon iron alloy, cast iron, etc. Using the optimum process parameters, the
improvement in the surface finish is required to be analyzed to further investigate the capability
of the newly developed R-MRH process for improving the functionality of industrial
cylindrical components. To further extend the applicability of the R-MRH process for finishing
the internal surface of the large range of variable-sized cylindrical workpieces from the initial
machined surface to the final MR finished surface without changing the tool and setup, an in-
situ honing tool is needed to be developed. A preliminary experiment using the in-situ honing
tool is required to be performed for confirming the applicability of the in-situ honing tool.
Based on the research gaps as identified through the literature survey, the following research

objectives are proposed as given below.
2.5 Research objectives

e Theoretical analysis in development of a new rotational magnetorheological honing
process for improved productivity of nano-finished internal surface of cylindrical
workpieces.

e Development of the rotational magnetorheological honing process for improved
productivity of nano-finished internal cylindrical surfaces. Also, design and fabrication
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of an in-situ honing tool which can finish the internal surface of the cylindrical
workpieces in both methods traditional as well as the magnetorheological finishing.

e Preliminary experiments with the developed rotational magnetorheological honing
process for validation of its performance in comparison with the existing
magnetorheological honing process for finishing the internal surface of the
ferromagnetic cylindrical workpieces.

e Analysis of the effects of different finishing parameters on the process response such
as surface finish improvement using Response Surface Methodology (RSM) to
optimize the developed rotational magnetorheological honing process for better
performance.

e Performance validation of the developed rotational magnetorheological honing process
for finishing the internal surface of the industrial cylindrical components.

2.6 Organization of the thesis chapters

The thesis is organized into the following chapters including the references.

Chapter 1 provides the introduction of the various traditional and advanced finishing processes
with their applications for finishing the internal cylindrical surface of the workpieces. This
chapter states the benefits of using advanced finishing processes with the controlled finishing
forces with the involvement of the magnetic field as compared to the traditional finishing
processes.

Chapter 2 represents the existing literature reviews associated with various traditional and
advanced finishing processes applied for finishing the internal surface of the cylindrical
workpieces. Also, based on the literature reviews, the requirement of the present work for fine
finishing the internal surface of the various cylindrical workpieces with more effectiveness has
been recognized. At the end of this chapter, the objectives of the present research work and
organization of the thesis chapters have been included.

Chapter 3 reports the theoretical analysis in the development of the rotational
magnetorheological honing process for improved finishing productivity performance of nano-
finished internal surface of cylindrical workpieces.

Chapter 4 reports the development of the rotational magnetorheological honing process setup
for the rotational magnetorheological honing process for improved productivity and finishing
performance. Also, this chapter includes the design and fabrication of an in-situ honing tool
that can perform finishing on the internal surface of the cylindrical workpieces through

traditional honing as well as magnetorheological finishing.
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Chapter 5 discusses the preliminary experiments with the developed rotational
magnetorheological honing (R-MRH) process for validation of its performance in comparison
with the existing magnetorheological honing process for finishing the internal surface of the
ferromagnetic cylindrical workpiece. This chapter also briefly discusses the indigenous
preparation of the finishing agent as magnetorheological (MR) polishing fluid. This chapter
also reports the effects of finishing parameters on the process response such as surface finish
improvement using the response surface methodology (RSM) conducted to obtain the optimum
process parameters for better finishing on the internal surface of the cylindrical workpieces.
Also, this chapter includes the experimentation using the in-situ magnetorheological honing
tool for validating its feasibility for performing traditional as well as magnetorheological
honing at a single setup.

Chapter 6 reports the fine-finishing of various typical and real-time industrial components
using the rotational magnetorheological honing process with the optimized process parameters
for their study of the maximum improvement in surface finish, surface texture, and geometric
accuracy.

Chapter 7 gives the various conclusions and significant outcomes from the present research

work and tells the scope for future work.
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CHAPTER 3

THEORETICAL INVESTIGATION FOR DEVELOPMENT OF
ROTATIONAL MAGNETORHEOLOGICAL HONING PROCESS FOR
IMPROVING THE FINISHING PRODUCTIVITY AND
PERFORMANCE

As stated under research gaps (chapter 2), the permanent magnet-based magnetorheological
honing (MRH) process was developed by the authors (Grover and Singh, 2018a) for finishing
the variable diametric internal surface of the ferromagnetic and non-ferromagnetic cylindrical
workpieces. In the permanent magnet-based MRH process, the tool is rotated and reciprocated
inside the stationary cylindrical workpiece which causes the relative motion of the active
abrasive particles over its inside surface. The relative motion of the active abrasive particles
tends to impart the shear force on the finishing surface. The shear force abrades the materials
ploughed by the indented active abrasives from its vicinity. Therefore, based on the
performance improvement achieved by enhancing the relative motion of abrasive particles in
literature of rotational abrasive flow finishing (R-AFF) (Sankar, et al., 2010) and rotational
magnetorheological abrasive flow finishing (R-MRAFF) (Das, et al., 2010), it is realized that
the enhancement in relative motion of abrasive particles w.r.t. internal surface of the cylindrical
workpiece in the existing permanent magnet-based MRH process (Grover and Singh, 2018a)
may improve the finishing productivity and performance. Also, the theoretical study conducted
for the permanent magnet-based MRH process (Grover and Singh, 2018b) lacks the analysis
of the effects of the rotation of cylindrical workpiece along with the MRH-tool. The
performance evaluation of that MRH process performed in every aspect while the cylindrical
workpiece was kept stationary. Therefore, for further improvement in productivity of surface
finished components, a new rotational magnetorheological honing (R-MRH) process is
conceptualized where the workpiece cylinder is also made rotational instead of stationary as in
the case of the existing MRH process (Grover and Singh, 2018a). Therefore, this new
modification in the process is known as the R-MRH process. For analyzing the effect of
parameters of the R-MRH process on the change in surface roughness and finishing rate, the
theoretical study has been performed in this chapter. This theoretical study has been confirmed
with the preliminary experiments conducted in the further chapter of this study where the
cylindrical workpiece is made rotating in the opposite direction to the tool rotation and the tool
is also made reciprocating at the same time. The present study also enlightens the shuffling

mechanism of abrasive particles of the MRP fluid which is caused by the oppositely rotating
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the cylindrical workpiece during R-MRH finishing operation. The shuffling of the abrasive
particles leads to the continuous supply of sharp-edged abrasive particles during the finishing
operation. Hence, the increased relative motion and continuous shuffling of abrasive particles
improve productivity in fine-finishing of the inner surface of the cylindrical workpieces. The
fine-finished inner surface of the industrial cylindrical components improves the features like
appearance, resistance to abrasion which guards against wear, corrosion, and chemical
damages of the surface. Therefore, the present proposed R-MRH process can perform fine-
finishing on the internal cylindrical surface of the industrial parts such as hydraulic cylinders,
molds, circular dies, hydraulic rack cylinder, and cylindrical barrel of the injection molding

machine in less time as compared to existing MRH process.

3.1 Material removal mechanism in rotational magnetorheological honing (R-MRH)
process

A rotational magnetorheological honing (R-MRH) process is a newly programmable logic
controller (PLC) based magnetorheological finishing process which improves the finishing
capability of the existing MRH process (Grover and Singh, 2018a). To improve the finishing
productivity, the cylindrical workpiece is made rotational in present study whereas it was kept
stationary in the existing MRH process (Grover and Singh, 2018a). Therefore, this process is
named as R-MRH process in which the MRH tool is made rotational and reciprocation inside
the oppositely rotating cylindrical workpiece as shown in Fig 3.1 (a). The MRH tool used in
this process is made of four curved permanent magnets as a source of the magnetic field. The
magnetorheological polishing (MRP) fluid is used as a finishing medium. The abrasive
particles in the MRP fluid are used for finishing the surface of different workpiece materials.
In the present R-MRH process, the abrasion action takes place by sliding the active abrasive
particles along with the simultaneously rotating and reciprocating MRH tool over the inner
surface of the rotating cylindrical workpiece in helical path. In this process, the workpiece
cylinder is made to rotate in the opposite direction of the MRH tool's rotation. The surface
finishing mechanism is caused by abrading the material through the penetrated active abrasives
into the surface roughness and detaching the materials from the vicinity of the penetrated active
abrasives (Jain et al., 1999). The electrolytic iron particles (EIPs) get magnetized when MRP
fluid is applied over the permanent magnet of the magnetorheological honing (MRH) tool. The

magnetized EIPs apply magnetic force on the abrasive particles.
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Fig. 3.1 Schematic representation of (a) rotational magnetorheological honing (R-MRH)
process, (b) the forces acting in the existing magnetorheological honing process where
workpiece cylinder is kept stationary (Grover and Singh, 2018a) and (c) the present
proposed R-MRH process where workpiece cylinder is kept rotational.
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Due to constricted space in the working gap between the end surface of the permanent magnet
of the MRH tool and the inner surface of the cylindrical workpiece, the magnetic normal force
(Fnn) 1s acted on the finishing surface. Also, due to the rotational speed of the active abrasive
particles along with the MRH tool, the centrifugal force (F,.,,) is applied in the normal direction
to the internal finishing surface of the workpiece cylinder. Therefore, the forces (£, and F..,,)
acting collinear and normal to the finishing internal surface of the cylindrical workpiece which
results in the indentation of the abrasive particles over it as shown in Figs. 3.1 (b) and (c). So,
combinedly these forces (F,,, and F,.,) acts like indentation force (F;,,) in the hardness testing
machine as an indent is made by the diamond indenter. The indentation leads to the micro-
ploughing of the material around the indented abrasives mark. As the indented abrasives are
made in simultaneous motion along with the axial and rotational directions over the inner
surface of the rotating cylindrical workpiece, the micro-ploughed materials get abraded in the
form of microchips. The continuous motion of the indented abrasives on the finishing surface
of the cylindrical workpiece results in repetitive abrasion action on the materials which are
micro-ploughed. The abrasive particles are stuck in the chain structure as formed by EIPs due
to the magnetic field. The chain structure of EIPs with abrasive particles is stiffly stuck on the
outer surface of the tool permanent magnet. Hence, the MRH-tool and the stiffly MRP fluid
act as a unibody and the active abrasive particles move along with the movement of the MRH-
tool. The active abrasive particles are made in contact with the inner surface of the workpiece
cylinder when the MRH tool performs its movement inside the workpiece cylinder with the
working gap. The relative rotating motion of the active abrasive particles of MRP fluid causes
these particles to apply the tangential shear force as shown in Figs. 3.1(b) and (c). As in the
existing MRH process (Grover and Singh, 2018a), the workpiece cylinder was kept stationary
and the MRH tool was made rotational, the tangential shear force (F,s) wa