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Abstract A mathematical model is developed for the
prediction of magnetic potential using Maxwell’s equations
and finite element method is used to find the magnetic
potential distribution within the gap between tool bottom
surface and workpiece top surface. From magnetic potential
model, the magnetic pressure developed and corresponding
heat flux generated on workpiece surface are evaluated.
Further a mathematical model is developed for heat transfer
in the workpiece and again finite element method is used
for the prediction of temperature rise in the workpiece. The
effects of various operating input parameter on magnetic
potential distribution in the gap and temperature rise in the
workpiece has been studied.
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Nomenclature
A Abrasive particle (µm)
D Mean diameter of the magnetic particle (µm)
d Mean diameter of the abrasive grain (µm)
B Magnetic flux density (tesla)
E Electric field intensity (V/m)
f Friction
J Electric current density (A/m2)
H Magnetic field strength in the working zone (A/m)

Ha Magnetic field strength in the air-gap (A/m)
μo Magnetic permeability in vacuum (N/A2)
μr Relative permeability of pure iron
μ Permeability of pure iron (H/m)
ε Permittivity (farad/m)
ρ Charge density
χm Magnetic susceptibility
M Magnetization
� Magnetic potential (AT)
lb Length of brush from workpiece to electromagnet
r0 Radius of electromagnet
P Magnetic pressure supplied by the magnet (Pa)
w Volume ratio of iron in a magnetic particle
T Temperature (°C)
qw Heat flux going inside the workpiece (W/m2)
qt Total heat flux (W/m2)
Kw Thermal conductivity of workpiece (W/mK)
Ka Thermal conductivity of magnetic abrasive particle

(W/mK)
μf Coefficient of workpiece
v Velocity of abrasive particles (m/s)
Rw Energy partition
βw Geometric mean thermal property of workpiece
βa Geometric mean thermal property of abrasive particle
ρw Density of workpiece (Kg/m3)
ρa Density of magnetic abrasive particle(Kg/m3)
Cw Specific heat of workpiece (J/Kg-K)
Ca Specific heat of magnetic abrasive particle (J/Kg-K)
D0 Diameter of electromagnet (m)
N rpm of magnetic abrasive particles
Superscript
e Element
T Transpose
Subscript
D Domain
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1 Introduction

Magnetic abrasive finishing (MAF) is an ultra-precision
finishing process in which an electromagnetically generated
magnetic energy is used for finishing purpose. The process
involves finishing action through a tool called a magnetic
abrasive brush formed in magnetic field from magnetic
abrasive particles composed of ferromagnetic material
(such as iron particles) and abrasive grains (like A12O3,
SiC, Cr2O3, or diamond). There are basically two types of
magnetic abrasive particles, namely bonded and unbonded,
used in the MAF process.

In bonded type, we take the powder of both iron and
abrasive, blending the two properly and then sintering,
followed by crushing, giving the magnetic abrasive particles.
The enlarged view of a magnetic abrasive particle is shown in
Fig. 1, with base as iron and the abrasive grains are attached
to it [1]. It is assumed to be spherical in shape of diameter D
with nominal diameter of abrasive grains as d. Generally the
value of D ranges from 100 to 400 μm whereas value of d
lies between 1 to 30 μm, according to the use and re-
quirement. In bonded type, the base iron causes the motion of
the magnetic abrasive particle in the magnetic field and the
abrasive grains are responsible for the finishing. In unbonded
type, we make the mixture of iron powder and abrasive
powder and blending it so that the mixture becomes almost
homogeneous. In this case when the particle of iron moves
due to magnetic field, it collides with the abrasive grains and
provides the motion so that the abrasive action takes place.

The setup ofMAF process consists of two magnetic poles S
and N and the workpiece is placed between the two poles
Fig. 2. The gap between the magnetic poles and the
workpiece is filled with the magnetic abrasive particles.
When the power is applied to the poles, magnetic field
generates the necessary finishing pressure between the poles
and the magnetic abrasive particles are joined to each other

magnetically between the magnetic poles S and N along the
lines of magnetic force, forming a flexible magnetic abrasive
brush. Consider the magnetic abrasive particle ‘A’ as shown
in Fig. 3 on which two forces FZ (along the lines of magnetic
force) and FR (along the equipotential magnetic line) act
simultaneously, and F shows their resultant. The magnetic
force FR is responsible for actuating the abrasive particles
such that they take part in finishing the workpiece. The force
FZ acts on the abrasive grains in the magnetic particle is
mainly responsible for the cutting action. Any change in the
strength of the magnetic field (H) in the direction of the line
of magnetic force near the workpiece surface will actuate the
magnetic abrasive particles. The effective way of changing
the force and the rigidity of the magnetic abrasive brush is
through the change in D. Hence, ferromagnetic particles of
several times the diameter of the magnetic abrasives (d) are
mixed to form the magnetic abrasive brush.

In the case of plane workpiece, we make rotating north
pole. If the workpiece is of ferrous material, we make south
pole of workpiece itself. Hence a magnetic force and
pressure exist between the north and the south poles. Thus
magnetic abrasive particles remain bonded within the
working domain. But if the workpiece is of some different
material as shown in Fig. 2 [2], then we put a south pole
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Fig. 1 Enlarged view of magnetic abrasive particle

Equipotential    

lines 

Line of magnetic force  

Magnetic abrasive

particle 

 
FR 

F 

 
FZ 

Fig. 3 Enlarged view of forces acting on magnetic abrasive particle A
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Fig. 2 Schematic diagram of MAF showing finishing using (Cr2O3-Fe)
magnetic particles
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below the non-ferrous workpiece so that force still exists
between the north pole and the south pole for generating
magnetic pressure. To finish the whole surface of work-
piece, the table reciprocates both in x and y axes whereas
the rotating north pole rotates at one point.

2 Mathematical modeling

The modeling of machining process can be defined from
the manufacturing engineer’s point of view as a simplified
mathematical formulation of a machining process which
establishes a relation between input and output quantities in
order to describe the dynamic as well as the static
performance of the machining process. The purpose of
modeling a machining operation is to develop predictive
capability for machining performance well in advance and
finally to achieve optimum productivity, quality, and cost.
The mathematical model of a machining operation is
required mainly for simulation of process, for design and
optimization of process and also to Control a process. MAF
is mainly developed for higher accuracy, but high temper-
ature affects the performance of workpiece to be finished,
so temperature model during MAF process has been
developed. But as temperature is a function of magnetic
potential (�), so magnetic potential model is also required.

2.1 Assumptions

(i) The domain is considered to be axisymmetric for the
magnetic brush and workpiece due to the symmetrical
nature around the central axis.

(ii) The workpiece material is homogeneous and isotropic.
(iii) The eddy current and core losses generated during the

process are neglected.
(iv) Magnetic abrasive particles are identical and spherical

in shape, and they follow a particular circular track
continuously.

(v) The magnetic brush rotates at the same rpm as the tool.
(vi) There is no fluctuation in current during the process and

magnetic field is uniformly saturated in the magnetic
brush.

(vii) Thermal properties like thermal conductivity, specific
heat, and density of work-material are temperature
independent.

(viii) The variation of temperature and magnetic potential
is assumed to be time independent (steady state
condition).

2.2 Magnetic potential model

In electromagnetic field problems, governing laws can be
expressed concisely by a single set of four equations. These

equations are known as Maxwell’s equations [6] and are as
written below:

r� E ¼ 0; r� H ¼ J
r � E ¼ ρ

" ; r � H ¼ 0

�
ð1Þ

In the working zone, J=0 because there is no electric
current. The magnetic potential is related to H and
relationship can be written as [6]

H ¼ �rφ ð2Þ
Using equations (1) and (2), we can write

r2φ ¼ 0 ð3Þ
The steady state Laplacian form of this equation within
axisymmetric domain can be written as

1

r

@

@r
r
@φ
@r

� �
þ @2φ

@z2
¼ 0 ð4Þ

As magnetic potential is responsible for the shape and size
of brush after applying the magnetic field, hence shape and
size of magnetic brush is considered as the domain for
finding the magnetic potential. The domain along with the
boundary conditions is shown in Fig. 4. The value of φ1 at
boundary can be calculated using the following equation
[6]:

φ1 ¼
Blb

μ0 1þ χmð Þ ð5Þ

The radius of magnetic brush can be calculated using the
equation.

r2 ¼ �2r0 z� r0
2
þ lb

� �h i
ð6Þ

The velocity of magnetic abrasive particles depends upon
the rpm of tool (N pole of electromagnet) and the track
followed by the magnetic abrasive particles. Here we are
assuming that the particular magnetic abrasive particles are
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Fig. 4 Domain showing boundary condition for magnetic potential
model
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continuously following a particular path as shown in Fig. 5.
The velocity of magnetic abrasive particle in the track 1 can
be calculated using Eq. (7).

v ¼ p�D�N
60 m=sð Þ

where D ¼ mean diameter of magnetic abrasive particle
N ¼ rpm of magnetic abrasive particle

9>=
>;

ð7Þ
Similarly for track 2, 3, and so on tracks, the velocity will
become 2v, 3v and so on, respectively.

The magnetic pressure between the abrasive and the
workpiece can be written as [3]:

P ¼ m0
H2

a

4

3p mr � 1ð Þw
3 2þ mrð Þ þ p mr � 1ð Þw where

Ha ¼ mr þ 2

3
H

ð8Þ

2.3 Temperature model

During finishing of workpiece, there is generation of heat
flux at the surface of workpiece due to machining pressure
and friction between workpiece and abrasives. The rate of
heat generation at the surface of workpiece for few seconds
is so high that there is very high temperature rise, which
will be responsible for generation of residual stresses inside
the workpiece. The governing equation for steady state
temperature distribution in an axisymmetric workpiece
domain can be written as follows:

Kw
1

r

@

@r
r
@T

@r

� �
þ @

@z

@T

@z

� �� �
¼ 0 ð9Þ

The domain for temperature model along with the boundary
conditions is shown in Fig. 6.

2.4 Calculation of heat flux

The pressure generated between the abrasives and work-
piece and coefficient of friction are responsible for
generation of heat flux. The high velocity abrasives are
rubbing the workpiece top surface and due to friction and

high magnetic pressure, heat flux is generated. The total
heat flux generated because of abrasives can be calculated
as follows:

qt ¼ P � mf � v ð10Þ
The heat flux entering to workpiece can be written as:

qw ¼ Rw � P � mf � v ð11Þ
Here Rw is energy partition and calculated as Rw ¼ bw

bwþba
where bw ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KwrwCw

p
and ba ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KaraCa

p
[7]

3 Finite element formulations

3.1 Magnetic potential model

The Galerkin’s FEM is one among the class of techniques
collectively known as the method of weighted residue [5].
In Galerkin’s method, we select the weight functions and
set the weighted average of residue to zero or in
mathematical terms, we can say the residue is made
orthogonal to the weight functions. By applying Galerkin’s
approach to Eq. (4), the elemental equations over a typical
element is given by

K1½ �e φf ge ¼ 0 ð12Þ
Here, K1½ �e is the elemental coefficient matrix and φf ge is
the magnetic scalar potential vector of the respective
element. The elemental coefficient matrix is evaluated by
K1½ �e ¼

R
D

e B½ �eT B½ �erdrdz where, B½ �e is derivative of shape
function matrix, De is the domain of the area element. In
the present case eight-noded isoparametric elements are
chosen for the finite element approximation. The integrals
in Eq. 12 for eight-noded isoparametric quadrilateral element
are computed numerically using Gaussian quadrature with
three points in each direction. All the elemental equations are
assembled to get a global set of algebraic equation, which is
represented as

GK1½ � φf g ¼ 0 ð13Þ
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Fig. 6 Domain showing boundary condition for temperature model
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where [GK1] is the global coefficient matrix and φf g is the
global magnetic scalar potential vector. Essential boundary
conditions are applied in Eq. 13 and finally solved by
Gauss elimination method to find nodal magnetic scalar
potential.
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Fig. 7 Variation of machining pressure with different magnetic flux
density
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Fig. 8 Variation of f along radius at bottom of magnetic brush at (a) z=0
(b) z=0.5 mm at 5835 rpm of tool. Other machining condition are given in
Table 1
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Fig. 9 Variation of f along z-axis at r=0 at 5835 rpm of tool. Other
machining condition are given in Table 1

Table 1 Machining conditions [2, 4]

Machining parameters Description

Material of workpiece Silicon nitride (Si3N4)
Magnetic abrasive powder Chromium oxide

(Cr2O3)
Radius of the workpiece 10 mm
Thickness of workpiece 2.5 mm
Working gap 1 mm
Tool (electromagnet) diameter 6 mm
Volume ratio of the iron in magnetic
abrasives

0.5

Mean diameter of the magnetic particles 387 µm
Magnetic grain (Cr2O3) diameter 3 µm
RPM of tool 5835
Value of energy partition 0.41
Coefficient of friction 0.6
Permeability of free space µ0= 4πX10–7 H/m
Relative permeability of pure iron µr= 5000 [8]
Thermal conductivity of silicon
nitride (Si3N4)

29.3 W/mK

Thermal conductivity of chromium
oxide (Cr2O3)

31.8 W/mK

Thermal conductivity of iron (Fe) 73.3 W/mK
Specific heat of silicon nitride (Si3N4) 650 J/KgK
Specific heat of chromium oxide (Cr2O3) 250 J/KgK
Specific heat of iron (Fe) 444 J/KgK
Density of silicon nitride (Si3N4) 3243 Kg/m3

Density of chromium oxide (Cr2O3) 5200 Kg/m3

Density of iron (Fe) 7870 Kg/m3
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3.2 Temperature model

By applying Galerkin’s approach to Eq. (9), the elemental
equations over a typical element is given by

K2½ �e Tf ge¼ ff ge ð14Þ
where the elemental coefficient matrix [K2]

e can be written
as

K2½ �e¼ Kw

Z
De

B½ �eT B½ �erdrdz ð15Þ

and right-side force vector can be written as

ff ge¼
Z
B

Nf gbqwrdB ð16Þ

All the elemental equations for temperature are assembled
to get a global set of algebraic equation, which is written as,

GK2½ � Tf g ¼ GFf g ð17Þ

where [GK2] is the global coefficient matrix, {GF} is the
global right-side force vector, and {T} is the global
temperature rise vector. Essential boundary conditions are
applied in Eq. 17 and finally solved by Gauss elimination
method to find temperature rise.

4 Results and discussion

In the present work, SIMU-MAF software has been developed
using MATLAB, which is validated by comparing the results
of a known problem from the literature, for the simulation of
magnetic potential and temperature. For the use of this
developed software IDEAS is used as a preprocessor.

Figure 7 shows that as the magnetic flux density increases,
the machining pressure also increases. With increase in
magnetic flux density, magnetic potential increases accord-
ingly as we move away from the centre of magnetic brush
towards the end in r-direction. The variation of magnetic
potential at the contact surface of workpiece and magnetic
particles for different magnetic flux density along r-axis is
shown in Fig. 8. The magnetic potential increases as we go
away from the centre of magnetic brush, because it follows
the equipotential line path. As we go near the electromagnet,
the magnetic potential continuously increases, that is why
more magnetic potential value is there in Fig. 8b as
compared to Fig. 8a. Figure 9 shows variation of magnetic
potential along z-axis at center of magnetic brush for various
values of magnetic flux density.

When finishing ceramics workpiece (Si3N4) using MAF,
the temperature rise in the workpiece is very high. The
reason for the temperature rise in the workpiece in the case
of ceramics is due to the fact that it is difficult to machine.
So to finish the ceramics, a high magnetic flux density and
high rpm of electromagnet are required, which results in
high machining pressure and friction between magnetic
particles (Cr2O3+ Fe) and workpiece surface.
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Fig. 10 Variation of temperature along radius at top surface of work-
piece for 5835 rpm of tool. Other machining condition are given in Table 1
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As we move away from the centre of the workpiece, the
temperature increases gradually and at the end point of
magnetic brush, temperature starts decreasing sharply.
Figure 10 and 11 show the temperature rise at the contact
surface of workpiece and magnetic particles for different
magnetic flux density along r-axis at a particular rpm
(5835). The maximum temperature rises upto 708°C for
one tesla magnetic flux density. The reason for increase in
temperature while moving away from the centre of
workpiece is due to increase in magnetic particles velocity
and magnetic potential. But after the end point of magnetic
brush, there is no surface contact between particles and
workpiece so temperature decreases sharply.

Figure 12 shows temperature rise along z-axis at 3 mm
away from the centre of workpiece surface for different
magnetic flux density. The temperature rises as we are
going closer to the contact surface of workpiece and
magnetic brush. Figure 13 shows temperature rise along
z-axis at the centre of workpiece surface for different

magnetic flux density. The temperature rise is more in case
of r=3 mm as compare to r=0 mm due to increase in
magnetic particles velocity in former case.

Figure 14 shows temperature rise along r-axis at the
contact surface of workpiece and magnetic particles from
the centre of workpiece for different rpm of magnetic
particles at one tesla magnetic flux density. The maximum
temperature rises from 633°C to 841°C when rpm of
magnetic particles are increased from 5305 to 6366 rpm
along r-axis. The reason for temperature rise is, as we are
increasing the rpm, heat flux generated at the contact
surface also increases so naturally temperature at the
contact surface increases.

5 Conclusions

Various operating parameters such as magnetic flux density,
magnetic pressure, magnetic potential and tool rpm have
been studied and following conclusions are derived from
the present analysis.

– The mathematical modeling and finite element formu-
lation of MAF presented in this paper appear to
describe the actual phenomena reasonably accurately.

– The machining pressure between the magnetic brush and
the workpiece increases considerably with the increases in
magnetic flux density, which further affects magnetic
potential and, hence, the temperature rise in the workpiece.

– The magnetic potential increases along the radius as
well as along the z-axis rapidly with increase in
magnetic flux density.

– Temperature rise inside the workpiece along the radius
firstly increases slowly upto the vicinity of magnetic
brush, but after that it decreases sharply.
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Fig. 12 Variation of temperature along z-axis at r=3 mm in radial direc-
tion at 5835 rpm of tool. Other machining conditions are given in Table 1
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Fig. 13 Variation of temperature along z-axis at r=0 mm in radial direc-
tion at 5835 rpm of tool. Other machining conditions are given in Table 1
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– Temperature rise increases along z-direction from
bottom of workpiece towards top surface of workpiece.

– Temperature rise inside the workpiece is found to be
increases with the increase in rpm of magnetic abrasive
brush. More the rpm of magnetic abrasive brush more
will be the temperature rise.

– From the results, it can be said that, firstly magnetic
flux density value should be selected and then tool rpm
in order to obtain smooth finished surface, with less
rise in temperature inside the workpiece.
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