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PREFACE

The magnetic abrasive finishing (MAF) technique can be used to finish both

magnetic and nonmagnetic materials. In this process, a magnetic abrasive

brush is formed in the magnetic field between the N and the S poles. This

process enables i) the achievement of superfinishing (surface roughness Ra ;:

5 nm) of ceramics with minimal crack generation and ii) more flexibility

regarding the complexity of the shape of a surface to be polished.

The evolution of MAF [Krgalov, 1939) took place out of necessity, in polishing

irregular shaped articles. Although, the process originated in the 30's in the U.

S., it was in the former U.S.S.R. [Baron, 1975] and Bulgaria [Mekedonski and

Kotshemidov, 1974) that much of the developments took place in the late 1950's

and 1960's [Fox et ai, 1994). They applied the magnetic abrasive finishing

technique not only for finishing of rollers and plates but also for deburring,

precision chamfering, removal of scale/thin oxide layers, and texturing of

industrial parts [Baron, 1975). In the 1980's, Japanese researchers, mainly

Shinmura and his associates at Utsunomia university [Shinmura et aI., 1983

90], conducted extensive research on MAF in order to formulate the principles of

the process, to determine the finishing and material removal characteristics of

the process under various polishing conditions, and to investigate applications

of the process.

However, much of the work by these researchers was concerned with polishing

of ferromagnetic materials. The aim of the present investigation is to apply the
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principles of magnetic abrasive finishing to nonmagnetic rollers (austenitic

stainless steel and silicon nitride ceramic).

Some of the factors responsible for the surface finish and the material removal

rates in a magnetic abrasive finishing process, are the magnetic field distribution

and the magnetic force exerted on the workpiece by the magnetic abrasives.

Finite element analysis (FEM) is used for this purpose. Magnetic pressure

profiles on the surface of the rollers are calculated, using the Maxwell stress

tensor approach. This work is further utilized to optimize the magnetic head

design to achieve optimum magnetic pressure exerted by the magnetic

abrasives on the surface of the roller, for high removal rates and/or best finish.

Using FEM, complex shapes of the magnetic head can be effectively modelled

and the exact nature of the magnetic field density distribution in the abrasive

region can be determined. As, the magnetic field density and the magnetic

pressure on the surface of the roller are greatly influenced by the length of the

magnetically conducting path through the abrasive region, the included angle of

the magnetic pole is given the main consideration.

In order to efficiently generate a smooth finished surface from a ground

workpiece, it is necessary to investigate the effect of various process parameters

on the finishing characteristics. Optimum conditions should be selected for an

efficient finishing operation. For this, the nonmagnetic stainless steel rollers were

polished under conditions that include duration of finishing, abrasive size,

amount of lubricant, magnetic field density, workpiece rotational speed, and the

combined effect of rotational speed and axial vibration.

The process principles developed for the finishing of austenitic stainless steel

rollers were used in turn for the finishing of Si3N4 ceramic rollers. In this
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investigation, several magnetic heads with different included angles were

designed, fabricated, and characterized. They were evaluated in terms of their

finishing efficiency and the material removal rate in the finishing of Si3N4 rollers.

It is found that the magnetic force in the magnetic abrasive region varies

parabolically with the magnetic field density. Hence, a high magnetic field

density should be achieved in the abrasive region to achieve a high magnetic

pressure on the surface of the roller. This becomes an important factor in the

case of finishing of ceramic rollers, which are hard and brittle. From the FEM

analysis of the magnetic head design, magnetic heads with converging

geometry, a sharper corner, the presence of air gap slot, and shorter

magnetically conducting path in the abrasive region result in better field density

concentration in this region.

From the experimental work, it is found that the surface finish of -10 nm (Ra)

can be achieved on rollers in about 10 minutes in case of an austenitic stainless

steel roller and -30 minutes in case of Si3N4 rollers. From the studies

conducted on different process parameters, it is found that the presence of

lubricant, a high magnetic field density in the abrasive region, axiai vibration of

the magnetic head, and a high rotational speed of the workpiece enhance the

surface finishing that can be achieved on the surface of the rollers. It is also

found that by controlling the magnetic pole shape, the surface finish and

material removal rate in the process can be controlled.
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CHAPTER 1

INTRODUCTION

Structural ceramics, such as silicon nitride, aluminium oxide, and zirconia are

increasingly being considered for many advanced applications due to their high

strength at elevated temperatures, high modulus, greater resistance to chemical

degradation, high wear resistance, and lower density than ferrous alloys. These

intrinsic properties of ceramics make them prime candidates for many

applications ranging from ball bearings to engine components. However, the

strength and reliability of components that are subject to rolling-contact fatigue,

such as in bearings, can be significantly affected by surface or subsurface

defects. Mechanical removal of material by conventional grinding of ceramics

has long been an art, the progress of which has almost entirely been based on

experience. True scientific knowledge in this area has been meager. This is

surprising since a major factor in the manufacture or fabrication of ceramic

products is detailed knowledge of the variables and their interrelation in the

processing and finishing cycles. Conventional grinding of ceramics, with

diamond wheels, involves large forces and results in cracks due to brittle

fracture, which can lead to failure when the material is under a tensiie stress.

Also, with these processes, it is difficult to finish complex parts, especially when

used for internal finishing. As the reliability and performance of the components

made of these materials are largely affected by the surface defects, it is

necessary to achieve superfinishing of the ceramic with minimal or no surface

defects such as microcracks, pits etc. This can be accompiished by applying

controlled, low level forces during finishing.

Magnetic field assisted polishing has been introduced to achieve surface

finishing by means of a magnetic abrasive brush that is formed in the magnetic

field between the N and the S poles. This process permits more flexibility

regarding the surface shape, which is applicable for the finishing of a complex

part.
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1.1 MAGNETIC ABRASIVE FINISHING

1.1.1 PROCESS DESCRIPTION:

Figure 1.1 shows the magnetic abrasive finishing apparatus mounted on a

Hardinge precision lathe. The workpiece (roller) is clamped on the chuck of the
lathe and is introduced in the magnetic field. Rotating motion between the
magnetic field and the workpiece can be achieved either by a static magnetic

field or a rotating magnetic field. In the magnetic abrasive finishing using a static
magnetic field, a cylindrical workpiece is rotated around its axis (1000·3000
rpm). In finishing using a rotating magnetic field, a rotating magnetic field is

obtained by supplying current to the three coils arranged at intervals of 1200

with a three phase current. A pneumatic air vibrator is used for supplying the

axial motion to the magnetic head. This is necessary to prevent the formation of

a circumferential groove on the surface of the roller.

Figure 1.2 is a close-up of the apparatus showing key elements. Either an

electromagnet or permanent magnet can be used for the generation of the
magnetic field. The magnetic field generated in the cell passes through the gap

between the N and the S poles. The magnetic heads have to be so designed
that the magnetic field can be concentrated, with minimal leakage of the field

taking place surrounding the air gap between the magnetic heads. As pointed

out earlier, axial vibration of the the magnetic poles relative to the workpiece is

introduced to prevent the formation of circumferential grooves on the workpiece

and to increase the finishing efficiency. Magnetic abrasive comprising of a

magnetic material (e.g. iron particles) and an abrasive (either as a sintered

body or a mechanical mixture) is introduced in the head gap. Due to the

presence of the magnetic field the abrasive is aligned in the direction of the field

as shown in Figure 1.3.

The magnetic abrasives used in this investigation consist of a sintered product
of iron particles (size of 80-400 I-lm), and fine aluminium oxide abrasive

particles (grain size 1-10 I-lm). A SEM photograph of a typical magnetic abrasive

used in the present study is shown in Figure 1.4. The white particles are

aluminium oxide abrasives and the darker matrix is iron.
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Figure 1.1 Photograph of the rm=tgnetic abrasive finishing apparatus used
for polishing of rollers.

Fiqure 1.2 Close-up of the magnetic abrasive finishing apparatus showing
roller, flexible magnetic abrasive brush, magnetic poles
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Figure 1.3: ESEM photograph of a magnetic abrasive particle (KMX80)

Figure 1.4. Photograph showing flexible magnetic abrasive brushes formed
by linking magnetic abrasives between the magnetic poles Nand·
S with non-magnetic work materials
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The magnetic abrasive finishing process is considered very efficient for finishing

of difficu~ to machine materials. The removal rate and finish obtainable depend

on the workpiece circumferential speed, magnetic flux density, working
clearance between the magnetic heads and the workpiece, workpiece material,

and the type of magnetic abrasive conglomerate (including the type of abrasive
used, the grain size of the abrasive, and volume fraction in the conglomerate).

Typical conditions used by Shinmura (Shinmura, 1984) for finishing of steel
rollers are the following: roller speed: 1.3 mis, magnetic flux density: 1.2 T,

working clearance: 2 mm, vibrational frequency: 20 Hz, vibrational amplitude:
3.5 mm, and mean diameter of magnetic abrasive particles: 100 Ilm.

1.1.2 Process Principles

In the magnetic abrasive finishing (MAF) process, a magnetic abrasive

conglomerate is introduced between the N and the S poles. Due to the

generation of magnetic field, the magnetic abrasives are linked to each other

magnetically between the poles along the lines of magnetic force, forming

flexible magnetic abrasive brushes as shown in Figure 1.5. When a vibrating

and rotating roiler is introduced in this abrasive brush, surface finishing is

achieved with the help of the finishing pressure exerted by the magnetic brush

in the magnetic field on the roiler. The generation of the finishing pressure and

its role in polishing is described in the following.

As mentioned earlier, the roilers to be finished can be either magnetic (e.g.

magnetic steel) or non-magnetic (e.g. ceramic roiler). Figure 1.6 shows the two

dimensional magnetic field distribution in the working zone during the finishing

of a ferromagnetic material [Shinmura et aI., 1990J. The workpiece is

magnetized in the presence of the magnetic field and the magnetic force acts on

the top of brush between the workpiece and the abrasive grain. As a result,

abrasive grains are pressed on to the work surface by an extremeiy smail force,

Fx, and perform cutting. In the initial period of polishing, the material removal

rate is highest and as polishing progresses the micro irregUlarities are

smoothed out.

Figure 1.7 shows the two-dimensional magnetic field distribution in the working

zone during the finishing of nonmagnetic materials. In this case, the magnetic
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Figure 1.5: Schematic view of cylindrical magnetic abrasive finislling
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Figure 1.6: Diagram showing two dimensional magnelic field distribulion in

the working zone during the finishing of magnetic rollers

(Shinmura et ai, 1990)

Magnetic Poles

/ ~
Finishing Zone

N

Magnetic
Equlpotenllal

Lines

Finishing

Magnellc Abrasive
Particles

s
Air Gap

Figure 1.7: Diagram showing two dimensional magnetic field distribulion in

the working zone during the finishing of nonmagnetic rollers
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field lines go around the periphery of the cylindrical workpiece by linking the N

and S poles of the magnetic heads. A magnetic abrasive particle at pcsition "A",

far from the wor!<ing zone, is affected by the magnetic forces represented by the
following equations:

Fr = V x H aiWr Fe= V x H alWe ( 1.1)

where, F, = The magnetic force acting on the magnetic abrasive particle in the
radial direction

Fe = The magnetic force acting on the abrasive grain in the tangential

direction of the wor!< surface

V= volume of the magnetic abrasive particle

x = susceptibility of the particle,

H = magnetic field strength at point A,
e= direction of the magnetic equipotential lines, and

awar, awae are gradients of the magnetic field strengths in the
rand e directions

From equation 1.1, it is evident that, even if x is nonzero, the magnetic force will
not act, if alWr and awae are equal to zero. The larger values of magnetic

strength gradients force the abrasive grains to move towards the working zone,

thus preventing separation and splashing of the abrasives from the working

zone.

Also from equation 1.1 it is evident that the magnetic forces F, and Fe are

proportional to the volume of the magnetic abrasive particle, the susceptibility of

the particle, the magnetic field strength, and its gradient. If there is any change

of magnetic field strength in the direction of the line of magnetic force near the

work surface, the magnetic abrasive particles are pushed toward the work

surface. The magnetic force F, actuates the magnetic abrasive particles to take
part in the finishing of the workpiece. In addition, the force Fe on the abrasive

grain (in the tangential direction of the work surface) is given by the cutting and

frictional action. The runoff of the abrasive grains from the working zone is
prevented in the balance of the force Fe to magnetic force Fm due to the

gradient of the magnetic field strength.

8



Salient features of magnetic field assisted polishing techniques are (Shinmura
et ai, 1990) the following:

1. Both the finishing pressure and the magnetic field density in the

magnetic abrasive region can be controlled by varying the exciting

current in the coil and shape of the magnetic pole. This, also, enables

adjustment of the binding force of magnetic abrasives and controls the

supply, discharge, and recycle of magnetic abrasives automatically.

2. Due to allowance of clearance between the magnetic poles and the

workpiece (working clearance), it is possible to finish both the interior

and the exterior surtaces of complex shaped parts besides simple

cylindrical and plane surtaces. In addition to the improvement of the

surtace finish, this process can also enhance surtace integrity by

applying residual compressive stresses.

3. Finishing efficiency (i.e. (RI-Ro)It, where RI is the surtace finish at time t

and Ro is the initial surtace finish) is excellent. Surtace finish Ra

of -20-30 nm can be achieved in short finishing time of 6-8 minutes.

Further, it has the ability to improve the form accuracy.

4 The finishing operation is carried out without generating much heat

which minimizes thermal distortions, localized microstructural changes

and thermally induced oxidation especially to metals and their alloys.

This may not be a serious limitation with ceramics.

5. There is no scattering of abrasives due to the absorption of dust by the

magnetic field.

6. Magnetic abrasives can be replaced.

7. Consumption of magnetic abrasives is less and their recycling is

possible.

8 Since there is no heat build up, fire hazards are minimized.

9 The process can be easily integrated into a computer control system.

1.1.3 Problem Statement

The magnetic abrasive finishing (MAF) process has been investigated by many

researchers [Baron 1987, Shinmura et al 1984-94]. They studied the effect of

various parameters on the material removal rate and surtace finish. The process

was applied for a range of finishing applications, including finishing of rollers,

plates, deburring, precision chamfering, removal of scale/thin oxide layers, and

9



texturing of industrial parts [Baron, 1975]. However, most of their work was

concentrated on the finishing of magnetic materials. The possibility of finishing

nonmagnetic work materials, including nonmagnetic ceramics, has not been

studied in detail, yet. Polishing nonmagnetic materials, especialiy hard ceramic
materials, requires higher polishing pressures. This has been a difficult task

since to generate a higher polishing pressure requires an understanding of the
magnetic head design principles, capable of providing higher magnetic field
density in the magnetic abrasive region and higher magnetic forces on the

surface of the roliers. They affect the surface finish and the material removal rate
obtainable by the process.

This study wili optimize the magnetic head design, to achieve optimum

magnetic pressure exerted by the magnetic abrasives on the surface of the

roller. For this purpose, an ANSYS FEM package was used.

In order to efficiently generate a smooth finished surface from a ground

workpiece, it is necessary to understand the effect of various process
parameters on finishing characteristics. Optimum conditions should be selected

for efficient finishing operation. Initialiy, a detailed study of magnetic abrasive

finishing of austenitic stainless steel rolier was conducted to evaluate the

performance of the finishing operation under various processing conditions.

The nonmagnetic stainless steel roliers were polished under various conditions.

The variables included duration of finishing, abrasive size, amount of lubricant,

magnetic field density, workpiece rotational speed, combined effect of rotational

speed and axial vibration. The process principles used in the finishing of

austenitic stainless steel rollers were used in turn for the finishing of Si3N4

ceramic rollers. In this investigation, various magnetic heads with different
included angles were designed, fabricated and characterized. They were

evaluated in terms of their finishing efficiency and material removal rate in the

finishing of Si3N4 rollers.

The present investigation focuses on the following aspects of MAF:

• To determine the magnetic field distribution and the magnetic forces

exerted on the workpiece using finite element analysis. A commercial

ANSYS package developed for magnetic field analysis is used for this

study. The magnetic field distribution and the magnetic forces exerted

10



on the workpiece are factors that govern the surface finish and the
removal rates obtainable in the process.

'To optimize the magnetic head design in order to achieve desirable
magnetic pressure, exerted by the magnetic abrasives on the surface of
the roller, for maximum material removal and lor best finish.

• To investigate the effect of different parameters on the finishing
characteristics and the material removal rate.

• To investigate the mechanism of material removal in MAF.

This thesis is devided into the following six chapters.

Chapter 1 introduces MAF and describes the process in brief.

Chapter 2 reviews the literature on MAF of rollers. It describes the various steps

used in the development of the theory starting from the magnetics used for the

prediction of the magnetic pressure on the surface of the workpiece. It also

discusses the effect of various parameters used on the capabilities of the

process in terms of finishing characteristics and the removal rates.

Chapter 3 presents various steps taken in the finite element analysis of the

process using ANSYS program. This analysis facilitates the determination of

the magnetic field density near the magnetic head region. It also assists in the
determination of the maxwell forces exerted on the surface of the workpiece

which governs the material removal mechanism occuring in this process. The

results obtained by the finite element analysis of the process are then

discussed.

Chapter 4 describes the experimental setup and the test procedure used in

MAF of nonmagnetic stainless steel rollers. The effect of various parameters of

this process on removal rate and finish are discussed.

Chapter 5 discusses the results obtained both by finite element analysis and by
the experimental investigation. Chapter 6 presents conclusions of this

investigation.
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CHAPTER 2

LITERATURE REVIEW

2.0 INTRODUCTION

This section reviews the literature on the magnetic abrasive finishing (MAF)

process. It describes the U. S. patents reported since the 1940s. It further

describes the steps used in the development of theory, from the magnetics used

to the prediction of the magnetic pressure on the surface of the workpiece. It
discusses the effect of parameters used to evaluate the capabilities of the

process in terms of the finishing characteristics and the removal obtained. The
parameters covered under this heading includes magnetic abrasive (size and

shape), magnetic pole shape, magnetic field density, vibration of the magnetic

head, rotational speed of the workpiece.

2.1 Evolution of the magnetic abrasive finishing process:

The evolution of magnetic abrasive finishing took place out of the necessity in

polishing irregular shaped articles. The first invention to fully realize the concept

of magnetic abrasive finishing was conceived by a Soviet engineer, Kargalov,

in 1939 (Figure 2.1 a) Kargalov, 1939]. He attempted to polish the inner

circumference of a rotating tube with an atternating magnetic field. The earlier

work on magnetic abrasive finishing was mostly done in United States [Coats,

1940]. In 1940, Coats demonstrated the polishing of the inner surface of a

circumferential weld, in a ccntainer using the magnetic abrasives under the

action of a magnetic field [Coats, 1940]. The main principle used in this method

was that the magnetic abrasives under the influence of the magnetic field are

aligned in the direction of the magnetic field. If the rotating workpiece is

introduced in this magnetic abrasive, the magnetic pressure exerted by the

magnetic abrasive on the workpiece causes the polishing action.

In the 1950s, finishing of materials by this process was carried out with a

mixture of SiC and iron fillings as the magnetic abrasive. The emphasis was on

12
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Figure 2.1: Schematic of devices for MAF in an alternating magnetic field: (A)

polishing the inner surface of a tube; (B) polishing smalt parts with

complicated shapes
1. workpiece, 2. coil, 3. yoke, 4. magnetic poles, 5. ferromagnetic

abrasive powder. 6. nonferrous tank [Kargalov 1939. Hershler,

1969J.
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polishing of irregular shaped objects. Using the same principle, Simjian

developed polishing apparatuses in which magnetic abrasives were imparted

random motion, under the influence of a polyphase alternating magnetic field
[Simijian, 1956a, t 956b, 1957J. A similar technique was also used to

preferentially finish the surface, by masking the surface which is not to be

finished with a resinoid or rubber compound [Simijian, 1959]. Bodine used
packed abrasive mass to achieve a high field density [Bodine, 1957J. The
relative oscillation between the abrasive mass and workpiece was produced by
transmitting sonic waves through the abrasive mass. Loveness and Feldhaus

emphasized the chemical inertness of the carrier fluid with the magnetic

particles in the abrasive bath in the finishing action [Loveness and Feldhaus,
1974]. The carrier fluid contains additional components such as pH regulators,

softeners, surfactants etc.

Research on MAF, including potential applications, has been ongoing since the

1960s in the former USSR (e.g. Konovalov and Shulev, 1967, Baron, 1986, and

Sakulevich, 1977) and in Germany [Dehoff A. et aI., 1984J. In Bulgaria, magnetic

abrasive finishing has been under development since the middle of 1970s

[Makedonsky et aI., 1974, 1977J, and in Japan since the beginning of 1980s

[Shinmura et aI., 1985a]. In the former USSR, magnetic abrasive finishing was

applied to the finishing of rollers, plates, deburring, precision chamfering,

removal of scalelthin oxide layers, texturing of industrial parts [Baron, 1975].

Major emphasis of the work in the 1970s was on the finishing of sheet materials,

rollers and spherical parts. The relative motion between the magnetic field and

the workpiece was achieved by moving the workpiece relative to the magnetic

field. Shikhirev developed a device for the finishing of sheet materials which

utilized a pair of cylindrical rolls with opposing polarities rotating in opposite

directions [Shikhirev et aI., 1977, 1980a, 1980bJ. The abrasive powder is fed in

the gap between the rolls through helical grooves formed on the surface of the

rolls. The sheet material is fed along the axis of the rolls in the gap between the

rolls.

Sakulevich developed a method for finishing nonmagnetic articles in which the

workpiece was moved along the working gap relative to magnetic abrasive

brush [Sakulevich et aI., 1979a, 1981]. He, also, used ferromagnetic particles

with an aerodynamic profile between the nonmagnetic articles, so as to restore

14



the density of the magnetic abrasives in the working zone. In the case of

polishing of ferromagnetic materials, initially, both ferromagnetic abrasive

powder and ferromagnetic workpiece are magnetized to the saturation

induction, before their introduction into the magnetic field [Sakulevich et aI.,
1979b]. Yascheritsyn developed a method for finishing spherical surfaces of the
parts [Yascheritsyn et. aI., 1980]. In this device, one of the magnet carries the
workpiece while the shape of the other magnet corresponds to the spherical
surface of the workpiece.

The research on MAF was initiated in Japan in the early 1980s. Watanabe used
the method to crush the granular ferromagnetic working substances using the

travelling magnetic field [Watanabe et aI., 1986]. Knuieda used the method in

which magnetic attraction force was generated between cast iron metallic

powders, bonded grindstone, and the surface of the workpiece, thereby

providing the grinding pressure [Knuieda et aI., 1986]. Sugawara developed a

method to polish the inner surface of a barrel by filling the magnetic abrasives in

the barrel, and attaching the work to a spindle with rotating motion [Sugawara
et. aI., 1988].

Shinmura, and his associates at Utsunomia University, conducted systematic

research on the magnetic abrasive finishing of rollers and tubes [Shinmura et

aI., 1983-94]. They studied the principles of operation, finishing characteristics

under different conditions, and various applications of magnetic abrasive

finishing. They extended these studies and designed various equipment for

internal finishing of tubes, external finishing of rods, finishing of flat surfaces etc
[Shinmura et ai, 1989b, 1993a, 1993b, 1994a, 1994b].

In the following, a detailed review of the work carried out by the Japanese and

the Russian researchers in the field of magnetic abrasive finishing of rollers, is

given.

2.2 Magnetic abrasive finishing devices

Krymsky classified all devices used in MAF into two main groups depending on

the type of the magnetic field used [Krymsky, 1993].

In the first group, a permanent magnetic field is used for forming a magnetic

abrasive tool (MAT), with the cutting motion provided by the relative motion

15



between MAT and the workpiece (Figures 2.1-2.10). Sometimes, axial vibration

of the magnetic pole is also introduced to enhance the finishing process. This
group of devices uses ferromagnetic abrasive powders (FAP) that are easy to

magnetize and demagnetize, and have a high saturation magnetic flux. The
devices in this group contain an electric coil or permanent magnet as the source
of the magnetic field, a yoke with magnetic poles and a working gap (or gaps)
between the magnetic pole surfaces and the workpiece filled with FAP. The
schematic version of MAT is shown in Figures 2.2 and 2.3 [Baron, 1986,

Sakulevich et ai, 1977, Shinmura et ai, 1985J. The rotation and displacement

(feed) of the workpiece ensure its finishing by the MAT. Cutting forces in such a

tool are only magnetostatic in nature, and are not very large. Shinmura et al

found that the magnetostatic pressure of MAT on the worksurface can reach a

pressure of 77 kPa (0.7 kg/m2) [Shinmura et ai, 1985d]. In general, this pressure

is barely sufficient for polishing. However, low finishing forces in MATs are

compensated by the ability to treat workpieces with complicated shapes and, at

times, inaccessible work surfaces (Figure 2.4).

Devices with poles equidistant from the surface being machined are most

common. These devices can be used for machining cylindrical (Figure 2.4)

[Konavalov et aI., 1967, Baron, 1986], plane (Figure 2.6) [Baron, 1986],

spherical (Figures 2.7 and 2.8) [Sakulevich et aI., 1977], and conical surfaces
(Figure 2.10). The self packing of the MAT in the magnetic field makes it

possible to polish shafts and axles with annular grooves or threads, to depths of

2-3 mm (Figure 2.11) [Baron, 1986].

In the second group, an alternating or travelling magnetic field is used for

magnetic abrasives movement. It is used for ferromagnetic abrasive powder

(FAP) movement (Figures 2.1 a, and 2.1b) [Kargalov, 1939, Hershler, 1969]. The

FAP used in these devices must have strong magnetic properties, such as a

high coercive force (>200 kA/m), because with a low coercive force, reversal of

magnetization takes place in FAP, and the FAP stays practically immobile.

Shinmura and Yamaguchi [Shinmura and Yamaguchi, 1994J designed

equipment for the internal finishing of a slender tube, which used a linearly

travelling magnetic field [Figure 2.12]. In this apparatus, the yoke, the

electromagnetic coils, and the magnetic poles, are set up linearly and a three

phase AC current with 1200 phase shift is used to excite the coils. The magnetic
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Figure 2.2: Schematic of magnetic abrasive finishing apparatus for finishing

of small parts:

t. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= SOUtil (Baron 19861.

=-.

Figure 2.3: Schematic of MAF for finishing of sewing machine parts

1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South [Sakulevich et aI., 1977]
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Figure 2.4: Schematic of MAF for fhe finishing at inner surface of thin

nonferromagnetic pipes (Krymsky, 1993J.

1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South

B

Figure 2.5: Schematic of MAF for (A) medium size and (B) large cylindrical

parts [Konavaiov et ai, 1967)

1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South
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Figure 2.6: Schematic at MAF for sheets and ptates [Baron 1986).

1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles,S. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= Soulh
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Figure 2.7: Schematic of MAF for fine ball finishing (Sakulevich et ai, 1977).

1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles,S. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South
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Figure 2.8: Schematic of MAF for finishing of a ball valve, showing profile of

surface roughness before and after finishing {Salulevich et ai,

19771·
1. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South
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Figure 2.9: Schematic example of a magnetic abrasive tool (MAT) for

polishing of a cylindrical surface [ Krymsky, 1993J

1. workpiece, 2. magnelic pole, 3. direction of magnetostatic force

acling on magnetic abrasive particles in the working gap, 4.

normal pressure on work surface pattern 5. trajectory of slow grain

reorientation in the MAT, 7 finishing direction
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Figure 2.10: Schematic of MAF for finislling of a shaft with thread, annular

groove, spherical and conic surface [Krymsky, 1993J.

t. workpiece, 2. exciting coil, 3. yoke, 4. magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North,

S= South
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Figure 2.1t: Schematic of magnetic abrasive buffing wheels (AI 1Iat face

treatment; (B) large ffat surface treatment by a set of buffing

wheels; (C) treatment of pipe inner surface [Baron 1986J.

1, workpiece, 2. exciting coil, 3. yoke, 4, magnetic poles, 5. gaps

with ferromagnetic abrasive powder, 6. electric motor, N= North.

S= South
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abrasive finishing tool comprising of an abrasive cloth is introduced inside the

tube and is driven by the magnetic force at the same speed as that of the
rotating magnetic field along with the internal surface of the tube. Thus, the
internal surface of the tube is finished.

2.2 a: Internal finishing of tubes

Using electromagnet coils:

A rotating magnetic field is generated by six electromagnetic coils installed on a
circular yoke and powered by a three phase AC current (Figure 2.13)[Shinmura

et ai, 1993b]. The finishing tool comprises a permanent magnet made of rubber
sheets with N-S poles that is driven by the magnetic force, so as to rotate along

with the internal surface of the tubing at high speed (Figure 2.14 and 2.15).

Process Principle:

Rotating mechanism of the finishing tool

A sinusoidal three phase current with a 1200 phase shift excites each coil as

shown in Figure 2.15. Consequently, the magnetic field also changes in a
sinusoidal mode. When pole 1 is magnetized as N to its maximum at time a,

poles 2 and 3 are magnetized as S. Pole S of the finishing tool receives a

magnetic attractive force from magnetic pole 1 and repulsive force from pole 3.

N pole of the finishing tool, on the other hand, receives a magnetic attractive

force from magnetic poles 2 and 3. The attractive force of pole 2 is less than the

attractive force of pole 1. Thus, the finishing tool advances in the direction

shown by the arrow, along the internal surface of the tubing, at time a.

At time b, the magnetic pole 2 is changed from S to N, and pole 3 is magnetized

to its maximum value S. The magnetic pole 2, which is now N, repulses the N

pole of the finishing tool, while pole 3 provides attractive force to the tool. S pele

of the tool rotates in the direction of the arrow, under the attractive force from

pole 1 and repulsive force from pole 3.

At time c, the magnetic pole 1 changes from N to S, while pole 2 becomes N.

The initial situation is reproduced if poie 2 is considered instead of pole 1, pole

3 instead of pele 2, and pole 1 instead of pole 3.
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Figure 2.12: Schematic diagram of internal finislling apparatus by the

application of a linearly travelling magnetic field [Shinmura and

Yamaguchi. 19941
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Figure 2.13: Basic construction of finishing equipment [Shinmua et ai, t 994J.
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Figure 2.14: Shape and size of magnetic finishing tool used in

experiments (Shinl11ua et ai, 19941.

K1I,."..tt~ rol .. nu.lJoor
I 2 2

Figure 2.15: Magnetic force acting on a magnetic finishing tool.

[Shinmura et ai, 1994).
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Thus, rotating action is repeated. In this way, the magnetic finishing tool is

driven smoothly along the internal surface of a tube by the magnetic force,
synchronous with the external rotating magnetic field. The precision internal
finishing of tubing is performed by the abrasive materials attached to the tool
surface.

In the internal finishing of a bent tubing,where the conventional machining

processes are inaccesible, the internal surface can be uniformly finished using
this process to 0.4 ~m Rmax [Shinmura et ai, 1993bJ. It is also found that this

process is feasible for internal finishing of tubes with thickness up to 20 mm.

Using permanent magnets:

Using rotating permanent magnets:

In this process, four magnetic poles (N-S poles), with rare earth permanent

magnets installed on a circular yoke, are rotated at high speed around a
stationary circular tubing, as shown in Figure 2.16 [Shinmura et ai, 1994J. A
mixing type magnetic abrasive, in which small size magnetic abrasives (44 ~m

diameter) are mixed with large size iron particles (330 ~m in diameter), is

supplied to the working area of the tubing and rotated by the magnetic force,

together with the external rotating magnetic poles. This results in an extremely

smooth finish on the internal surface of the tubing.

Using vibratory permanent magnets:

Figure 2.17 shows an internal finishing apparatus consisting of a small unit type

which incorporates ferrite permanent magnets, installed on the carriage of the

lathe assembly [Shinmura et ai, 1993). A magnetic finishing jig comprising rare

earth permanent magnets and a ferromagnetic material, is used in this finishing

apparatus (Figure 2.18). The shape and size of the magnetic finishing jig and

magnetic poles are shown in Figure 2.18. This configuration makes a non
uniform magnefic field distribution between the magnetic finishing jig and the

magnetic poles. The rare earth permanent magnets are fixed on the finishing

parts of the magnetic finishing jig. When polishing cloth is stuck on this jig, it

becomes a magnetic finishing tool. If is found that both magnetic flux density

and the magnetic finishing pressure by the magnetic finishing jig are much
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Figure 2.17: IIssembly view of the magnetic finishing apparatus
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Figure 2.18: Shape and size of magnetic finishing jig [Shinmura et ai,

1993J
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higher than those by the magnetic abrasives. A vibration generator is installed

to vibrate the magnetic poles. The magnetic force used as the finishing pressure

is generated in between the magnetic poles and the magnetic finishing jig. As
the magnetic finishing jig generates the finishing pressure from inside of the

tubing, this can make a reciprocating action following motion of the magnetic
poles.

2.3 Synthesis 01 magnetic abrasive powder

The development of the MAF process requires the development of special

abrasive materials with ferromagnetic properties. The simplest of these are the
well know powders of hard alloys of iron (iron-carbon, iron-aluminium-carbon,

iron-titanium, etc.), which are generally used for finishing soft alloys or

nonferrous metals, steel, wood and plastic [Baron, 1975]. They can be used to
remove soft oxide films or scale. But, harder materials can not be finished by

iron powder. So, bonded magnetic abrasives of ferromagnetic powder and hard

abrasive were developed. In the former USSR [Nalivka et aI., 1991,

Liashchenco et aI., 1983, Dyad'ko and Krymsky, 1992, and Oliker et ai, 1983J
and later in Bulgaria [Bradvarov et al.,1987]) and in Japan [Hori and Watanbe,

1987) special composite FAPs were developed with different structures (Figure

2.19). For the ferromagnetic component, these materials generally contain iron

and its alloys, and for the abrasive component hard, refractory compounds such

as titanium carbide, AI203 etc. are used. Several techniques such as internal

nitriding [Liaschenco, 1982], solid-phase combustion synthesis [Kiparisov,

1979], melt spray have been used for the production of such bonded magnetic

abrasives [Baron, 1975]. As the iron content in the abrasive material is important

from the point of view of magnetic properties of the magnetic abrasive, studies
have been conducted to optimize the composition of the magnetic abrasives to

achieve better removal rate, using an abrasive agglomerate with better

magnetic properties [Krymsky, 1984). These studies indicate that the quantity of

the magnetic component should be in the range of 35-70% (by volume). The

optimum composition depends on the device field strength and its configuration

in the working gap. The average grain size of the magnetic component is in the
range of 100-300 11m and the abrasive component is in the range of 1-10 11m.

Dyad'ko and Krymsky showed that the polishing ability of MAPs depends not

28



{(21 (9 ()
abc

Figure 2.19 : Schematics of FAP grain sfrucfures [Krymsky, 19931

white, ferromagnetic phase; black abrasive phase; a: pure

ferromagnetic metal or ifs solid solution with other metals

(e.g. iron-aluminium-silicon) or its chemical compound (e.g.

iron oxide); b: FAP with entire abrasive coating; c: FAP with

abrasive particles located only on the grain surface; d, FAP

willl uniform distribution of abrasive particles; e: FAP with

abrasive particle layer; I: FAP on the base of eutectic alloys

of iron (e.g. iron-iron carbide); g: FAP willl abrasive matrix;

11: FAP with matrix of eufectic alloy i: FAP willl core of pure

magnetic alloy and coafing of eutecfic ailoy wifh inclusions

of abrasive particles
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only on the microstructure of the grains but also on their macrostructure
[Dyad'ko and Krymsky, 1992).

Suzuki et al showed that the polishing capacity of the magnetic polishing of free

curved surfaces in moulds was greatly improved using short fiber magnetic

polishing material [Suzuki et ai, 1991]. The use of short fibers shown in Figure

2.20 in conjunction with magnetic abrasives increased the finishing efficiency

and useful life of the magnetic abrasives. This was due to the reduced friction

between the polishing grains. Anzai et al showed the possibility of magnetic

abrasive finishing of curved surfaces of a WC·Co alloy, using iron bonded

diamond magnetic abrasives developed by a sintering process [Anzai et ai,

1992).

2.4 Movement of magnetic abrasives In the finishing zone:

All MAF devices depend on the properties of the magnetoabrasive tool (MAT)

[Krymsky, 1993). Compared with traditional abrasive tools with hard mechanical

bonding (e.g. grinding wheels). or free abrasives (lapping), MAT has the

following advantages [Krymsky, 1993]:

• Magnetic abrasive grains are not fixed rigidly in space. Investigation of

the MAF process using high·speed photography showed that grains in

the MAT slowly migrate in the finishing zone under the action of

tangential friction force exerted by the rotating workpiece. Periodically,

the grains rotate around their axes. This complete motion of the grains

ensures self·sharpening of the MAT and a complete trajectory of

finishing motion which is necessary for polishing.

• Automatic leveling of the grains relative to the work surface, due to

attraction of the grains to the ferromagnetic work surface in the magnetic

field.

The levelling of the grains and the presence of several grain layers between the

poles and the workpiece allows the use of FAPs that are significantly coarser,

with a wider range of sizes. These FAPs are cheaper than those used for

common finishing. The finishing efficiency of the MAF depends to a large

degree on the method of forming the abrasive brush and its movement during

the finishing process.

30



1/1/1/
JIIeI1 ~tolll)r.... It".....,
....... It! poln.lIl,. ",,,,,,"

I" ItT., .
,an."...".,.

I

Figure 2.20: Type of sllort fiber Magnetic polislling materials (Suzuki et al. t 991]

Figure 2.21: Transfer of tile magnetic abrasives to the adjacent finislling zone

in tile direction of movement of the workpiece IMaiboroda et al ..

1989J
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When a rotating workpiece is introduced into the magnetic abrasive region, the

abrasive brush is displaced in the direction of the movement of the workpiece

towards the outlet of the finishing zone (Figure 2.21). This displacement occurs
because of the following two factors:

1. The disturbance introduced by the rotating workpiece to the abrasive

brush resuhs in pushing apart of the abrasives [Maiboroda et al, 1989).

The magnetic abrasive brushes consist of tapered columns. the base

of which is located on the working surfaces of the magnetic pole tips

[Shlyuko et ai, 1985). In the direction of movement of the rotating

workpiece, the disturbances propagate only within the tapered

columns. The columns themselves possess increased elasticity in the

direction approaching the direction of the magnetic force lines, and

may not deflect under the action of disturbances introduced by an

amount sufficient for contact with the adjoining columns. In any case,

the rate of propagation of these disturbances may not be comparable

with the rotational speed of the workpiece.

2. The ferromagnetic abrasive powder (FAP) is held in the working gap

by the tangential component of the magnetostatic force F, which occurs

only along the edges of the magnetic poles. But the tangential cutting

force and the frictional force F, combine to carry the magnetic abrasive

particles (MAPs) from the working gap. To retain the MAPs in the

working gap, Ft must be greater than F,. As there is no tangential

magnetostatic force inside the working gap, the MAPs can be moved

by F, toward the exit of the working gap, which causes an increase in

the packing density of the powder and its wedging near the exit.

As a result of the small displacement in the magnetic abrasive brush, a group of

abrasive grain positioned at the exit of working zone is separated from the main

abrasive brush during rotational movement of the workpiece. As shown in

Figure 2.21, part of this separated powder settles on the nonworking surfaces of

the magnetic poles. The rest of the abrasive mass is transferred to the region of

the adjacent finishing zone and takes part in further polishing. After a certain

period of polishing, stabilization is reached when the amount of abrasive

carried into the finishing zone is equal to that carried away from it. The relative
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stabilization of the magnetic brush in the magnetic gaps starts approximately
20-30 seconds alter the start of polishing.

Maiboroda conducted a mathematical analysis of the motion of magnetic

abrasives in transverse and longitudinal directions through the finishing zone

[Maiboroda et. aI., 1987J. Figure 2.22 shows the variation of the normal

component of the direction of motion of abrasives in the finishing zone with

distance from the entry zone. It shows that alter a 10 second period, the normal

speed of the magnetic abrasives falls near the region of entry into the working

zone, and subsequently grows linearly. Alter 20-30 seconds the normal speed

increases almost linearly. The reason for this is that, at the initial instant of time,

the magnetic abrasives experience intense transformation into a state

characterized by maximum agitation of the abrasives which are being

displaced by the workpiece. A stable state is attained in about 30 seconds alter

the beginning of the abrasive finishing process. The figure also shows that at

the entry of the working zone, the normal rate of motion of the powder is

negative alter 20 and 30 seconds of polishing, i.e. the powder has a tendency to

move away from the workpiece towards the magnetic poles. An explanation of

this phenomena is found by the formation of fan-shaped condensed regions at

the entry of the workpiece, during the latter's movement through the finishing

zone [Shlyuko et aI., 1985]. Such condensed regions, under the action of a

rotating workpiece, tend to split the magnetic abrasive brush, imparting to the

abrasives, at the same time, a normal velocity component in a direction away

from the workpiece towards the magnetic poles. Another characteristic feature is

the distribution of the magnetic abrasive brush in the finishing zones towards

the end of the polishing cycle. In the entry region, where the normal velocity

component has large absolute value, the distance between the tips of the

powder columns resting on their bases on the working surfaces of the pieces is

a maximum. As the normal component tend to zero, this distance decreases,

resulting in the formation of a continuous, dense magnetic abrasive brush.

Figure 2.23 shows the variation of the speed of magnetic abrasive in the

tangential direction along the length of finishing zone. During the motion of the

workpiece, at velocities of 3.14 and 3.93 mis, the tangential component of the

speed of the particles in a batch of powder was found to be independent of the

position of the abrasive grain in the finishing zone and is determined by the

rotation speed of the workpiece. This was assumed to be due to the integration
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abrasives as function of along working length of magnetic gap

after polishing for (1) 10, (2)20, (3)30 seconds [Maiboroda et. aI.,

1987J
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Figure 2.23: Variation of tangential component of the rate of motion of magnetic

abrasives along working length of magnetic gap at workpiece

speed of 2.35 mls after polishing for (1) 30, (2) 20, (3) 10 seconds

at speed of (4) 3.14 m/s and (5) 3.93 m/s [Maiboroda et. aI., 1987J
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of the fan-shaped condensed regions of magnetic abrasive brushes at certain

speeds and workpiece-to- magnetic abrasive size ratios. This analysis shows

that the most effective mixing of magnetic abrasive takes place near the entry
point of the finishing zone.

The movement of the abrasives during polishing is analyzed by evaluating the

resistance exerted by the abrasive grains to the movement of the rotating

workpiece [Maiboroda et aI., 1965]. The method is based on measuring the

current of the electric motor that rotates the workpiece. The authors observed

that with increasing speed, the frictional resistance exerted by the magnetic

abrasives to the movement of the workpiece increases with the length of path

travelled by the workpiece.

The work performed during the reforming of magnetic abrasive material from a

uniformly distributed state into the working stable state, is calculated by

measuring the area of the curve in Figure 2.24 for different rotational speeds.

When the work done is piotted against the path travelled by the magnetic

abrasives, four regions are observed (Figure 2.25). In region I, the linear

increase of the work, carried out by the workpiece, is significant and the typicai

process is the reforming of magnetic abrasives from the initial state to a

comparatively stable state, and the transferring of the powder from one finishing

zone to other. Region II is a transition region between regions I and II. In region

III, the rate of increase of the work is linear, with a smaller slope of the curve

than in region I. In this region, the position of the magnetic abrasive brush is

comparativeiy stable, and the transfer of the abrasives from one finishing zone

to the other is of a steady nature. Region IV is identical to III but the intensity of

carried out work decreases, since a certain part of the magnetic abrasives

settles on the nonworking surfaces of the magnetic poles without taking part in

the finishing process. This, in turn, decreases the total mass of the abrasives

and, consequently, the amount of work required for its displacement also

decreases.

From Figure 2.25, it appears that the resistance exerted by the abrasives to the

movement of the workpiece decreases with increasing speed of travel of the

components. This is associated with the reduction of the size of fan-shaped

seals formed at the entry stages of the workpiece and their partial or complete

failure.
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Figure 2.24: Variation of the resistance force exerted by the abrasives to the

movement of the component in finishing process in relation to the

length of the path travelled by the blade in the treatment zone. B

= 0.7T, Abrasive particle diameter =300~m, speed of motion = (1)

1.57, (2) 2.355, (3) 3.14, (4) 3.915, and (5) 4.71 mls [Maiboroda et

al.,1985J.
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Figure 2.25: Variation of the work carried out by the component in reforming the

magnetoabrasive powder in relation to the length of the path

travelled by the workpiece in the treatment zones. Speed: 3.915

mis, B: (1,2) 0.67T, (3,6) 0.67T, (4, 5) 0.7T, particle size: (1, 5, 6)

300 ~m, (2, 4) 100~m [Maiboroda et al.. 1985).
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It is important to obtain a sufficiently dense abrasive brush using the maximum

possible volume and cutting capabilities of the abrasive powder. As explained

in the above paragraphs, due to redistribution of the magnetic abrasives in the

finishing zone, the density of the abrasive brush is less at the entry into the

working zone and more at the exit. The dynamics of movement of the abrasive

brush, in the working zones, depend both upon the rotational velocity of the

workpiece and the magnetic field distribution in the abrasive region.

In order to study the movement of magnetic abrasive grains in relation to the

magnetic pole configuration, Maiboroda et al designed three different magnetic

poles [Maiboroda et ai, 1985]:

I) with a smooth working surface

II) with four vertical rectangular concentrators equal in width and

uniformiy applied

III) with rectangular concentrators nonuniformly applied, with increasing

width from the entry zone.

The ability of the magnetic pole was judged from its capacity to hold and trap

the magnetic abrasives and to prevent the transfer of the magnetic abrasive into

the region of adjacent finishing zone. To investigate this characteristic,

Maiboroda et al performed a set of experiments with different rotational speeds

of the magnetic workpiece [Maiboroda et ai, 1985] with each of the above three

magnetic poles, and the quantity of the magnetic abrasives retained in the

finishing zone was measured in each case. The rotational velocity in which the

steady state condition of the abrasives is attained is termed the threshold

rotational velocity. Magnetic poles with type III appeared to result in the most

stable condition of the magnetic abrasive brush. This was attributed to the

gradual increase with width of the rectangular barriers, in the direction of

movement of the abrasives in the working zone.

2.5. Generation of the finishing pressure In MAF

Shinmura conducted experiments to examine whether the magnetic pressure

generated in the finishing apparatus is capable of finishing the workpiece

[Shinmura et. ai., 1985d]. For this purpose, he set up a simple experiment as

shown in Figure 2.26a. He measured, the action force, F, as the magnetic flux
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Figure 2.26: Measurement of action force F generated by magnetic

abrasives in magnetic field [Shinmura et. aI., 1985d)
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density was changed, by putting strain gauges on an aluminium bar of 30 mm

diameter. The bar itself is not affected by the magnetic force, because

aluminium is a nonmagnetic substance. Magnetic abrasives were filled into the

working clearance on one side only. Shinmura found that as the magnetic flux

density increases, the action force also increases. Shinmura also observed that

as more magnetic abrasives are filled, the more action force is obtained (Figure
2.26b).

In general, when magnetism acts on the boundary plane of two materials with

different permeabilities, a magnetic stress is generated on its boundary plane

[Shinmura et aI., 1987b]. Figure 2.27 shows the magnetic pressure acting at the

boundaries belween substance [I] and [II]. The magnetic pressure at the

boundary can be described by the equation

where B is the magnetic fieid in mediums [I] and [II] and Ill, 112 are the magnetic

permeabilities of the substance [IJ and [II] respectively.

If Ilrm is the specific permeability of the magnetic abrasives then the equation

becomes

p ~L (1 -..1-)
21.lo Il,m

In the above equation, the magnetic abrasive is considered as a solid block of

material. As the magnetic abrasive consist of ferromagnetic substance (Fe) and
nonmagnetic substance (A120a etc.), Ilrm is strongly dependent on the

permeabilities of both of its constituents. The equation for the Ilrm is given as,

1 - [ 11. Il. ito + V I Il. l' J
I.la 21l. + I.lo 21l. + Il

J.1tm =-
I.lo 1 + ~. Il. ito + V, Il. l'

2 Il. + I.lo 21l. + Il

where lla,llg, and Il are the magnetic permeabilities of air, AI20a (abrasive),

and iron respectively,
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Vi and Vg are the volume ratio of iron and AI203 abrasive in the magnetic
abrasive respectively.

If we assume, ~a = ~g = ~a and ~r = lL'~, we get,

2+~-2(l-~)Vi

~ = 2 +~ + (I -~) Vi

Assuming that the shape of the magnetic abrasive particles is spherical, and the

filled state of particles is a tetragonal arrangement, and also that a group of

magnetic abrasives in the working zone is composed of three elements (i.e.

pure iron, abrasive grains and pores), we can assume, Vi = 1tw/6.

Hence,

6(2+~)-27t(l-~)w

~= 6(2+~)+1t(1-~,)w

Using the equations, the theoretical formula for the finishing pressure "P" is

given by:

p=L 31ttltg-1)w
4!La 3 ( 2 +!J.g) + 1t tltg - 1) I/o

where B = magnetic flux density in the working zone

!La = magnetic permeability in vacuum

!Lg = relative magnetic permeability of pure iron

w= volume percentage of pure iron contained in one particle

(2.1)

From equation (2), it is evident that finishing pressure generated by a group of

magnetic abrasives in the working zone has no relation to the magnetic

abrasive particle diameter. The calculated results are shown in Figure 2.28

which agree well with the experimental values.

If Bi is the magnetic field through the iron, then the magnetic field through the

abrasive (Bj) can be given by the relation,
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BJ· = (ll.w (1 - J...) + J...} B·
6 ~ ~ ,

Figure 2.29 shows the B-H curves for the magnetic abrasive and 0.16%C steel.
From the B-H curve for iron, Bi-J.lr curve for iron is calculated, as shown in

Figure 2.30. Knowing Bi-J.lr curve for iron, one can obtain the Bi - J.lrm curve

for the magnetic abrasives. The calculated Bj - J.lrm curve for the magnetic

abrasives matches closely with that of the measured curve, as shown by the

dotted line in Figure 2.30.

Modificatiao of finishing pressure

Real finishing pressure, Pd, during polishing can be smaller than the

static finishing pressure, P, by factor of~, given by equation (2.2), because of a

change of structure of the magnetic abrasive brush [Shinmura et ai, 1987b].

(2.2)

(2.3) .

(2.4)

The magnetic abrasive brush can be deformed, due to a tangential resistance

acting on it during polishing. If some amount of magnetic abrasive is thrown

away, the concentrations of magnetic abrasive and finishing pressure were

decreased. The value of ~ can be a function of the binding force 6Fm of

magnetic abrasives. Fm can be shown to be

3n D'X~ B
6Fm = -=..:.:..=..~::"

8 J.lo (3 +X')'

where D is the average diameter of the magnetic abrasive particle.

X, is the relative magnetic susceptibility of the magnetic abrasive particles

B is the magnetic field density in the abrasive region.

Estimation of remoyal amount by magnetic abrasive finishing

The removal mechanism can be assumed as cutting by abrasive grains, whose

tip shape is conical or spherical. The removal amount, M, can be estimated by

the following equation.

M C1 L o {H,r(1- 15t~("'o°-1
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(2.5)

Where, Lo is the cutting length of one abrasive

Hv is the hardness of the workpiece

X. is the relative magnetic susceptibility of the magnetic abrasive particles
D is the average diameter of the magnetic abrasive particle.

But the effects of cutting fluid and vibration on M does not enter in this equation.

Estimation of surface roughness by magnetic abrasive finishing

If the finished surface was generated by the accumulation of cutting by each

abrasive, surface roughness Rrnax can be estimated from the following equation

[Shinmura et ai., 19B7b),

h 0; d D1-2 (H.)"05 - 'j (~)'O5-1

where d is the diameter of the abrasive grain (Figure 2.33).

Design of magnetic circuits;

Magnetic field produced by the permanent magnets is analyzed by the

permanence method. The relationship between exciting current I and magnetic

flux density B, both theoretically and experimentally, are shown in Figure 2.31

and 2.32 [Shinmura et ai, 19B7bJ. From Figures 2.31 and 2.32, when I is

relatively small, the theoretical values agree well with the experimental values.

On the other hand, when I Is relatively large, experimental values allain

saturation, and theoretical values are larger than experimental. In order to

predict magnetic flux density and magnetic pressure in the magnetic abrasive

finishing apparatus, the simulation of the process using finite element analysis

is necessary.

2.6. Factors Influencing the magnetic abrasive finishing process:

In the magnetic abrasive finishing process, finishing capabilities depends on

the various parameters and their mutual interaction. For efficient performance of

magnetic abrasive finishing, these parameters have to be properly selected. In

the following sections, the effect of above mentioned parameters on the

magnetic abrasive finishing will be reviewed. This study is further utilized to

investigate the process's finishing performance.
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(2.5)

Where, La is the cuning length of one abrasive

Hv is the hardness of the workpiece

X, is the relative magnetic susceptibility of the magnetic abrasive particles
D is the average diameter of the magnetic abrasive particle.

But the effects of cuning fluid and vibration on M does not enter in this equation.

Estimation of surface roughness by magnetic abrasive finishing

If the finished surface was generated by the accumulation of cutting by each

abrasive, surface roughness Rmax can be estimated from the following equation

[Shinmura et aI., 1987b),

h CL d D"2 (H,r(05' ') (~)'O.5"

where d is the diameter of the abrasive grain (Figure 2.33).

Design of magnetic circuits;

Magnetic field produced by the permanent magnets is analyzed by the

permanence method. The relationship between exciting current I and magnetic

flux density B, both theoretically and experimentally, are shown in Figure 2.31

and 2.32 [Shinmura et ai, 1987b]. From Figures 2.31 and 2.32, when I is

relatively small, the theoretical values agree well with the experimental values.

On the other hand, when I is relatively large, experimental values attain

saturation, and theoretical values are larger than experimental. In order to

predict magnetic flux density and magnetic pressure in the magnetic abrasive

finishing apparatus, the simulation of the process using finite element analysis

is necessary.

2.6. Factors Influencing the magnetic abrasive finishing process:

In the magnetic abrasive finishing process, finishing capabilities depends on

the various parameters and their mutual interaction. For efficient performance of

magnetic abrasive finishing, these parameters have to be properly selected. In

the following sections, the effect of above mentioned parameters on the

magnetic abrasive finishing will be reviewed. This study is further utilized to

investigate the process's finishing performance.
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2.6.1 Magnetic Abrasive AgglQmerate:

The finishing capability, Qf the magnetic abrasive finishing prQcess, depends

cQnsiderably Qn the type Qf magnetic abrasives agglQmerate, its shape

[Krymsky, 1991a) and size [Shinmura et aI., 1987aJ. KnQwing the influence Qf

particle size, it is nQt Qnly pQssible tQ select the suitable particle size, but alsQ

guide in the develQpment Qf future magnetic abrasives. Use Qf CQarse abrasive

particles with sharp prQtuberances results in a high remQval rate but alsQ a

large surface rQughness [Krymsky, 1991 a). CQnversely, finer abrasive diameter

imprQve the finish Qn the surface at the expense Qf the material remQval rates

[Shinmura et aI., 1987aJ. Hence, Qptimum chQice Qf abrasive (material and size)

is required fQr remQval rates and/Qr surface finish. As the main advantage Qf the

magnetic abrasive finishing process is its ability tQ finish irregular surfaces, the

magnetic abrasive brush shQuld pQssess nQt Qnly ready defQrmability but alsQ

elasticity which will insure that Its shape is restQred after its defQrmatiQn by the

part being machined [Krymsky, 1987b].

As shQwn in Figure 2.33, magnetic abrasives can be characterized by the

particle diameter "0" and the diameter "dO Qf abrasive cutting grain.

Shinmura cQnducted experiments tQ study the influence Qf the difference Qf the

diameters 0 (diameter Qf abrasive parficle) and d (diameter Qf abrasive grain)

Qn stock remQval and surface rQughness [Shinmura et aI., 1987a]. He shQwed

that the magnetic fQrce acting Qn the magnetic abrasive particle is prQpQrtiQnal

tQ the particle vQlume (i.e. 0 3) in the case Qf equatiQn 1 and 0 2 in the case Qf

equatiQn 2. These fQrces are expressed summarily as fQIIQws.

(a= 2 Qr 3, k1=CQnstant) (2.6)

Assuming that a number Qf abrasive grains, n, cQntained in Qne magnetic

abrasive particle, act Qn the WQrk surface at the same time, the fQrce tJ. f exerted

by Qne abrasive grain Qn the WQrk surface is expressed by the fQIIQwing

equatiQn.

(2.7)

Assuming that the stQck remQval Qbtained by the magnetic abrasive particle is

equal tQ the prQduct Qf the stQck remQval Om" Qf the abrasive grain and number,
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n, of simu~aneous acting abrasive grains, and that this m is proportional to the
bth power of .6. f , the stock removal per unit area "M" is written as follows:

1

I
M ~ k2 0(ab-2) n (1-b) (k2~constant) (2.8)

The value b is affected by the shape of the abrasive grain cuning edge. When

the edge shape is a cone or sphere, the value is 1.0 or 1.5 respectively. From

equation (2.8), for a conical edge shape,stock removal M is not affected by a

change in d. However, for a spherical cutting edge, the stock removal M

increases as 0 increases and as n decreases (I.e. as d increases).

In general, abrasive grain cutting edges are considered to be a combination of

conical and spherical shapes. Accordingly, the bigger both the particle diameter

(0) and the abrasive grain diameter (d) become, the higher the stock removal.

The surface roughness also increases, as these diameters increase.

The magnetic abrasive particle is a compound substance of ferromagnetic

material and minute abrasive grains, integrally mixed. The minimum possible

volume of ferromagnetic material is limited by that required to obtain sufficient

magnetic strength. For this reason, firstly 0 should be selected, then d. In order

to obtain smooth surfaces, a small d should be chosen. Because stock removal

decreases as d decreases, a suitable compromise between removal rate and

surface roughness is required.

2.6.2. The shape of the magnetic pole:

Takazawa et al carried out experiments with different magnetic poles to

characterize the magnetic pole shape, in terms of material removal rate and

finishing efficiency (Fig. 2.34) [Takazawa et ai, 1983J. They also investigated the

influence of the variation of the magnetic pole area on the finishing

characteristics.

Magnetic pole (a)-(d):

In these designs, notches with various dimensions were made on the magnetic

pole in the axial direction of the work. It helps in preventing the flow of abrasive

grains off the workpiece. It, however, results in an uneven magnetic field. They
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observed that the removal rate is increased and surface roughness decreases,
as the magnetic pole area increases (Figure 2.35a).

Magnetic poles (b) and (e):

Takazawa et al also investigated the effect of notches on the finishing

characteristics. They found that the pole with nofch (b) showed a high removal

rate compared to one with no notch (Figure 2.35b).

Magnefic pole (f) and (g):

In the case of magnetic pole (g), the position of the magnetic pole is deviated

from the work, in order to investigate the dynamic squeeze effect of the abrasive

grains, by rotation of the work on the finishing characteristics compared with

magnetic pole (f). The magnetic pole (g) showed larger removal and a smaller

surface roughness, as compared to the pole (f) due to squeeze effect. However

scratches were found in the case of (g).

Magnetic pole (h):

This magnetic pole aims to form an uneven magnetic field and prevents a runoff

of abrasive grains by setting many notches in the axial and rotary directions on

the workpiece on the pole. In this case, the removal rate is large and the surface

roughness is small, despite a small magnetic pole area.

If the work is non-ferromagnetic, leakage of the magnetic flux is large, thus it is

difficult to obtain the magnetic flux density effective for finishing. The design of

the magnetic pole should therefore be considered so that magnetic flux leakage

is held down to a minimum and abrasive grains do not escape.

Effect of clearance between the work and magnetic pole:

Krymsky analyzed the effect of clearance between the work and the magnetic

poles on the wedging of the magnetic abrasives [Krymsky, 1986). He found

wedging of abrasives plays a considerable role in the material removal rate

obtainable by this process. The studies were also conducted to evaluate the

effect of amount of abrasive material, magnetic field density and the angle of

attack of the abrasives on the normal force exerted by the abrasives on the rod

and sheet material [Krymsky, 1991b].
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2.6.3. Vibration 01 the workpiece:

With only rotation 01 the workpiece and absence of axial vibration, formation of

circumferential grooves would be a problem. Axial vibration results in multi
directional finishing, thus improving the surface finish (Figure 2.36) [Shinmura
et ai, 1984a].

2.6.4. Magnetic field densi~:

Relative motion between the magnetic field and workpiece can be achieved in

the following two ways:

a) Static Magnetic field:

A cylindrical workpiece, such as a ceramic bearing roller, is clamped to the

chuck of the spindle providing a rotary motion. A working clearance of roughly 5

times the abrasive particle size is provided between the work surface and the

magnetic pole. Axial vibratory motion is introduced in the magnetic field by the

oscillating motion of the magnetic poles. The surface and edge finishing are

carried out by the flexible magnetic abrasive brushes.

b)Rotating magnetic field:

Shinmura et al devised a finishing apparatus utilizing a rotating magnetic field

[Shinmura el. aI., 1986a). They obtained a rotating magnetic field by using three

current carrying coils arranged at intervals of 1200 with the three phase AC

current as shown in Figure 2.13. As a result of the dynamic behavior of

abrasives, the rotating magnetic field component increased the stock removal

compared to a static magnetic field.

Shinmura et al found the material removal rate to increase with the magnetic

flux density upto a certain point, beyond which it attains saturation showing a

reducing tendency thereafter (Figure 2.37) [Shinmura et aI., 1984]. They

explained this effect thus:

Magnetic pressure P is related to the magnetic flux density in the foltowing way

[Takazawa et aI., 1983J:
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Figure 2.36:

Figure 2.37:
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2
p =JL (1 :.1-)

2 110 llr
(2.9)

•

Where 110 is the permeability in air

and llr is the relative permeability of the magnetic abrasive grains.

llr decreases as B increases and with further decrease in B, llr becomes 1. In

accordance with the above equation, the effect of B on P (Figure 2.38) can be

explained. In the range of smali B, llr»1 and P varies proportionaliy to B<.

However as llr approaches unity at large values of B, magnetic pressure attains

a steady value. Thus, material removal increases initialiy with increase in B.

However, once a critical value of B is reached, the material removal attains

saturation.

2.6.5 Surface finishing time:

Shinmura found the removal volume and removal rate to increase with finishing

time, again reaching saturation after certain time. Also, the surface finish

improves with time tili it reaches saturation after a certain duration of polishing

[Figure 2.39) [Shinmura et aI., 1984).

2.6.6 Surface speed of the workpiece:

Shinmura found the removal rate to increase gradually with increase in

rotational speed of the workpiece, due to an increase in the finishing distance

per unit time (Figure 2.40) [Shinmura et aI., 1984).

2.6.7 Machining fluid and lubricant

Lubricant has been found to enhance the surface finishing efficiency of the

process (Shinmura et aI., 1986c]. The iubricant makes the abrasive brush more

flexible and enhances its capability for cutting peaks on the surface. They

observed that the finishing characteristics are influenced considerably by the

addition of machining fluid to magnetic-abrasives.

They carried out experiments with different machining fluids, such as emulsion

type grinding fluid, straight oil type grinding fluid, light oil and stearic acid in

different concentration (from 0 to 10%) [Shinmura et aI., 1986c). The effect of
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various machining fluids on the stock removal and the surface roughness are

shown in Figure 2.41. It can be seen from this figure that the stock removal
increases almost linearly against finishing time. When the amount of machining

fluid exceeds 5 wt%, the magnetic-abrasive brush. which has been in stationary

state in the absence of fluid, is stirred up and vibrated by the rotational and

oscillational motions of the workpiece. Since, with the addition of the machining

fluid, abrasives cut deeper into the surface, the surface roughness of the
workpiece could not be improved beyond 0.5 11m Rmax.

The temperature in the polishing region is low within a short finishing time.

Stearic acid (melting point: 71.5 C) does not become a liquid. Consequently,

the stock removal rate is low. However, with increase in finishing time, stearic

acid becomes a liquid due to a large increase in temperature. Consequently,

the agitating action of magnetic-abrasives starts suddenly and simultaneously,

the stock removal increases rapidly (Figure 2.42). However, excessive lubricant

causes difficulty in recycling the magnetic abrasives.

2.6.8 Materials of workpiece [Sbinmura, 1987bJ.;

Magnetic and nonmagnetic materials

For nonmagnetic materials, a long polishing time (30 minutes) is needed

because of the smaller magnetic polishing pressure.

Hardness

Shinmura found the removal volume to be proportional to H;o.•, in the case of

stainless steel, as shown in Figure 2.43, where Hv is the hardness of the work

material .lShinmura, 1987b).

Finishing of Si:l./'i~..llar

Diamond abrasive with iron particles can finish a Si3N4 bar from 0.45 11m Ra to

0.05 11m Ra in 30 minutes [Shinmura, 1987b].
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Residual Stress

Shinmura measured the residual stresses on a polished surface of steel, with

an X ray spectroscopy [Shinmura, 1987b]. Compressive stresses of 230 MPa
and 160 MPa were observed for steel and brass, respectively.

Thickness of damaged layer

With a micro Vickers hardness tester, the hardness of a polished surface was

measured under different testing loads (25g • 1000g). Changing of hardness by

change of test load shows that the surface condition was changed by polishing.

2.7 APPLICATIONS:

Depending on design of the device and finishing conditions, the MAF method

allows finishing of shafts, axles, rods, bushes, rings with diameters from 1 to

2000 mm and lengths from 5 to 2000 mm. The process is applicable to finishing

of parts that have fillets, annular grooves, threads, shoulders, and spherical and

conic surfaces (Figures 2.1, 2.4, and 2.9); pipe edges, with inside and outside

surfaces to 200 mm from the edge; plane surfaces with grooves and shoulders

to a depth of 1 mm; ferromagnetic and nonferromagnetic narrow bands (to 40

mm) and wires with thickness to 5-6 mm; edges of sheets; inside surfaces of thin

(to 1-2 mm) nonferrous tubes. The magnetic abrasive finishing process has

been investigated for different applications, such as roller finishing IShinmura et

al,. 1985a). edge finishing such as deburring and precision rounding off

[Shinmura et aI., 1985b, 1986a], plane finishing [Shinmura et aI., 1985c, 1989a,

1989b], interior finishing of tube [Shinmura et aI., 1985a, 1989c}, and spherical

finishing of ball valves and hinges [Shinmura et aI., 1985a].

Typical industrial applications of this process are [Shinmura et. al. 1985a]:

-Finishing of the surface and the end face of the pumping gear

-Edge finishing of gears of hydraulic gear pumps

-Finishing of metal molds

-Finishing of flatwears
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-Finishing of bearing race surlaces

-For removing grinding burr of precision a cutting tool such as reamer.
broach, hob or tap.

-Surface finishing of the dies for rubber products

-Edge finishing of camshafts

- Finishing of cutting tools, including taps. feed screws. and worms

- Finishing of small parts with complicated shapes, printed circuit boards
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CHAPTER 3

ANALVTlCAL MODELLING

3.0 Introduction

Although the magnetic abrasive finishing process has been investigated by

many researchers [Baron 1987, Shinmura et al 1984-94), study on the effect of

various parameters on the material removal rate and surface finish is far from

complete. This is especially so with nonmagnetic work materials, including

nonmagnetic ceramics. The understanding of the magnetic field density

distribution in the magnetic abrasive region and the magnetic forces developed

on the surface of the rollers, which affect the surface finish and the material

removal rate obtainable by the process, have not been studied in detail.

Continuous efforts in this direction will give new insights into the many facets of

the process, thereby improving the performance and versatility of the process.

As described in Chapter 2, Takazawa et al [Takazawa et ai, 1983J attempted to

optimize different magnetic head designs in terms of finishing efficiency and

material removal rate. This was done by building different magnetic heads and

evaluating their relative performance. However this is a trial and error process

which is time consuming and expensive. Finite element analysis is preferable

because it overcomes the need to actually build various designs. The

performance of different designs can be simulated and the more promising

ones can be built and tested. This investigation is aimed at optimizing the

magnetic head design to achieve the desired magnetic pressure exerted by the

magnetic abrasives on the surface of the roller for high removal rate and lor best

finish.

In this chapter the principles used from the theory of magnetism to address this

problem are first presented. Next, the finite element analysis of the magnetic

abrasive finishing system using ANSYS (5.0 version) program is described.

Also, the procedures used for the characterization of the magnetic head, using
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both experimental and FEM approaches are described. Finally, the finite

element analysis is used to estimate the magnetic field distribution and the

magnetic force exerted on the workpiece by the magnetic abrasives for different
magnetic head geometries.

3.1 THEORY:

Electromagnetic fields are governed by the following Maxwell's equations:

where

Also,

where

Vx(H)=P)

V.(B)=O

v x is the curl operator

V. is the divergence operator

(H) is the magnetic field intensity vector

{S} is the magnetic flux density vector

{J} is the current density vector,

(J} = {Js} + (Je}

(Js} is the fixed source current density vector

{Je} is the induced eddy current density vector

(3.1 )

(3.2)

The above field equations are supplemented by the following constitutive

relationship that describes the behavior of electromagnetic materials. For

problems concerning saturable material without permanent magnets, the

constitutive relation for the magnetic fields is given by

{S} = !Ill {H} (3.3)

where [Ill is the magnetic permeability matrix which in general is a function of

{H}

[
Iln 0 J[11] = 0 11" 0
o C\lu
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The magnetic permeability can also be written as

where ~o is the permeability of free space, and

[Il,] is the relative permeability matrix

Rewriting the general constitutive equation in terms of magnetic reluctivity, it

becomes

where

{H} x fJ] {B

Iv] is the reluctivity matrix = [Ill-'

(3.4 )

The magnetic flux density B is the first derived resu~. It is defined as the curl of

the magnetic vector potential. This evaluation is performed at the integration

points using the element shape functions.

Magnelic Forces:

Magnetic forces are computed by elements using the vector potential method

(PLANE13). Maxwell stress tensor is used to determine forces on ferromagnetic

regions. For the 2-D application, this method uses extrapolated field values and

results in the following numerically integrated surface integral:

(F''') =.1.f [A,,]T[Tu T12] (nllds
)J4) T2\ Tn n2• (3.5)

where: T11 = Bx2 - 1/21B12

T12=Bx By

T21 = By Bx

T22 = By2 - 1/21B12

n, is the component of unit vector normal in the x-direction

n2 is the component of unit vector normal in the y-direction

ds is the surface area of the element face
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The magnetic permeability can also be written as

where ~ is the permeability of free space, and

[l'r) is the relative permeability matrix

Rewriting the general constitutive equation in terms of magnetic reluctivity, it

becomes

where

(HI ~ f.'J IB

[v) is the reluctivity matrix ~ [jJ.J-'

(3.4)

The magnetic flux density B is the first derived result. It is defined as the curl of

the magnetic vector potentiaL This evaiuation is performed at the integration

points using the element shape functions.

Magnetic Forces:

Magnetic forces are computed by elements using the vector potential method

(PLANE13). Maxwell stress tensor is used to determine forces on ferromagnetic

regions. For the 2-D application, this method uses extrapolated field values and

results in the following numerically integrated surface integral:

(3.5)

where: T11 ~ Bx2 - 1/2 IBI2

T12~BxBy

T21 ~ By Bx

T22 ~ By2 - 1/2 IBI2

n, is the component of unit vector normal in the x-direction

n2 is the component of unit vector normal in the y-direction

ds is the surface area of the element face
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IBI2 : Bx2+ By2

3.2 A Simple Model for the Magnetic Abrasive Finishing System

The magnetic abrasive finishing system described in Chapter 1 (Figure 1.2) can

be modelled using a simple magnetic circuit as shown in Figure 3.1.

In Figure 3.1 N I is the magnetomotive force (MMF) that generates the magnetic

flux 1jI, in the magnetic core.

Ie, J.lc, and Sc are the length, magnetic permeability and cross sectional

area of the ferromagnetic core. respectively

la. ~a. and sa are the length, magnetic permeability and crosssectional

area of the ferromagnetic abrasives, respectively
Ig, ~. and Sg are the length, magnetic permeability and crosssectional

area of the air gap respectively
Reluctance of the ferromagnetic core, Rc : IdJ.lcsc

Reluctance of the ferromagnetic abrasives, Ra : la/~asa

Reluctance of the air gap, Rg : IgI~Sg

The following assumptions are made in the analysis:

• Flux leakage is neglected, which means that the total flux is

confined within the ferromagnetic core .

• Fringe effects are neglected, which means the air gap is sufficiently

narrow so that the total flux in the ferromagnelic core will continue to

flow across the air gap and the magnetic abrasives, without resulting in

any magnetic field loss from fringe effects. Hence,

The above magnetic circuit is solved using the electric circuit analogy. The

following equations can be derived from the circuit:

N I : R., IjI + R. 1jI\ (3.6a)

(3.6b)

Solving the above two equations for 1jI. the total flux is given by,
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(3.7)

The magnetic field density in the abrasive region is given by the reiation

(3.8)

Prooerties Abrasive Air Magnetic core

Lenath (Ia) 0.017 m 0.0065 m 0.984 m

Magnetic 1.8 X 10-6 1.256 X 10- 6 0.3936 X1Q-3
oermeabil itv

Crosssectional 1.6 X 10 -4 m2 6.8 X10 -4 2 X 10.3 m2

Area (w • I)

Table 1: The properties of the materials considered in a simple model of

the MAF apparatus.

Substituting the above values in equation 3.8 we get,

Ba = 0.27 T.

The calculated value of the magnetic flux density (0.27 T) is less than the

measured value in the magnetic abrasives region (0.4 T). This is due to the fact

that the magnetic poles are of converging shape which concentrates the

magnetic field in the abrasive region and minimal leakage of the field takes

place, surrounding the air gap present between the magnetic heads. However,

the above analysis of the magnetic abrasive finishing apparatus using complex

magnetic head shapes is rather complicated. Finite element analysis is best

suited for this purpose as any complicated shape of the magnetic head can be

effectively modelled and the exact nature of the magnetic field density

distribution in the abrasive region can be determined. In the following sections

details of the finite element analysis of the magnetic abrasive finishing process

are given.

68



3.3 FINITE ELEMENT ANALYSIS:

Finite element analysis (using the 2-D static magnetic analysis in ANSYS 5.0

version) is used for modelling the magnetic abrasive finishing of nonmagnetic

rollers. Rgure 3.2 shows the geometry of the two dimensional model used in the

finite element analysis. The following assumptions are made in this analysis.

'The purpose of the current carrying coils is to generate the magnetic

field in the magnetic head region. It in no way influences the distribution
of magnetic field, when it is rotated through 900 for fhe purpose of

modelling.

• The thickness of the parts such as magnetic core in the experimental set

up is not considered for the purpose of two-dimensional analysis.

• Any eddy current loss. if present. in the current carrying coil is

neglected.

3.3.1 ANSYS ANALYSIS

The procedure for a typical ANSYS (5.0 version) analysis is classified into three

distinct steps:

1 To build the model

2 To apply loads and obtain the solution

3 To review the results

3.3.1.a To build the model:

Specifying Element types

Magnetic abrasive finishing of a nonmagnetic roller is modelled using the

following two basic elements:

1. Infin 9: Used for the boundary element type

2. Plane 13: Magnetic (permeable regions). current conducting

regions. permanent magnet regions. and air (free) space.
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Specifying Material Properties o( various elements o( MAF

The model consists of any or all of the following regions: air, non-magnetic
regions (nonmagnetic stainless steel/ceramic roller), magnetic saturable
materials (iron core, magnetic abrasives), current conducting regions (coil), and

permanent magnets, The linear material properties of air and current

conducting regions such as relative magnetic permeability (equal to 1) is

specified, Any non-magnetic material present in the cell has been assigned

relative permeability of 1. For saturable materials, the nonlinear properties such

as B-H curve is specified using TB commands. Figures 3.3 and 3.4 show typical

B-H plots of iron core (0.16% carbon steel) and magnetic abrasive material

(KMX80). They show that the iron core and the magnetic abrasives do not attain

saturation at the operating condition of magnetic flux density (0.4 T). This leaves

the scope for the further increase in the magnetic field.

Creating the Model Geometry

The 3-D magnetic roller finishing apparatus is converted to 2-D by rotating the

coils in the plane perpendicular to the axis of the polishing rod. As pointed out

earlier, this does not affect the analysis.

A common modeling session follows this general outline:

- Begin planning the approach: After determining appropriate element

types, establishing an appropriate geometry, ANSYS session is

initiated

-Execute PREP7 to initiate the model building session. Solid modeling

procedure is used for the present analysis

- Establish a working plane

- Generate basic geometric features such as areas, lines, and keypoints

using geometric primitives and Boolean operators

The main objective of the model generation is to generate a finite element

model, consisting of nodes and elements that adequately describes the model

geometry. The finite element model is created using solid modeling approach.

71



2

"8

-f- I."
e:- ,., ..

I I.

0.8 i.l

0.6

0.'

0.'

, I I I I (.10.. t)

250 "'" 1l5O 1000 1250

'20 "'" "'" .". "25

.H (in Aim)

o ----,,------,,------,----,-
o

Figure 3.3: S-H plot of iron core (O.16%C steel)

72



I-

1.12'

Tl

.!~

-f-
0.' "

.S 0.ll7S
I I

- .

o. '"
. -

<0 ! :1
"

0.&2'5 ..
";,

0.'
.. ~

"" "

0.::17"
;~

0.25 ,..

0.1:2 ,
./~

.'

0 ,
0 1"""

I I I I
hl~.2J

J200 "00 6_
800 2""" .000

8000
..00 7>00

H (in Aim)

Figure 3.4: B-H plot magnetic abrasives (KMXBO)

73



The geometric boundaries of the model are first defined. The ANSYS program

is then instructed to automatically mesh the geometry with nodes and elements.

By this procedure, the size and shape of the elements can be controlled. This

helps in obtaining a more detailed FEM of the various elements of the model,
such as the magnetic abrasive region and the magnetic heads. In the present
modelling, the sizes of the elements in the abrasive and magnetic regions were

specified to be 2 mm, as opposed to the element size in rest of the model which

is 20 mm. Figure 3.5 is a finite element model for the complete cell. It shows the

coarse element distribution in the magnetic core region and in the copper coils.

The fine element distribution at the nonmagnetic workpiece is depicted in

Figure 3.6. From this, it is clear that the complicated shapes of the magnetic

head can be effectively modelled using a finer element distribution. Materials

with different magnetic properties are numbered from 1 to 3 in these figures.

Material " 2 and 3 indicate nonmagnetic region, magnetic iron core, and
magnetic abrasives respectively.

3.3.1.b To apply loads and obtain the solution:

In this step, the analysis type and analysis options are defined. Here,

static (or steady state) analysis is used. Newton-Raphson descent 'on' option is

used as an analysis option to customize the analysis type. Once the analysis

type and options are defined, loads are applied as a source current density of

the electromagnet used for the generation of the magnetic field. The present

analysis is done for the source current density of 150 kNm2 through the current

carrying coils. Figure 3.7 shows the variation of magnetic field density with

current density through the current carrying coils. Load step options are

specified which involve breaking the load into a series of 5 load increments.

Convergence tolerances (0.01 %) for equilibrium iterations are specified. The

automatic time stepping option is used, in addition, to vary the time step size

during the nonlinear portions of the system's response. Finally, SOLVE

command is executed to initiate the ANSYS solution.

3.3.1.c To review the results:

Once the solution is obtained, ANSYS postprocessor (POST1) is used to review

the results. This step can be used to view the following results:
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Element plot of

Figure 3.6: The fine element distribution of the finite element model at the

nonmagnetic workpiece
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(3.9a)

• Flux lines (flux paths)

• Contour displays of flux density, field density, and source current
density

• Vector displays of flux density, and field intensity

As the distribution of magnetic field density controlling the magnetic force is

affected by the shape of the magnetic pole, consideration is given to it when

designing the MAF system. Various magnetic head designs considered in the

finite element analysis of the magnetic abrasive finishing process are shown in

Figure 3.8. The magnetic pole shape is governed by the included angle of the

magnetic head, presence of any air slot in the magnetic head (including its

geometry), and converging shape of the magnetic head.

The results of this analysis can be used to predict the magnetic field distribution

and the magnetic force distribution on the surface of the roller, which are

responsible for the finishing action during polishing. This, in turn, helps in

evaluating the capacity of the magnetic field source to carry out the finishing

operation.

3.4 Magnetic force distribution on the nonmagnetic roller

To calculate the magnetic force on the roller, the pressures acting on the

abrasives at the abrasive-magnetic pole interface and the roller-abrasive

interface at each nodal point are calculated using Maxwell stress tensor

approach. Using equation 3.5, the nodal pressure at each interface is integrated

with respect to the surface area on which these forces act

The nodal pressures in both normal and tangential directions are given by,

cr r (abrasive-rollerr 2~(B~- B~)

and

cr. (abrasive- rOllerr~BrB.)
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Where ~ is the permeability of free space

Br and Bs are the magnetic field densities in the radial and

tangential directions respectively at the node under consideration

O'r(abrasive.rOller) is the normal stress between the abrasive and the
roller interface

as(abrasive-roller) is the tangential stress between the abrasive and

the roller interface

and

Or (POle-abrasiveF ----.1-
2

(8~- 8~)
)labrasive

<1<l (pole-ab,asiveF Il 1 . (8r80)
abrasive

(3.10a)

(310b)

Where Ilabrasive is the permeability of free space

ar(pole-abrasive) is the normal stress between the pole and the

abrasive, and

as(pole-abrasive} is the tangential stress between the pole and the

abrasive.

The net force exerted by the abrasive on the roller is the difference between the

forces acting on the abrasive-roller interface and abrasive-magnetic pole

interfaces.

O'r(net) = O"r(abrasive-roller) - O'r(p:>le-abrasive)

as(nel) = as(abrasive-roller) - as(pole-abrasivel

3.4 Characterization of the magnetic heads

(3.11 a)

(3.11b)

The magnetic force exerted by the abrasives on the roller is measured using a

350 ohm strain gage formed in 1/4 bridge. The strains developed on the surlace

of the roller are measured using a strain gage indicator. Before the strain gage

indicator can be used, it is calibrated using static loads for the given
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experimental set up. The strain gage is fixed to the strain indicator and a known

force is applied at the other end of the apparatus. The plot of the known force vs

the strain gage indicator reading gives the calibration curve as shown in Figure
3.9.

If the abrasives surround the workpiece, then due to symmetry the tangential
and normal forces cancel out with that of the diametrically opposite point.

Hence, the net force measured by the dyanamometer in the X-direction and Y
direction is zero.

In order to estimate the forces acting on the roller, two set of experiments were
performed.

In experiment 1, the abrasives surround the roller only on the top part of the

roller (Figure 3.10). In this case, the horizontal (X-eomponent) forces cancel out

and the net force acting on the roller is in the Y-direction.

In experiment 2, the abrasives surround the roller only on the left part of the

roller, i. e. the abrasives are present only on one of the magnetic poles (Figure

3.11). In this case, the vertical (Y·component) forces cancel out and the net

force acting on the roller is in the X-direction.

In all these experiments 3 gm of KMX80 magnetic abrasive was used.

Head designs C, D, E, I and J were selected for the above experiments to

investigate the effect of length of magnetic conducting path on the magnetic

pressure exerted on the surface of the roller. These head designs results in the

180°,300°,180°,40°, and 600 included angles of the magnetic abrasives on

the surface roller. Figure 3.12 shows the variation of measured values of the

action force, F, exerted by the magnetic abrasives on the roller surface using

experiment 1. F follows a parabolic behavior with increase in the magnetic field

density. Also, F increase with increases in the included angle of the magnetic

head upto a certain value (upto an included angle of 1200) and then decreases

with further increase in the angle. This indicates that the optimal included angle

of the magnetic head is necessary to generate the required magnetic pressure

exerted by the magnetic abrasives on the surface of the roller.
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The magnetic heads are characterized using Experiment 1 as well as

simulation for the head designs E and I. Similarly, the magnetic heads are

characterized using experiment 2, as weli as simulation for head design E.

Figures 3.13 - 3.15 show the variation of total force exerted on the rolier by the

magnetic abrasives, for each case at different magnetic field densities. It can be

seen that the total force obtained from the simulation in the first case is lower

than that obtained from experiment 1 (Figures 3.13, 3.15). This can possibly be

due to the fact that in the presence of a magnetic field density, the abrasives are

firmly held between the magnetic poles with the shear forces. Consequently, a

rigid abrasive brush is formed. Unfortunately, the shear forces are not

considered in the ANSYS analysis and the force interactions only due to the

magnetic field is considered. However, in experiment 2, the forces obtained

from the simulation studies closely match the experimental results at ali

magnetic field densities (Figure 3.14). The magnitude, of forces obtained from

these experiments, also agrees with the experimental results reported by

[Shinmura, 1987b).

The magnetic pressure exerted by the magnetic abrasives on the rolier is

calculated using the expression:

p = E
11 X d x

4

Where, P is the normal pressure (Nim2)

F is the force measured in the experiment (N)

d is the diameter of the rolier (m)

I Is the length of the roller in contact (m)

(3.12)

It is found that the magnetic pressures exerted by the magnetic head designs C,

DEI and J are 58 kNim2 . 9 kNim2 , 45 kNim2 , 33 kNim2 , and 98 kNim2, ,
respectively. It is found that more magnetic abrasives are in contact in the case

of head designs C and E compared to head design I and J. Thus the design J
gives the very high magnetic pressures but at relatively low contact length on
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the roller surface. The design C gives lower magnetic pressure, but at relatively
larger contact length on the roller surface.

3.5 Determination of the cutting force

The ANSYS analysis was used for the determination of the total cutting force
(Fe) exerted on the roller for a given magnetic field density and head geometry.

The total friction force Fe generated in MAF process is given by,

(3.13)

where ~f is the frictional force.

As the experiment was carried out in dry conditions, the coefficient of friction

was assumed to be 0.5 [Tipnis, 1980J. Experiments were carried out to measure

the material removal rate on nonmagnetic stainless steel rollers using head
design E. The following conditions were used during the experiments:

Rotational speed of the roller: 2000 rpm

Magnetic field density: 0.0965, 0.174, 0.254, and 0.324T.

Duration of polishing: 3 minutes

The material removal rate for the finishing process was noted at the end of three

minutes for different magnetic flux densities. The abrasives were uniformly

stirred during polishing at the end of each minute, so that new abrasives stay in

contact with the workpiece. The variation of the material removal rate with the

cutting force (Fe) shows that the material removal rate is directly proportional to

the cutting force (Fig.3.16a).

Effect of axial vibration on the action force

Experiments were conducted to investigate the effect of axial vibration and

weight of abrasives used, on the action force, F, exerted by the abrasives on the

surface of the roller for experiment 1. The action force is found to increase

substantially with the introduction of axial vibration (Figure 3.16b). This can be

due to the fact that the vibration can enhance interlinking among the abrasives
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between the Nand S poles, thus increasing the packing density. Also, with

increase in weight of the abrasives, the F also increased. This can be due to the

increase in the packing density of the abrasives in the air gap between the N
and S poles.

3.6 Development of design principles for the magnetic head used In
MAF

An attempt was made to develop design principles for the magnetic head used

in MAF process. This study has resulted in the following:

i) An understanding of the eHect of magnetic head geometry on the distribution

of magnetic forces, and magnetic flux density at the abrasive/roller interface

region.

ii) Generation of the magnetic head design principles capable of providing

optimum magnetic field density distribution in the abrasive region, and the

maximum force generation in the cell for best material removal rate and/or

finish.

Magnetic head geometry:

Various magnetic head designs used in the FEM analysis are shown in Figure

3.8. The following considerations are given in the design of the magnetic head.

• To increase the normal pressure exerted by the magnetic abrasives on

the roller

• To achieve an optimum arc length sustained by the magnetic abrasives

on the roller

The magnetic head designs were investigated in terms of magnetic forces that

can be achieved near the magnetic abrasive and roller interface, to achieve

maximum material removal rate. For each magnetic head design, the variation

of the magnetic flux density and the magnetic force along the interface was

evaluated using finite element analysis. Also, the magnetic head designs were

investigated in terms of the total cutting force, using equation (3.8). To achieve

the uniform surface finishing, it is desirable to have a uniform magnetic flux

density distribution around the workpiece in the abrasives. This will enable all
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the abrasives to take part in the finishing process equally, so that they wear
uniformly. This would improve the efficiency of the finishing process.

Results 01 Finite Element Analysis

The normal and tangential component of the magnetic fiux density and
magnetic stress plots resu~ed from the finite element analysis are presented in

Figures 3.17 through Fig. 3.52. These plots are for the magnetic flux density and

magnetic stress at fhe abrasive - roller interface. Table 2 shows the maximum

normal and tangential component of the magnetic field density and stress

exerted by the magnetic abrasives on the surface roller. The results of this
analysis are discussed in the following section.

3.7 Discussion:

From the two dimensional FEM analysis, the magnetic field in the abrasive

region near the air gap within the magnetic head is found to be weaker than the

magnetic field in the rest of abrasive region (Figure 3.17). This is because the

magnetic flux flows through the shorter and magnetically conducting path in the

abrasive region and avoids the air gap. This, subsequently, results in the

agglomeration of magnetic abrasives in the region away from the magnetic

head. It appears that the main cutting action takes place in the region away from

the magnetic head. From the investigation of the Maxwell forces exerted on the

surface of the workpiece by the abrasives, it appears that the forces are high at

the surface where the maximum magnetic field exists, which is at the midpoint

between the north and south pole. The forces drop at the point nearest to the

magnetic head due to the presence of the air gap. For the material removal to

take place, it is necessary to obtain high normal and tangential components of

the force. The normal component of the force can effectively dig in the valleys

on the surface of the roller, which can be subsequently removed by the

tangential component of the force. Therefore, design of the poles should be

changed so that a higher normal force is distributed over a larger area, for

achieving better surface finish faster. From the experiments and simulation

studies performed for the calculation of the forces on the roller, it is observed

that the magnetic force varies parabolically with the magnetic fieid density. The

magnetic force obtained from the simulation studies is less than that obtained
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Table 2: Summary of results from the FEM analysis of the magnetic

abrasive finishing process using various magnetic heads.

Head Arc Maximum Maximum Maximum Maximum
design length normal tangential total field normal Cutting

of the field field density stress Force

abrasive density density

(mm) (T) (T) (T) (kN/m2) (N)

A 4.54 0.18 0.72 1.8 112 33.3

B 20.4 0.22 0.4 0.4 97 51.1

C 20.4 0.35 0.4 0.5 26 20.83

0 34 0.26 0.38 0.46 13 54.8

E 27.2 0.27 0.34 0.36 25 20.29

F 20.4 0.42 0.52 0.6 41 23.88

G 20.4 0.37 0.46 0.51 30 20.31

H 20.4 0.37 0.44 0.54 34 20

I 4.54 0.57 0.92 0.97 154 67.64
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from experimental values at low current density. While at higher current density
the experimental value closely match the simulation results. '

Effect of different variables Involved In the design of magnetic
heads

Effect ofair slot:

The air slot results in the main cutting action taking place in the region away

from the magnetic head, as explained in the previous paragraph. The air slot

forces the magnetic flux to converge and flow through the magnetic head. This

results in a lower normal magnetic field density in the region of the air slot.

However, the magnetic field density is more in the adjacent regions closer to the

magnetic heads. In case of head E, the normal field density in the region of the

air slot is 0.09 T as compared to 0.38 T in the adjacent regions. However, in the

absence of an air slot, as in head C, the magnetic field density is found to be 0.2
T.

Effect of magnetic conducting path:

The longer magnetically conducting path results in lower normal stress and

lower tangential field density. The analysis of three different heads A, C and 0

with varying included angle (1600, 60°, 30°) shows that a maximum tangential

magnetic flux density of 0.72 T exists at the corner of head A, as compared to

0.25 and 0.34 T in the cases of head 0 and C, respectively. Also, the maximum

normal stress of 112 KPa is observed in the head A, as compared to 13 and 26

Kpa in case of head 0 and C, respectively. The reason for this may be the

following: The permeability of iron is higher than that of the abrasive. The flux

prefers to pass through the shorter and magnetically conducting path in the

magnetic head region, as compared to the abrasive region.

Effect of converging shape of the magnetic head:

The converging shape of the magnetic head results in the higher normal field

density in the region near the magnetic head. The analysis of head E and head

B shows that the normal magnetic flux density (0.27 T) in head E is higher than

that in head B (0.22 T). This is due to the fact that the converging shape of the
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magnetic head forces the magnetic flux to converge. iron being more
magnetically conductive than air.

Effect of the sharpness in the corner of the magnetic head:

A sharp corner in the magnetic head results in higher normal and tangential

stresses on the surface of the roller. An analysis of heads E and F shows that in

the case of the head E where smooth corner exists, the maximum normal stress

is 25 KPa while in the case of head F, it is 41 KPa. This is due to the magnetic

flux concentration at the sharp corner of head F.

Wedging effect of the abrasive

A wedging effect in the abrasive finishing can be created by providing a

magnetic head such that the air gap with variable width exists between the

head and the surface of the roller. This results in an appreciable increase in the

finishing action of the abrasives. As the FEM analysis is particularly concerned

with generation of magnetic force in the abrasive region, the wedging force

could not be investigated.

The FEM analysis of head F shows an improvement in the magnetic flux density

and normal stress in the region near the magnetic head as compared to head E.

The tangential flux density in head F. with lowest width of air gap, is found to be

0.43 T, as compared to that in head E which is 0.34 T. Also, the maximum

normal stress was higher in head F (41 Kpa), compared to head E (25 KPa).
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CHAPTER 4

EXPERIMENTAL APPROACH

In MAF process, in order to efficiently generate a smooth finished surface from a

rough ground surface, it is necessary to understand and optimize the effect of

the process parameters on finishing characteristics. This chapter describes the

experimental set up and test conditions used in the investigation. It discusses

the studies conducted to analyze the effect of process parameters on finishing
characteristics.

4.1 Experimental Apparatus:

Figure 4.1 shows the MAF apparatus mounted on a Hardinge precision lathe.

Figure 4.2 is a close-up of the apparatus showing key elements. The

specifications of the equipment and test conditions used in the investigation are

given in Table 3. An electromagnet is used for the generation of the magnetic

field. Current is passed through the copper coil, wound in the form of a solenoid,

for generating the magnetic field in the magnetic core. As discussed in Chapter

3, the magnetic heads are so designed that the magnetic field is concentrated

and minimum leakage of the field takes place surrounding the air gap between

the magnetic heads. A pneumatic air vibrator is used to supply the vibratory

motion to the magnetic head. A nonmagnetic stainless steel roller is clamped to

the chuck of the lathe to provide the rotary motion. The lathe can be operated

upto about 3000 rpm. Above this speed, the performance of the lathe becomes

unsteady.

Magnetic Abrasives:

In the MAF process, the magnetic abrasive agglomerate is used where the

finishing pressure is exerted by the magnetic field. Figure 4.3 shows a SEM

micrograph of the magnetic abrasive used which consists of iron particles with
grain size 80-400 ~m with finer aluminium oxide abrasive particles (grain size

1-1 0 ~m) embeded on it. A working clearance of roughly 5 times the abrasive
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Figure 4.1 Photograph of the magnetic abrasive finishing apparatus used
for polishing of rollers.

Figure 4.2 Close-up of the magnetic abrasive finishing apparatus showing
roller, flexible magnetic abrasive brush, magnetic poles
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Table 3: Specifications of the Magnetic Abrasive Finishing equipment (MAF)

and test conditions used in the investigation

Workpiece material Non-maQnetic stainless steel rods

Workpiece size 13 cm long , 5-15 mm diameter cylindrical roller

with length of polishing 45 mm/batch

Surface speed of the 500, 1000, 2000, 3000 rpm (corresponding to 0.32,

roller 0.65, 1.3, and 1.92 m/s)

Current through the coil 0.5,1,2A

Magnetic field density 0.1-0.4 T

MaQnetic pressure 10-40 Koa

Vibrational frequency of 15 - 25 Hz

the magnetic heads

MaQnetic core 0.16% carbon steel

Magnetic abrasives Al203 abrasives of size 5-10 llm bonded on the

iron particles of size 100-400 II m. Abrasives :

KMX80, M5, 400/5 llm, SiC

Lubricant Oil, Zinc Stearate
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Figure 4.3a SEM micrograph of magnetic abrasive (400/5 Ilm)

Figure 4.3b SEM micrograph of magnetic abrasive (KMX aD)
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particle size is provided between the work surface and the magnetic pole.

These magnetic abrasives we obtained were made as follows: pure iron
powder and aluminium oxide powder with grain size 5 11m were mixed with a

weight ratio of 4:1 and sintered under high temperature conditions (about

1600K), high pressure (5 MPa) and in an inert gas atmosphere. After that the

sintered material was crushed mechanically and controlled to a specific particle
sizes by screening.

4.2 Experimental Procedure:

The cylindrical roller to be polished is held in the chuck of the lathe. Current is

passed through the copper coil wound in the form of a solenoid to generate the

magnetic field. The magnetic field generated within the magnetic core passes

through the magnetic head gap between the Nand S poles. Magnetic abrasive

is introduced in the head gap. Due to the presence of the field, the abrasives get

aligned in the direction of the field forming a flexible magnetic abrasive brush.

The magnetic head gap controls the resistance met by the magnetic flux, to flow

across the abrasive region between the magnetic heads. If the magnetically

conducting path is longer, then the corresponding drop in the magnetic flux

intensity is expected to be large, resulting in low density in the abrasive region.

The magnetic head gap is fixed to be 5 times the abrasive size used in the

experiment. The roller is given rotary motion by rotating the chuck of the lathe at

the desired speed. It is then introduced in to the magnetic field by moving the

magnetic heads relative to the rotating workpiece. A small clearance between

the magnetic head and chuck of the lathe is necessary to avoid accidental

collision. The length of the magnetic head used is 45 mm. Hence, only 45 mm

length of the workpiece can be polished at a time. The vibratory motion is

provided to the magnetic head with the help of an air pneumatic vibrator. The

surface finishing operation is carried out by the flexible magnetic abrasive

brush.

The magnetic abrasive is stirred at an interval of one minute to achieve uniform

distribution of the abrasives. The workpiece is taken out at regular intervals for

surface characterization using Talysurf and Talyrond.
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4.3 Characterization Equipment

An Environmental Scanning Electron Microscope (ESEM) is used for the

characterization of the magnetic abrasives used in the apparatus. The finishing

efficiency of the process is very much influenced by the size and shape of the
abrasives used.

Form Talysurf and Talyrond 250 are used for the characterization of the

polished surfaces. The surface characterization procedure, using the above

equipments, is explained in detail in the Appendix A.

4.4 Results and Discussion

Figure 4.4a shows the Talysurf traces of the as-received, ground stainless steel

rod and the same rod finished by magnetic field assisted polishing. The

roughness of the ground surface (Ra) is about 0.2198 jlm (220 nm) while that of

the polished surface is about 7.6 nm. Figure 4.4b shows the photograph of the

as-received, ground stainless steel rod and the same rod finished by magnetic

field assisted polishing showing a mirror finished surface.

4.4.1 Finishing of nonmagnetic stainless steel rollers

The nonmagnetic stainless steel rollers were polished under various polishing

conditions. The following variables are studied:

1 Time duration of finishing process

2 Abrasive size

3 Lubricant

4 Source current density

5 Workpiece rotational speed
6 Combined effect of rotational speed and axial vibration

These are discussed briefly in the following:

4.4.1.1 Time duration of finishing process:

The finished surface is characterized using Talysurf and Talyrond at time

. I f 1/2 1 2 3 5 and 10 minutes. Figure 4.5 shows the Talysurf traces oftntervaso, , , ,
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Figure 4.4a Talysurf traces of the as-received, ground stainless steel rod and
and the same finished by magnetic filed assisted polishing.
surfaces showing improvement in the finish between the ground
and polished surfaces.
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Figure 4.4b Photograph of the as-received, ground stainless steel rod and the
same finished by magnetic field assisted polishing
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the stainless steel roller depicting the surface finish obtained in the MAF

process, with the time of polishing. It is observed that the improvement in

surface finish decreases as duration of polishing increases. Also, the removal

rate decreases with the duration of the process. The as received. ground

surface of the stainless steel rod consists of valleys and peaks. the maximum

height/depth of which are depicted by the values Rp and Rv shown on the

talysurf traces in Figure 4.5(a). During MAF, initially the rounding of the peaks

on the surface of the roller takes place, which is a very fast process.

Subsequently, magnetic abrasives cut these round peaks during polishing.

However, to remove the valleys on the surface, the material removal has to be

significant enough for the abrasives to reach the bottom most level.

Figure 4.6 shows the effect of duration of polishing on the surface roundness. It

is observed that surface roundness improves during finishing upto a certain

extent, beyond which it saturates.

4.4.1.2 Abrasive size:

The abrasives used in the present investigations are KMX80 and 400/5 Ilm

abrasives. It is observed that surface finish is better with 400/5 Ilm abrasive than

that to KMX80 (Fig. 4.7).

4.4.1.3 Lubricant:

Zinc Stearate is used as a solid lubricant to enhance the surface finishing

efficiency of the process. The lubricant makes the abrasive brush more flexible

and enhances its ability to produce a better finish. Figure 4.8 shows the surface

finish that can be achieved on nonmagnetic stainless steel roller at the end of

10 minutes, with different amounts of lubricant. It appears that increasing the

zinc stearate content, up to about 5 wt %, gives a better surface finish in a

shorter time beyond which the finishing efficiency decreases. This may be

attributed to the excessive flexibility in the abrasive brush beyond a certain wt %

of the lubricant, which prevents the abrasives from cutting against the surface of

the roller.
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(a) Time:::: a rninute Ra :::: 0.21 pm Rp = 0.54 pm Rv == 1.3 pm

["- , \ ...

- ",.'.1'.11".. ''71.• ' "~,-.,.,,"~ , '.o J-I '. '
1 1 [ :

I t ~

+;.:i'

(b) Time == 1/2 minute Ra == O.Or'S j i Pi Rp == 0.257 pm Rv == 0.863 pm

(c) Time == 1 minute Ra == 0.078 11m Rp = 0.201 ~lm Rv == 0.59 pm
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(d) Time::: 2 minute Ra ::: 0.05 pm Rp::: 0.1774 pm Rv::: 0.702 pm

E t . .f1 p
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(e) Time::: 3 minute ria ::: 0.022 pm rip ::: 0.07 pm Rv ::: 0.199 pm

(f) Time::: 5 minute Ra ::: 0.012 pm Rp ::: 0.037 flm Rv ::: 0.068 pm

Figures showing the Talysurf traces of the stainless steel roller
depicting the surface finish obtained in the magnetic abrasive
finishing process at varying polisrling time (a) 0 minute(b) 1/2
minute (c) 1 minute (d) 2 minute (e) 3 minute (f) 5 minute
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4.4.1.4 Source current density:

~he source current density plays an important role in generating the magnetic

field between the magnetic poles which in turn controls the magnetic force

exerted by the abrasives on the rollers. Figure 4.9 shows the variations of

magnetic field density within the magnetic abrasives with source current in the

copper coil. A higher tangential magnetic flux density in the magnetic head

results in stiffer magnetic brushes. By controlling the source current density I

both surface removal and surface finish can be controlled. A set of experiments

was conducted with KMX80 abrasives. The source currents used were 1A and

2A corresponding to the magnetic flux density of 0.25T and 0.371. Figure 4.10

shows the variation in surface finish obtained with different magnetic field

densities in the abrasive region. Higher magnetic flux density (0.37T) resulted in

better surface finish (Ra 73 nm), as compared to a lower magnetic flux density

(0.25T).

4.4.1.5 Workpiece rotational speed:

The workpiece rotational speeds used in the experiment are 1000, 2000 and

3000. This corresponds to surface speeds of the workpiece of 0.68, 1.34 and

1.68 m/s respectively. Increase in the rotational speed of the workpiece resulted

in better surface finish with lesser time. This could be due to the increased

finishing distance with time. At a rpm of 3000, the surface finish obtained was 39

nm (Figure 4.11).

4.4.1.6 Combined effect of rotational speed and axial vibration:

The surface finish and material removal rate, obtained in the magnetic abrasive

finishing process, depend on the workpiece rotational speed and the axial

vibration of the magnetic heads. If the workpiece is rotated, keeping the

magnetic heads stationary, circumferential grooves will be formed on the

surface of the roller. By introducing axial vibration, the relative velocity of the

magnetic abrasive with respect to the surface of the roller can be changed. This

results in cross hatched patterns. By varying the rotational speed and the axial

vibration, the direction of the cross hatched patterns can be changed.
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~he vibration of the magnetic head is assumed to be sinusoidal. Hence the
vibrational velocity of the magnetic head is given by,

Vvib = a ro cos(rot)

where,

a is the half the amplitude of the vibration of the magnetic head
ro (2 1t f) is the angular velocity of vibration

f is the frequency of vibration

The rotational speed of the surface of the roller is given by

Vrot = 1t d N/60

where,

d is the diameter of the roller

N is rotational speed (rpm)

The half included angle of the cross hatched pattern is given by,

e =tan-l((V~:ax )
= tan-1(17j>~ f)

The effect of half included angle on the variation of material removal rate and

surface finish is shown in Figure 4.12. It is observed that a better surface finish

and material removal rate can be achieved with a high frequency of vibration

(25Hz) at a given half included angle. Also, it appears that best surface finish

and maximum material removal rate occur at half included angle between 250

to 350.

4.4.2 Polishing of Si3N4 rollers using different head designs:

Using the process principles developed for nonmagnetic stainless steel roller

by experimental and analytical methods, the polishing of Si3N4 rollers were

investigated next. The typical test conditions used for the polishing of Si3N4

rollers is described in Table 4.
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Table 4: The specifications of the Magnetic Abrasive Finishing equipment

and test conditions used for polishing Si3N4 rollers

Workpiece material Si3N4 rollers

Workpiece size 20 mm long, 13 mm diameter cylindrical roller

Surface speed of the 500, 1000, 2000, 2500 rpm (corresponding to 0.32,

roller 0.65, 1.3. and 1.62 m/s)

Current through the coil 2A

Magnetic field density 0.26 - 0.4 T

Magnetic pressure 10-40 Kpa

Vibrational frequency of 25 Hz

the magnetic heads

Magnetic core 0.16% carbon steel

Magnetic abrasives Cr203 abrasives of size 4 Jlm mixed with the iron

particles (40#).

Lubricant nil
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4.4.2.1 Magnetic abrasives:

The magnetic abrasive used in these experiments is of an unbonded type. Fe
powder (40#) and Cr203 abrasive (4 Jlm) were mixed 3:1 by weight. Methanol

was added to the mixture and the resulting mixture was stirred well for an hour,

in a rotating container mounted on a lathe at 125 rpm. Methanol appeared to

enhance the bonding between the loose Cr203 abrasive and Fe particles.

Figure 4.13 shows the SEM micrographs of unbonded abrasives thus prepared,

before using them for polishing. From the micrograph it is clear that the abrasive

particles uniformly coated the surface of the Fe particles. Figure 4.14 shows the

SEM micrographs of unbonded abrasives after it is used for 1 hour for polishing

of Si3N4 rollers. The Fe surface appears to be depleted of the abrasive

concentration, thus diminishing the cutting action of the magnetic abrasives and

rendering it ineffective. Therefore, during the polishing experiment it is

advisable that the magnetic abrasives be changed periodically. The abrasive

particles appeared to be rounded off, indicating the presence of the rolling

motion between the abrasive and the Fe particles, and also between the

abrasive and the workpiece. The sharp edges of the abrasive particles take part

actively in the finishing action. However, as the particles are rounded they are

rendered ineffective after a period of time.

4.4.2.2 Polishing of Si3N4 rollers with different magnetic head designs:

Experiments were conducted with different magnetic head designs to examine

the effect of the included angle of the magnetic head, and the rotational velocity

of the workpiece, on the surface finish and the material removal rate obtained.

Figures 4.15-4.17 show the effect of rotational velocity on the material removal

rate in the case of different head designs. From Figures 4.15-4.17 it is clear that

at low rpm, namely 500 and 1000, the material removal attains saturation after

polishing for 30-45 minutes. However, at higher rotational speed of the

workpiece (2000-2500 rpm), the material removal shows a different behavior. In

case of head designs 0 and J with included angles of 300 , and 1500

respectively, the material removal rate appears to increase continuously at

higher rotational velocity of the workpiece (2500 RPM). In the case of head

design C, the material removal appears to be negative after prolonged

polishing for an hour with the formation of scale on the surface of the roller.
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(a)

(b)

Figure 4.13 SEM micrograph of unused mangetic abrasives (Fe (40#. 75%) 1:
Cr20 3 (4Jlm, 25%)} at 200X, and 165X magnifications
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(a)

Figure 4.14 SEM micrograph of used mangetic abrasives (Fe (40#, 75%) +
Cr20 3 (4J.!m, 25%)) at 270X, and 1000X magnifications

138



(J)

F
c

\..

(J)
'_J
(\)

?O

15

10

5

, t 1" Y' J t' I l 1 - 'r --'---.---f 'r --'r r--,----,----y---r -.,._--,

I\hr:lsivo : 75"/. ro (~1?5ff) + 25%Cr 0 (t1 um)
, ,

2 3

n:ld d0sipn : C
n : 0.11 T

/
/

.//
/

/
///

/

f T { • , T T

o
A 2000 rlPM

- .. - . 2500 rlPM

... 1000 rlPM

-5

()

I " I IlL _ I ,

10

1 l. 1

20

I t , { I '- J

30

1 _ l.J

40

~_L , ., I

50

, , 1

60

Till19 in Minutes

Figul8 01.15 '-ffpet of revolution spoed of tile workpiece on the m8tori81 1{~nlOV81
l;)tp for head desiqn C with included anpl(? of 90°.

139



o

4
Abrasive: 75% Fe(40#) + 25% (Cr

2
0

3
)

0>
Head design : 0

E 3 B = 0.27 T
oS
"'0 • 500Q) .&
>
0

_.~- 1000 0~

E 2
~ ~

.....~..... 2000 "
"iii

~

"'C - - -0- - - 2500
.-

Q) -' _.--rd
~ 1

o 10 20 30 40 50 60
Time in minutes

Figure 4.16 Effect of revolution speed of the workpiece on the material removal
rate for head design 0 with included angle of 300.

Abrasive: Fe(40#, 75%) + Cr203(4 urn, 25%)

Head design: J (120 0 included angle)
B = 0.38 T

5
.~.- .

/

60

"

50

··· ..• .... ·500

• 1000

- . -(>. - 2000

- - -0- - - 2500

40

" __ .'_"':;..."'4---~ _.0- •.
~

30

"

/

/

20

/

/,'

/,' ..cr

10o
o

C> 4
E
c

"'0 3Q)
>
0
E
Q)
"-

"iii 2
'C
Q)-rd
::!

1

Time in minutes

Figure 4.17 Effect of revolution speed of the workpiec~ on the material r~moval
rate' for head design J with included angle of 1200.

140



Figure 4.18 shows the variation of surface roughness Ra obtained after

polishing for 30 minutes in the case of different head designs at different

rotational speeds of the workpiece. It appears that surface roughness is lowest

at 2000 rpm of the workpiece and deteriorates on either side of it. Figure 4.19

shows the variation of surface roughness and material removal obtained for

different head designs after polishing for 30 minutes. The surface roughness

appeared to decrease with the increase of the included angle of the magnetic

head. The material removal rate appears to increase upto 1200 included angle

of the magnetic head and then decrease thereafter.

Figure 4.20 shows the micrographs of the Si3N4 roller before and after

polishing. The surface of unpolished Si3N4 shows pits. The surface of polished

roller showed uniform finished surface (Figure 4.21 a). At high magnification

uniform abrasive grooves were observed on the surface of the roller in the

direction of finishing (Figure 4.21 b).
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Abrasive: Fe(40#, 75%), + Cr20 3{4 um, 25%)
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(a)

Figure 4.20 SEM micrograph of unpolished Si3N4 roller at 100X, and 2000X
magnifications
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Figure 4.21 SEM micrograph of polished Si3N4 roller at 2000X, and
5000Xmagnifications
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CHAPTER 5

DISCUSSION

Magnetic Abrasive Finishing (MAF) process evolved out of necessity in

polishing irregular shaped articles. The process could be applied to the

finishing of ceramics because of its ability to produce surface with minimal or no

surface defects such as microcracks, pits etc. This is accomplished by applying

a low level of force ("" 1N) which can be controlled.

MAF can be used for polishing both nonmagnetic and magnetic materials. In the

case of magnetic workpiece, the workpiece is also magnetized. The abrasives

are concentrated in the region near the magnetic head at the curved part

(Figure 1.5). This lowers the magnetic flux drop in the gap between the

magnetic head thus giving very high field density (""1T) and high polishing

pressure. This pressure is adequate to polish the surface of a magnetic roller.

However, in the case of polishing nonmagnetic materials. such as hard brittle

ceramics, the magnetic abrasives are concentrated in the region between the

two magnetic heads (Figure 1.6). The permeability of the magnetic abrasive

nearly equals to that of air. As the magnetic flux passes through the magnetic

abrasive region, considerable drop in the magnetomotive force takes place in

this region. This lowers the magnetic pressure exerted by the abrasives on the

surface of the roller. Hence, it is difficult to achieve high magnetic field density in

the abrasive region. Also, one normally requires higher polishing pressure in

polishing of ceramics. The magnetic heads need to be carefully designed so as

to achieve high magnetic field intensity and magnetic pressure. FEM analysis

can be used for this purpose to simulate the performance of different magnetic

head geometries and the more promising ones can be built. This will eliminate

building various magnetic heads and test their performance by experimentation.

Consequently considerable time and the cost of building these designs is

saved.
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Base~ on th~ FEM analysis, it is found that the field density is stronger in the

abr.asl~~ region away from either magnetic head (Figure 3.17). Therefore, the

~am finishing action takes place in the region away from the magnetic heads. It

IS also found that the magnetic pressure varies parabolically with the magnetic

field density in the abrasive region (Figure 3.12). Higher tangential magnetic
flux density in the magnetic head results in stiffer magnetic brush. B-H curves of

iron core and magnetic abrasives show that these do not attain saturation at the

operating condition of magnetic field density (0.4 T) (Figure 3.3 and 3.4). This

provides the possibility for further increase in the magnetic field density. The

magnetic head designs should be capable of giving high magnetic field density

over considerable length of the magnetic abrasives so as to generate high

magnetic pressures over the length which can aid in the material removal

process and enhance finishing action.

With increasing weight of the abrasives, the action force F also increases

(Figure 3.1Gb). This could be again due to increase in the packing density of the

abrasives in the air gap between the N and the S poles. The axial vibration in

the magnetic head enhances interlinking among the abrasives between the N

and the S poles thus increasing the packing density. This results in substantial

increase of the action force F exerted by the abrasives on the surface of the

roller (Figure 3.1Gb). Also, axial vibration of the magnetic head prevents the

formation of circumferential grooves on the surface of the roller during finishing.

Hence, higher removal rates and best finish is obtained with an increase in the

axial vibration of the magnetic head (Figure 4.12).

Introduction of a notch in the magnetic head, bifurcates the magnetic flux

through the two halves of the magnetic head, resulting in better normal flux

density concentration in the abrasive region at the curved part (Figure 3.25). In

magnetic materials, as the abrasives are concentrated at the curved part of the

magnetic head, the introduction of notch results in higher polishing pressure.

However, in the case of nonmagnetic materials, the magnetic abrasives are

concentrated in the region away from the magnetic head. Introducing a notch

consequently, does not result in an appreciable increase in the magnetic

pressure. Thus magnetic head designs can be simplified for finishing

nonmagnetic materials.
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In the case of polishing nonmagnetic materials, the magnetic field density in the

abrasive region can be effectively controlled by controlling the magnetic

conducting path of the abrasives. The lower magnetic conducting path results in

lowering the magnetic pressure. Hence, higher magnetic field density and
higher magnetic pressure results. However, the length of the abrasives in

contact with the surface of the roller should be long enough to obtain sufficient

magnetic strength and polishing pressure. A compromise between the magnetic

conducting path and magnetic pressure desirable will result in an optimized

magnetic head design capable of providing desired finishing action. It was

found from the characterization of the magnetic heads that the magnetic head

design with an included angle of 1200 resulted in an optimum action force F

(Figure 3.12). Experiments conducted with head designs of different lengths of

the magnetic abrasive path showed that the magnetic poles with an included

angle of 1200 resulted in the best surface finish (-5.5 nm) and the magnetic

poles with an included angle of 900 resulted in optimal surface finish and

material removal rate (Figure 4.19).

In conclusion, in this investigation, magnetic abrasive finishing process was

studied by varying different parameters involved in the process. Design

principles for the magnetic poles used in this process were developed. The

process was modelled using FEM analysis which can further aid in the

understanding of the process.
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CHAPTER 6

CONCLUSIONS

Analytical Modelling:

From the FEM analysis of the MAF process, the following conclusions can be
drawn for the magnetic head design.

i) FEM analysis can be effectively used to model the MAF process to understand

the nature of distribution of the magnetic field density and magnetic force
generation in the finishing apparatus.

ii) Complicated magnetic head designs can be effectively simulated using FEM

analysis, which overcomes the need to actually build the head designs. Hence

it is less time consuming and economical.

iii) In the case of finishing of nonmagnetic rollers, the main finishing action

occurs in the region away from either magnetic poles.

iv) The magnetic force is found to vary parabolically with the magnetic field

density. Hence, a high magnetic field density should be achieved in the

abrasive region to achieve high magnetic pressure exerted on the surface of the

roller. This becomes an important factor in the case of finishing of ceramic

rollers which are hard and brittle.

v) A Magnetic head with a converging geometry and sharper corner results in a

better magnetic flux density concentration in the magnetic abrasive region.

vi) Air gap slot in the magnetic head bifurcates the magnetic flux through the two

halves of the magnetic head, resulting in better normal flux density

concentration in the abrasive region next to the magnetic head.
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vii) As the abrasives are present in the region away from the two magnetic

heads and in the middle, the finishing zone is between the two magnetic poles
and away from the poles.

viii) The shorter magnetically conducting path in the abrasive region results in

better field density concentration in this region. However, this decreases the

length of the magnetic abrasives in contact with the surface of the roller.

ix) Wedging action of the abrasives, though not considered in ANSYS analysis,

is an important factor in the material removal process and should be given due
consideration while designing the magnetic heads.

Experimental work:

i) Nonmagnetic rollers (austenitic stainless steel and ceramic - Si3N4) can be

finished using magnetic abrasive finishing apparatus mounted on a

conventional lathe. Hence, the cost of the equipment is minimal and existing

machine can be modified for this purpose.

ii) A surface finish of 10 "" nm (Ra) can be achieved on rollers in "" 10 minutes in

the case of austenitic stainless steel rollers and 30 minutes in case of Si3N4

rollers.

iii) Increasing the weight percentage of zinc stearate in the magnetic field

abrasive was found to yield a better surface finish upto a 5 w% of zinc stearate.

iv) Increasing the magnetic field density was found to increase the rate of

finishing, as well as the finish attainable.

v) Axial vibration of the magnetic heads was found to be critical for finishing by

magnetic field assisted polishing. High removal rates and best finish can be

obtained with an increase in the axial vibration (frequency as well as

amplitude). Both axial vibration and rotational speed of the workpiece have to

be taken into consideration for obtaining the best cross pattern that would give

best finish as well as high removal rates. Half included angles between 15 and

35 deg. are found to be optimum for best finish and high removal rates.
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vi) As the polishing zone for nonmagnetic rollers exists in the region away from

the magnetic poles, the length of the magnetic abrasive path is found to be an
important parameter in the design of the magnetic heads.

vii) It is found that in the case of polishing of nonmagnetic rollers, the magnetic

pole with the included angle of 1200 results in the best surface finish and the

magnetic pole with the included angle of 900 results in the optimal surface finish
and material removal rate.
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APPENDIX

Surface Characterization equlpments

Form Talysurf and Talyrond 250 were used for the surface characterization of
the nonmagnetic rollers polished using MAF technique.

The Form Talysurf series of instruments for surface analysis, comprises a range

of compatible, interchangeable modules and accessories which can be

combined to form the system most suited to a particular application. Talyrond

250 is a computer controlled software instrument, for the precision

measurement of errors of geometric form as departures from roundness or

straightness. The instrument is a stylus type with rotating worktable and has two

motorized axes for measurement (the worktable and the vertical straightness

unit) and one motorized axis for gage contact. The operation and data

processing are computer controlled, the results being output to the visual

display unit and/or printer, as required.

The data obtained from the Talysurf measurement is used for the

characterization of the surface texture of the polished surface by the various

parameters such as average roughness, rms roughness, maximum height and

depth of the surface profile, and maximum peak to valley height. Figure A1

shows a typical Talysurf trace of the stainless steel roller and the various

parameters measured by the Talysurf series. Some of the important surface

roughness parameters are discussed below.

Ra: Ra is the universally recognized and most commonly used, international

parameter of roughness. It is the arithmetic mean of the departures of the profile

from the mean line.
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Figure A1 Figure showing a typical Talysurf trace of the stainless steel
roller and the various parameters measured by the Talysurf series
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Where: ~(x) is the departure of the profile from the mean line at distance x from
the ongln along the X-axis.

Rq: Rq is the rms parameter corresponding to Ra.

Rq=~ ilLf\z2(x~ dx

Rt: Rt is the maximum peak to valley height of the profile in the
assessment length.

R v: Rv is the maximum depth of the profile below the mean line

within the assessment length.

Rp: Rp is the maximum height of the profile above the mean line

within the assessment length.

The data obtained from the Talyrond measurement is used for the evaluation of

the polished surface by the various parameters such as roundness, vertical

straightness, cylindricity. Figure A2 shows a typical Talyrond trace of the

stainless steel roller and the various parameters measured by the Talyrond

series. Some of the important parameters are discussed below.

Peak to valley (O): The radial separation between two concentric circles, which

are themselves concentric to the reference figure, and totally enclose the

centered, measure profile.

Eccentricity (E): The radial distances from the selected datum axis ( or point) to

the center of the selected reference circle.

Angle «) : The angle between 0 degrees position of the spindle and the line

joining the center of the references circle to the datum axis as shown in Figure

A3(a).
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Figure A3

=/

(a) Measurement of angle «)

E= Eccentricity

o = Angle I < )

LS reference
circle

(b) Mesurement of Runout (-»

Figure explaining the different parameters evaluated by the
Talyrond series
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Concentricity (0): Twice the eccentricity.

Runout ( -»: The radial separation of two concentric circles, which themselves

are concentric to the datum axis (or point), and totally enclose the measured

profile, i.e. total indicator reading as shown in Figure A3{b).
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