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Abstract The finishing action in magnetorheological abra-
sive flow finishing (MRAFF) process relies mainly on
bonding strength around abrasive particles in magnetorheo-
logical polishing (MRP) fluid due to cross-linked columnar
structure of carbonyl iron particles. The fluid flow behaviour
of MRP fluid exhibits a transition from weak Bingham liquid-
like structure to a strong gel-like structure on the application of
magnetic field. Depending on the size and volume concentra-
tion of abrasives and carbonyl iron particles (CIPs) in the base
medium, the rheological properties hence, bonding strength
gained by abrasives through surrounding CIP chains varies.
To study the effect of particle size on rheological properties of
MRP fluid, a hydraulically driven specially designed capillary
magnetorheometer was fabricated. The rheological properties
of MRP fluids in the homogeneous magnetic field perpen-
dicular to the shear flow direction are evaluated. The three
constitutive models, viz. Bingham plastic, Herschel–Bulkley
and Casson’s fluid, are used to characterise the rheological
behaviour of MRP fluid by fitting the rheological data
obtained from capillary magnetorheometer and evaluating
respective constants in their constitutive equations.
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Abbreviations
τ fluid shear stress (Pa)
τo magnetic-field-induced dynamic yield shear stress (Pa)
η plastic viscosity of MR fluid (Pa−s)
:g shear rate (s−1)

1 Introduction

In magnetorheological abrasive flow finishing (MRAFF),
the magnetic-field-dependent yield stress and viscosity of
magnetorheological polishing (MRP) fluid are controlled
by controlling magnetising current in the electromagnet coils
producing magnetic field across the finishing zone [1]. The
MRP fluid comprises of carbonyl iron particles (CIPs) and
very fine abrasives dispersed in viscoplastic base medium
of mineral oil and grease, which exhibits unique reversible
change in its rheological properties on the application and
removal of external magnetic field. The carbonyl iron particles
acquire magnetic dipole moment proportional to field strength
and aggregate into interconnected chain-like columnar struc-
ture aligned in the field direction, embedding non-magnetic
abrasive particles in between or within. The rheological char-
acteristics and bonding strength gained by abrasive particles in
presence of CIPs and magnetic field play an important role in
MRAFF action. Therefore, to understand MRAFF mecha-
nism, it is important to understand the rheological properties
of synthesised MRP fluid compositions with different particle
sizes at varying magnetic field strengths. This paper discusses
the design and fabrication of capillary magnetorheometer,
experimentation procedure and results of evaluation of the
rheological properties ofMRP fluid with different particle size
of silicon carbide with CS grade CIPs at different magnetic
flux density. It also deals with characterisation of MRP fluid
using Bingham, Hershel–Bulkley and Casson’s fluid models.
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2 Magnetorheological polishing fluid

Magnetorheological (MR) fluids belong to a class of smart
controllable materials invented in late 1940s by Rabinow
[2] that respond to an applied magnetic field with a change
in rheological behaviour. MR fluids are suspensions of
micron-sized dispersed magnetic phase in a non-magnetic
carrier continuous phase along with additives. MRP fluids
used as finishing medium in MRAFF process are synthes-
ised by mixing non-magnetic abrasive particles in specially
prepared weak Bingham plastic MR fluid. The presence of
non-magnetic abrasive particles in MRP fluid make its
rheological behaviour different from pure MR fluid. In
MRP fluid, the magnetic CIPs and abrasive particles are
dispersed into viscoplastic base medium under low shear
conditions. In the absence of a magnetic field, an ideal
MRP fluid exhibits weak Bingham behaviour. On the
application of an external magnetic field to aMR suspension,
a phenomenon known as magnetorheological effect is
observed [3]. The popular choice for magnetic disperse
phase in MRP fluid is iron because it is the element with
highest saturation magnetization (μoMs=2.1 T) [4]. High
purity (>99.9%) iron powder prepared using decomposition
of iron pentacarbonyl known as CIP are magnetically softer
and are relatively inexpensive to suit for the synthesis of
MRP fluids. Organic liquids are the preferred continuous
phases for most MR fluid applications, except in MR fluids
for optical polishing where water was used as the base
fluid due to adsorption of organic liquids on optical
surfaces. The desired properties of base fluid for MR fluid
are as follows:

(a) The fluid should be temperature-stable and should
have higher boiling point.

(b) It should be non-corrosive and non-reactive with
magnetic and abrasive particles.

(c) The viscosity of base fluid should be temperature
stable in a pre defined range.

(d) It should be less expensive and easily available.

The base fluids described in literature for preparation of
MR fluids are silicone oils, kerosene, mineral oils, glycols
and water. MR fluid should be stable and redispersible for
any practical application. During storage or inactivity, the
magnetic and abrasive particles in MRP fluid settle down
and form very tight-knit sediment. Once formed, it is very
difficult to redisperse them. To overcome this problem,
researchers have used various additives such as fibrous
carbon, silica, oleic acid and various polymers to achieve
stability against settling and enhance redispersibility.
Rankin et al. [5] made an attempt to prevent sedimentation
of particles by experimentation with viscoplastic base
prepared from mineral oil and grease. After their study,
the viscoplastic medium could be used in MR suspensions

to prevent sedimentation of particles without significantly
affecting the MR response. One of the requirements is that
the viscoplastic medium should have a large enough yield
stress to prevent sedimentation, and at the same time, it
should be small enough to ensure that medium does not
hinder field-induced particle migration.

3 Rheological behaviour of MRP fluid

The rheological properties of smart controllable fluids such
as electrorheological and MR fluids depend on concentra-
tion and density of particles, particle size and shape dis-
tribution, properties of the carrier fluid, additional additives,
applied field, temperature and other factors [6]. The interde-
pendency of all these factors is very complex yet important
in establishing methodologies to optimise the performance of
these fluids for finishing applications. In the ‘off’ state when
there is no magnetic field, the MR fluids appear similar to
liquid paints and exhibit comparable levels of apparent
viscosity 0.1 to 1 Pa s−1 at low shear rates [7]. On the
application of magnetic field, MR fluid undergoes consider-
able increase in static yield stress due to alignment of CIPs
along the direction of magnetic field which results in rhe-
ological transition to Bingham plastic fluid. A shear stress
or a pressure difference perpendicular to magnetic field
direction is required to break this structure formed in MR
fluids. The response time of this transition is about 10–20 ms
depending on the magnetic circuit design of the system [8].
The experimental evidences have confirmed that MR fluids
in the presence of a magnetic field exhibit both a pre-yield
regime characterised by an elastic response and a post-yield
regime characterised by a viscous response [9]. Since MR
fluids typically operate in a continuous yield regime, they are
usually characterised by their field-dependent yield stress.
The steady shear rheological response of a MR fluid is
typically described as a Bingham plastic fluid with a yield
shear stress [10] as

t ¼ t0 þ h :g for t > t0
t ¼ 0 for t � t0

ð1Þ

where τ is the fluid shear stress, τo is magnetic field induced
dynamic yield shear stress, η is plastic viscosity of MR fluid
and γ: is shear rate (s−1). The plastic viscosity of the medium
is mostly governed by the base fluid. The field-induced shear
stress τo depends on the magnetic field strength, H. The
strength of the fluid (i.e. the value of static yield shear stress)
increases as the applied magnetic field increases. However,
this increase is nonlinear since the particles are ferromagnetic
and magnetisations in different parts of the particles occur
non-uniformly [11]. MR fluids exhibit dynamic field strength
of 50–100 kPa for applied magnetic fields of 150–250 kA/m
(~2–3 kOe) [12]. The ultimate strength of MR fluid is limited
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by magnetic saturation. MR fluids are inherently anisotropic;
the yield stress will depend on relative orientation of the
magnetic field and the direction of deformation.

Rheologically, the MR fluid exhibit viscoplastic behav-
iour which shows little or no deformation up to a certain
level of stress, and it flows readily above this yield stress.
Concentrated suspensions of solid particles in Newtonian
liquids often shows yield stress followed by nearly New-
tonian flow. These suspensions are called viscoplastic or
Bingham plastic after E. C. Bingham. Ginder [13] reported
that the MR fluids also exhibit shear thinning, i.e.
possessing a decreasing apparent viscosity with increasing
strain rate in all applied fields. The Herschel–Bulkley
constitutive shear flow relationship (Eq. 2) accounts for this
post-yield shear thinning behaviour. The pre-yield behav-
iour is rigid as in Bingham plastic model.

t ¼ t0 þ K :gn for t > t0 ð2Þ
where the exponent, n, is called the flow behaviour index
and K as consistency parameter. The Herschel–Bulkley
model is found more suitable for MR fluids [14]. Casson
[15] proposed an alternate model to describe the flow of
viscoplastic fluids. A Casson fluid is defined as a shear
thinning fluid which is assumed to have an infinite viscosity
at zero rate of shear, a yield stress below which no flow
occurs and a zero viscosity at an infinite rate of shear [16].
Casson’s constitutive equation in time-independent shear
flow is a nonlinear relation between shear stress and rate of
strain [17], given by

ffiffiffi
t

p ¼ ffiffiffiffi
tc

p þ ffiffiffiffiffiffiffi
hc

:g
p

for t > tc ð3Þ
where tc denotes the yield stress and hc denotes Casson’s
viscosity (viscosity at high shear rates). The nonlinear

Casson’s constitutive equation has been found to describe
accurately the flow curves of the suspensions of pigments
in lithographic varnishes used for preparation of printing
inks and silicon suspensions. Jdayil et al. [18] accurately
modelled plastic flow behaviour of electrorheological fluids
using Casson’s constitutive equations.

4 Rheological measurements of MRP fluid

Rheometer is an instrument that measures both stress and
deformation history of the material for which constitutive
relation is not known [19]. Researchers have developed a
variety of apparatuses or customised available commercial
rheometers with special magnetic field inductor and metrol-
ogy attachments for measurement of yield stress and
viscosity of MR fluids. To quote a few are parallel plate
geometry by Lemaire and Bossis [20], concentric cylinder
rheometer by Laun et al. [21], modified rotating cylinder
type by Shorey et al. [22], modified cone plate type by
Odenbach et al. [23], pressure-driven capillary by Dang
et. al [24] and parallel plate rheometer by Chin et al. [25]. A
good review and comparison was discussed by Laun et al.
[21]. To use MRP fluid in MRAFF process, it is required
to characterise the fluid properties quickly and easily. In
particular, the determination of magnetic-field-induced
yield stress and dynamic viscosity is important to study
the flow behaviour and bonding strength imparted to
abrasive particles by CIP chains during finishing. Despite
the expanding interest and research in MR fluids, there is
currently no commercial rheometer available for deter-
mining rheological properties of the MRP fluid. Research-
ers have modified the existing commercial rheometers or
viscometers to allow incorporation of electromagnets in
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sample shearing zone. The modifications typically involve
constructing fixtures of low carbon steel and adding a wire
coil or electromagnet to deliver a variable magnetic field
to the sample. Unfortunately, many modifications reported
in literature are complex and time-consuming. At the same
time, presence of abrasives in MRP fluid poses a high risk
for the rheometer’s life. Keeping in view all these constraints,
a pressure-driven capillary magnetorheometer was designed
and fabricated with the following advantages as discussed in
the following section:

(a) Similarity with MRP fluid flow in MRAFF. As shown
in Fig. 1, the direction of fluid deformation is per-
pendicular to magnetic field in MRAFF setup and
capillary rheometer.

(b) Presence of abrasives in polishing fluid damage the
surface of commercially available rheometer.

(c) High yield stress of MRP fluid in magnetic field.
(d) Simple in construction and accurate for steady

viscosity measurements.

5 Design of a capillary magnetorheometer

Rheometer design involves measurement of the quantities
like force, torque, pressure and angular velocity depending
on the type and then conversion of these quantities to stress
and strain on the sample. The stress and strain data on fluid
allow determination of rheological material functions which
are needed to evaluate the parameters in the constitutive
equation. Van Wazer et. al. [26] reviewed many rheometer
designs and explained their working principle. Capillary

rheometer is a pressure-driven type which has two basic
designs:

1. controlled drive pressure and measurement of flow rate
and

2. controlled flow rate and measurement of pressure drop.

Pressure can be controlled by a hydrostatic head, ex-
ternal compressed gas, dead weight or hydraulic pressure.
Flow rate can be controlled by motion of a driving piston.
A typical design of a capillary rheometer for high yield
stress fluids consists of a piston controlled by a ball screw
drive or by gas or hydraulic pressure. There is wall slip with
concentrated dispersions. The aspect ratio L/R, where L is the
length of capillary under influence of magnetic field and R is
the radius of capillary tube, should be approximately 60 for
capillary rheometer [19]. The rheometer design for magneto-
rheological polishing fluid needs special attention due to
application of magnetic field across capillary and presence of
abrasive particles in the fluid. First design of capillary
magnetorheometer was based on the design by Dang et al.
[24] using compressed air. As the yield stress of MRP fluid
is high enough to initiate the flow under gravity, it was
planned to use the compressed air for the same. All the
materials used in the construction of rheometer were non-
magnetic. Base and rheometer body were made from alu-
minium, and stainless steel capillaries were used for flow
during measurement. To improve accuracy of the instrument,
a digital pressure gauge with accuracy of 0.01 MPa was used
to measure the pressure in the cylindrical rheometer fluid
reservoir. The maximum pressure of the compressed air
available and safe for use was 1.0 MPa. This rheometer
design worked for MRP fluid with very low volume con-
centration of CIPs. The actual MRP fluid used for finishing
had 20 vol.% each CIP and abrasives and need very high
pressure to extrude through capillary in the presence of

Table 1 Properties of carbonyl iron powder (BASF)

Grade Physical Composition (%) Particle size distribution

d10
(μm)

d50
(μm)

d90
(μm)

CS Mechanically
soft

Iron >99.5 3.5 6.0 18.0
Carbon <0.05
Oxygen 0.2
Nitrogen <0.01

Table 3 Magnetorheological polishing fluid: compositions

Constituent % Volume concentration

Carbonyl iron powder 20
Silicon carbide 20
Base medium 60

Table 2 Silicon carbide abrasives particle size

S. no. Mesh size Avg. particle diameter (μm)

1 800 19.0
2 1,000 15.2
3 1,200 12.67
4 1,500 10.13

Table 4 Magnetorheological polishing fluid: compositions: types

S. no. Name CIP Grade SiC mesh size

1 MRPF-20CS-20SiC800 CS 800
2 MRPF-20CS-20SiC1000 CS 1000
3 MRPF-20CS-20SiC1200 CS 1200
4 MRPF-20CS-20SiC1500 CS 1500
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magnetic field. Such high pressure cannot be obtained from
compressed air. Therefore, to measure rheological properties
of actual MRP fluid, a modified design was made using
hydraulically driven piston in fluid reservoir. Second design
which was used to conduct rheological experiments consists
of the following main components:

(a) MRP fluid reservoir—volume=130 cm3;
(b) stainless steel capillary—radius=1.9 mm, length=

102 mm;
(c) hydraulic actuator;
(d) Hydraulic system—constant pressure; and
(e) Electromagnet.

The design used the MRAFF experimental setup with
add-on capillary attachment. Figure 2 shows the schematic
of the rheometer setup. Before starting experiments, the
MRP fluid of known composition is filled inside the MRP
fluid cylinder of MRAFF setup, here acting as fluid reservoir.
The rheometer plate with stainless steel capillary of diameter
1.9 mm and length 140 mm is then fixed at the bottom of
reservoir with the help of two supporting bars. Hydraulic
pressure on MRP fluid reservoir is maintained with the help
of a constant pressure hydraulic unit. The friction between
piston and walls of MR fluid reservoir is taken in to account
by subtracting friction pressure from the hydraulic pressure
applied in calculating shear stress. Friction pressure is
estimated by applying hydraulic pressure in absence of MR
polishing fluid and observing the pressure required to start
piston movement. The pressure before experiment is adjusted
with the help of a lever on variable delivery pump and
measured from the pressure gauge mounted on the system. To
evaluate rheological properties of MRP fluid, the fluid was
forced through a fine capillary, and the viscosity and yield
shear stress were determined from the measured volumetric
flow rate, applied pressure and the capillary dimensions.

6 Rheological experiments

Experiments were conducted to evaluate the rheological
properties of MRP fluid with carbonyl iron CS grade and
different particle sizes of SiC under different magnetic field
strength. The MRP fluids prepared from CIP-CS (Table 1)
and four different mesh sizes of silicon carbide abrasives
(Table 2) as per composition mentioned in Table 3 are
summarised in Table 4. MRP fluid with 20 vol.% carbonyl
iron powder, 20 vol.% silicon carbide abrasive powder and
60 vol.% of viscoplastic base medium (20 wt.% AP3 grease
and 80wt.% paraffin liquid heavy) was prepared by uniformly
mixing abrasives and carbonyl iron particles into continuous
phase (grease + oil) and stirring with the help of specially
designed multiple blade mixer for 1 h. Stopwatch is used for
measuring the flow time to calculate flow rate for each

measurement after steady-state flow is observed. To calculate
yield stress and viscosity, flow rate is calculated against
various pressures for a particular fluid and magnetic field
strength. The magnetising current for different magnetic field
strength is given in Table 5.

7 Results and discussions

The three constitutive models, viz. Bingham plastic (BP),
Herschel–Bulkley (HB) and Casson fluid (CF; Fig. 3) [27],
are used to characterise the rheological behaviour of MRP
fluid by fitting the rheological data and evaluating
respective constants in their constitutive equations. From
the experimental data obtained from capillary magneto-
rheometer, flow curves in terms of wall shear stress vs.
shear rate for all fluids (listed in Table 4) at three magnetic
flux densities are plotted. Constitutive equations and flow
curves for MRP fluid with SiC-800 abrasives at three
magnetic flux densities are shown in Fig. 4. Similar curves
were obtained for all other compositions.

The rheological parameters obtained for BP, HB and CF
curves are tabulated in Table 6. In these fluid models, it is
assumed that the pre-yield behaviour is rigid and that the
fluid flows if and only if the local shear stress is greater
than the yield stress. For BP model, once the local shear
stress exceeds the yield stress, the post-yield behaviour is
linear. The BP model is a two-parameter model with yield
shear stress, τ0, and plastic viscosity, ηpl. For the HB model,

Table 5 Magnetising current in electromagnet coils and field
produced

Magnetising current (A) Magnetic field strength (G)

0.9 1,500
1.6 1,750
2.4 2,000

 

0 τ  
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2
3

1. Bingham Plastic 
2. Casson’s Fluid 
3. Herschel-Bulkley 

Shear rate, 1s−

Shear stress 

wτ 

Fig. 3 Constitutive models for MRP fluid flow characterisation [27]
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the post-yield behaviour is nonlinear. The HB model
employs three parameters: yield shear stress,τ0, consistency,
K, and flow index, n. Flow index n>1 indicates a shear
thickening fluid, and n<1 indicates a shear thinning flow.
The CF model is a two-parameter model which represents
closely the particulate flow. The parameters are yield shear
stress, τ0, and Casson’s viscosity, ηc. The yield shear stress
values obtained from three models differ in magnitudes
because of deviation in their nature at low shear rates, as
can be seen in Fig. 4.

The curvature in HB and CF models (Fig. 4) indicates
shear thinning of the fluid, and it varies from fluid to fluid
based on their constituents and magnetic flux density. In
HB model, the extent of shear thinning can be evaluated
from flow index. Value towards zero indicates more shear

thinning, while its value towards 1 indicates Bingham plastic
fluid with no shear thinning (Fig. 5). The MRP fluids having
value of n<0.5 shear much faster and have low viscosity at
higher shear rate. The flow index of all MRP fluids as per
Table 6 lies between 0.305 and 0.852, which is evident for
shear thinning behaviour of MRP fluids.

The coefficient of multiple determination (R2) of all the
three models for all fluids are calculated and summarised in
Table 7. It is the ratio of regression sum of squares and error
sum of squares. R2 measures the proportion of variation in
the data points which is explained by the regression model.
For example, if R2=0.95, the 95% of the variation in the
dependent, or response variable Y, is explained by the
regression model. A value of R2=1.0 means that the curve
passes through every data point, and a value of R2=0.0 means
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that the regression model does not describe the data any
better than a horizontal line passing through the average of
the data points.

The R2 values for Bingham fit to rheological data of all
compositions at different magnetic flux density are least as
compared to Casson and Hershel–Bulkley models, although
the difference is small. Hershel–Bulkley represents best the
flow behaviour of all fluids at all flux densities. Bingham
plastic model for MR fluids, as described in literature [9,
19], is not a realistic model to represent flow behaviour of
magnetorheological polishing fluid, which may be due to
the presence of non-magnetic abrasive particles in it. All
fluids flow as shear thinning fluid with nonlinear nature of
flow curve. Hence, Bingham model is not found suitable to
explain the rheological behaviour of MRP fluid. Herschel–

Bulkley model fits better to the data points as compared to
other models (Fig. 4). This is evident from R2 values which
lie between 0.992 and 0.999 for all fluids. Casson fluid
model represents a continuous shear thinning behaviour of
the fluid with decrease in viscosity from infinity at zero
shear rate to zero at infinite shear rate. The yield stress and
Casson’s viscosity evaluated after fitting Casson’s model
for all MRP fluids are listed in Table 6. Casson’s model
also fits rheological data well, with R2 ranging from 0.981
to 0.998.

Understanding MRP fluid structure at micro level in the
presence of external magnetic field is very difficult due to
the complex nature of the fluid. The rheological properties
evaluated in literature are of MR fluid which does not contain
non-magnetic particles. The presence of non-magnetic SiC

Table 6 Rheological characterization of MRP fluids with CIP-HS

MRP fluid constituents Bingham model ty ¼ t0 þ hp1g
�

Herschel–Bulkley model ty ¼ t0 þ Kg
� n

Casson fluid
ffiffiffiffi
ty

p ¼ ffiffiffiffiffi
t0

p þ
ffiffiffiffiffiffiffi
hcg

�
q

CIP
grade

SiC
mesh

B
gauss

Yield stress τ0
(Pa)

Plastic viscosity ηpl
(Pa−s)

Yield stress τ0
(Pa)

Consistency
(K)

Flow index
(n)

Yield stress τ0
(Pa)

Casson’s viscosity
(Pa−s)

CS 800 2,000 12,649.69 216.76 6,352.09 4,670.73 0.305 10,461.22 45.96
CS 800 1,750 12,577.19 220.87 6,596.60 4,477.76 0.311 10,446.54 46.81
CS 800 1,500 8,482.48 270.53 6,031.82 1,216.36 0.639 5,660.35 97.20
CS 1,000 2,000 11,649.02 230.84 6,088.85 3,211.68 0.408 8,831.51 62.39
CS 1,000 1,750 11,552.88 242.78 6,226.44 3,103.08 0.419 8,744.39 65.89
CS 1,000 1,500 7,698.55 258.73 5,586.05 895.63 0.711 4,627.99 108.53
CS 1,200 2,000 10,775.24 239.21 5,480.53 3,615.98 0.379 8,373.61 64.88
CS 1,200 1,750 9,367.49 260.52 6,133.63 1,660.09 0.568 6,520.36 88.67
CS 1,200 1,500 7,780.13 276.57 6,031.35 814.26 0.742 4,757.84 113.46
CS 1,500 2,000 10,428.84 437.74 6,764.69 2,937.37 0.485 7,914.72 125.35
CS 1,500 1,750 9,728.25 367.23 6,494.79 2,169.28 0.544 7,046.97 116.09
CS 1,500 1,500 8,975.22 391.81 5,874.19 1,845.84 0.606 5,934.07 145.26

Herschel Bulkley Fluid (for different flow index)
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abrasives of different sizes affects significantly the rheological
properties and makes it difficult to predict the nature of such
fluids. Though in the current scope of work it is difficult to
explain all such variations in the complex rheology of MRP
fluids, an attempt has been made to explain results in the
following paragraphs.

7.1 Variation with SiC mesh sizes

Comparison has been made between flow properties (yield
stress and viscosity) of MRP fluids with same CIP size and
varying SiC particle size, keeping the same volume concen-
tration. The results are analysed from Herschel–Bulkley
model as well as Casson’s fluid model. The variation of yield
stress, consistency coefficient (K) and flow index (n) of MRP
fluid with different SiC abrasive mesh sizes at 0.150, 0.175
and 0.200 T is shown in Fig. 6a–c, respectively. The yield
stress for a given magnetic flux density depends on the MRP
fluid structure formed by magnetic CIPs and different size of
non-magnetic abrasive particles.

The yield stress in HB and Casson’s model are obtained
after extrapolation of the flow curve to intercept shear stress
axis at zero flow rate. In HB model, the yield stress (Fig. 6a)
first decreases and then increases at 1,500 mesh size. Yield
stress value of a particular fluid composition is governed
by fluid structure and the interparticle magnetic attractive
forces. For the same iron particle size and volume concen-
tration, the fluid structure developed in the presence of
magnetic field for different SiC particle size is more complex
and difficult to predict. As volume concentration of SiC
and CIP is kept constant, the smaller the particle size, the
more the number of particles. For smaller particle size, the

magnetic force on CIPs is shared by more number of SiC
particles (or smaller force on each particle), but at the same
time, smaller particles form denser structure filling up the
voids between CIP chains (or larger force per unit area).
The yield stress variation shown in Fig. 6a is attributed to
these two counteracting phenomena. Figure 7a shows
variation of yield stress of MRP fluid as per Casson’s
model with different SiC abrasive mesh sizes at 0.15, 0.175
and 0.200 T.

The Casson’s yield stress decreases with increase in
mesh size at all magnetic fields except at 0.150 T. The

Table 7 Comparison of coefficient of multiple determination of
Casson, Herschel–Bulkley and Bingham plastic model for MRP fluids

MR polishing
fluid

Magnetic flux
density (G)

Coefficient of multiple
determination (R2)

Casson Hershel–
Bulkley

Bingham

MRPF-20CS-
20SiC800

2000 0.984 0.999 0.926
1750 0.984 0.996 0.938
1500 0.994 0.994 0.987

MRPF-20CS-
20SiC1000

2000 0.994 0.999 0.963
1750 0.993 0.994 0.968
1500 0.993 0.993 0.989

MRPF-20CS-
20SiC1200

2000 0.981 0.999 0.919
1750 0.994 0.995 0.978
1500 0.997 0.999 0.998

MRPF-20CS-
20SiC1500

2000 0.998 0.998 0.983
1750 0.995 0.996 0.975
1500 0.986 0.992 0.934
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Fig. 6 Variation of yield stress (a), consistency (b) and flow index (c)
with SiC mesh sizes at 0.150, 0.175 and 0.200 T as per Hershel–
Bulkley model

664 Int J Adv Manuf Technol (2009) 42:656–668



average diameter of CS grade CIP is 18 μm and SiC of
mesh size 800 is 19 μm. They are comparable in size and
form a closed knit interlinked structure at 0.175 and 0.200 T;
hence at 0.15 T, the structure may not be that strong. Yield
stress at higher magnetic field is more for most of the fluid
compositions. As the abrasive particle size reduces towards
1,500 mesh with particle diameter of 10.13 μm, for the same
volume percentage, the number of SiC particles increases
per CIP. This results in sharing of magnetic force on CIP
by more number of abrasives as compared to 800 mesh
size, which results in weak bonding between CIP chains. In
MR polishing fluid, the bonding between CIP chains is
limited by magnetic attraction forces due to magnetic field
and CIP size. Forces on abrasive particles are coming due
to magnetic force on CIPs in MR polishing fluid. Even
though smaller abrasive particles are more capable of filling
voids between CIP chains, due to their non-magnetic nature,
they can form dense structure but are weak in bonding
strength. During flow of such fluids, due to the presence of
more number of non-magnetic smaller size abrasive par-
ticles, the magnetic force per particle becomes lower; hence,
the MR polishing fluid structure has a higher tendency to
rupture. Due to the presence of more number of non-magnetic
abrasive particles, there are more sites for chain breakage,
which yield more shear thinning once flow starts. The chain
structure modelling and effect of particle size on MRAFF

performance has been reported elsewhere [28]. MRP fluid
with bigger SiC particles has a higher consistency coefficient
(Fig. 6b) than smaller SiC combination with CIP-CS. The
flow index in HB model shows an interesting trend with
variation of SiC particle size in the MRP fluid. The polishing
fluid exhibits more shear thinning with bigger abrasive
particles in it as compared to smaller SiC particles. The value
of flow index as seen in Fig. 6c is low for SiC 800 mesh size
than higher mesh size composition.

The variation of Casson’s viscosity of MRP fluid with
CIP-CS grade and different SiC abrasive mesh sizes is
shown in Fig. 7b. High Casson’s viscosity is observed for
CIP-CS with smaller SiC particle size as compared to
bigger abrasive particles. This may be because of more
flow resistance due to the presence of more number of
smaller particles in the fluid. At high shear rates, the effect
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Fig. 7 Variation of yield stress (a) and Casson’s viscosity (b) with
SiC mesh sizes at 0.150, 0.175 and 0.200 T as per Casson’s fluid
model
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Fig. 8 Variation of yield stress (a), consistency coefficient (b) and
flow index (c) of MRP fluid with magnetic flux density as per
Hershel–Bulkley model
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of magnetic bonding between CIPs is not predominant and
has less effect on flow behaviour. The viscous and frictional
resistance of the fluid and particles at high shear rate
governs the Casson’s viscosity of the fluid. As Casson’s
viscosity is a measure of viscosity at high shear rates, the
lower value with bigger SiC is observed.

7.2 Variation with magnetic flux density

The effect of magnetic flux density on rheological properties
of MRP fluid is explained with the help of Hershel–Bulkley
and Casson’s fluid model, as their R2 values are near 1.
Increase in yield stress of magnetorheological fluid with
magnetic flux density is widely reported in the literature. In
the present study, the presence of non-magnetic abrasive
particles in the MRP fluid may act as a defect site in the
CIP lattice in the fluid and affect the stress required to
initiate flow, hence yield stress. As reported in the previous
section, the MRP fluid behaves as a shear thinning fluid.
The formation and breaking of CIP chain structure in the
fluid is random, and after a specific level of strain rate,
there is insufficient time available for reformation of chain

structure; hence, the role of magnetic flux density in
affecting fluid viscosity at higher shear rate is not clearly
understandable. Variation of yield stress, consistency co-
efficient (K) and flow index in HB model representing
MRP fluids are plotted in Fig. 8a–c. Effect of magnetic flux
density on yield stress and Casson’s viscosity of MRP
fluids is shown in Fig. 9a,b, respectively. The possible
explanation of variations in yield stress and viscosity with
fluid composition at different magnetic flux densities is
described in the following subsections.

Yield stress Yield stress value as per HB model increases
for all combination of SiC mesh sizes except 1,200 mesh
(Fig. 8a). An initial increase in Casson’s yield stress of
MRP fluid with CIP-CS is observed with increase in magnetic
flux densities for all grades of SiC abrasives (Fig. 9a). The
yield stress value remains almost the same after certain
magnetic flux density in case of MRP fluid with SiC 800 and
1,000 mesh size. This may be due to magnetic saturation of
iron particles. The reported magnetic flux density has been
measured in air. The flux density inside carbonyl iron particles
is more due to high permeability. Flux density depends on
magnetic field strength H and magnetic permeability of
medium. There is a possibility that with the applied magnetic
field strength, the flux density inside CIPs may reach
saturation. It is previously reported that the strength of the
MR fluid increases as the applied magnetic field increases,
but this increase is nonlinear, since the particles are
ferromagnetic in nature and magnetisation in different parts
of the particles occurs non-uniformly. The ultimate strength
of MR fluid is limited by magnetic saturation [11].

Casson’s viscosity Casson’s viscosity represents fluid flow
characteristics at high shear rates. Decrease in viscosity of
MRP fluid with CIP-CS is observed with increase in
magnetic field for all combination of SiC particle sizes.
The MR polishing fluid is characterised by the following
two main rheological properties: (a) yield shear stress
(developed due to magnetic field) and (b) fluid viscosity.
Yield shear stress governs the flow commencement, while
viscosity represents the flow behaviour once flow starts.
Yield stress increases with magnetic flux density for all
fluids because at higher flux density, fluid structure gains
more strength, and hence higher resistance against applied
pressure. Once the flow starts, the breakage of chain
structure and reformation of clusters during flow is repre-
sented by viscosity. Nonlinear relation between shear stress
and shear rate indicating shear thinning behaviour of MR
polishing fluid is observed. Owing to this behaviour,
viscosity is a function of shear rate and it is not constant.
Different models are used to represent the MR-polishing
fluid viscosity. From Fig. 8c, it is observed that Herschel–
Bulkley flow index decreases with increase in magnetic
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flux density. This indicates more shear thinning at higher
magnetic field. It is difficult at this stage to understand the
reason for this behaviour, but it is observed experimentally.
As viscosity decreases because of shear thinning in MR
polishing fluid, Casson’s viscosity also decreases with
magnetic flux density. For shear thinning fluid, viscosity
is not constant and varies with shear rate. Therefore, to
represent such behaviour of viscosity, Casson’s fluid model
is used, which gives viscosity value at high shear rates.

Flow index The flow index in Hershel–Bulkley model
signifies shear thinning or thickening behaviour. For all fluids
under study, the value is less than 1, so it shows shear thinning
behaviour of MRP fluids. The flow index decreases for all
fluid composition with magnetic flux density (Fig. 8c). This
indicates more shear thinning behaviour at higher magnetic
field. No appropriate explanation is identified from the present
study for this behaviour.

8 Conclusions

– Due to nonlinearity in flow curve, the MRP fluid
cannot be characterised as Bingham plastic fluid. The
behaviour of all MRP fluids observed is of shear
thinning viscoplastic nature due to rupturing of CIP
chains at faster rate at high shear rates.

– Except for few fluids, all the three rheological models,
viz. Bingham plastic, Herschel–Bulkley and Casson
fluid, fit the data points well in the experimental range.
There is deviation in their nature at low shear rates.
Because of this, the yield stress obtained from three
models differs in value.

– Herschel–Bulkley and Casson’s fluid models fit the data
points with better R2 value than Bingham plastic model.

– More shear thinning behaviour of MRP fluids is
observed at higher magnetic fields and for bigger SiC
particles.

Acknowledgment We sincerely thank BASF Germany for arranging
carbonyl iron powders of different grades for our research work. We
acknowledge the Council of Scientific and Industrial Research
(CSIR), New Delhi, India for their financial support for project no.
5411/NS/02/EMRII entitled “Magnetorheological Abrasive Flow
Finishing (MRAFF)”. We also acknowledge financial support of
Department of Science and Technology (DST), New Delhi under
DST-NSF Indo-US S&T cooperation program vide project no. DST-
INT-US (NSF-PRO-101)/2002.

References

1. Jha Sunil, Jain VK (2004) Design and development of magneto-
rheological abrasive flow finishing (MRAFF) process. Int J Mach
Tools Manuf 44(10):1019–1029 doi:10.1016/j.ijmachtools.
2004.03.007

2. Rabinow J (1948) The magnetic fluid clutch. AIEE Trans 67:1308
3. Jha S, Jain VK, Komanduri R (2006) Effect of extrusion pressure

and number of finishing cycles on surface roughness in magneto-
rheological abrasive flow finishing (MRAFF) process. Int J Adv
Manuf Technol 33:725–729

4. Phule PP (1998) Synthesis of novel magnetorheological fluids.
MRS Bull 23:23–25

5. Rankin PJ, Horvath AT, Klingeberg DJ (1999) Magnetorheology
in viscoplastic media. Rheol Acta 38:471–477 doi:10.1007/s00
3970050198

6. Jolly MR, Bender JW, Carlson JD (2000) Properties and
applications of commercial magnetorheological fluids. J Intell
Mater Syst Struct 10(1):5–13 doi:10.1106/R9AJ-XYT5-FG0J-
23G1

7. Phule PP, Ginder JM (1999) Synthesis and properties of novel
magnetorheological fluids having improved stability and redis-
persibility. Int J Mod Phys B 13/14–16:2019–2027

8. Genc S, Phule PP (2002) Rheological properties of magneto-
rheological fluids. Smart Mater Struct 11:140–146 doi:10.1088/
0964-1726/11/1/316

9. Jolly MR, Carlson JD, Munoz BC (1996) A model of the
behaviour of magnetorheological materials. Smart Mater Struct
5:607–614 doi:10.1088/0964-1726/5/5/009

10. Macosko CW (1994) Rheology: principles, measurements, and
applications. VCH, New York

11. Ginder JM, Davis LC (1994) Shear stresses in magnetorheological
fluids: role of magnetic saturation. Appl Phys Lett 65:3410–3412
doi:10.1063/1.112408

12. Carlson JD, Catanzarite DM, Clair KA (1996) Commercial
magnetorheological fluid devices. Int J Mod Phys B 10:2857–
2865 doi:10.1142/S0217979296001306

13. Ginder JM (1998) Behaviour of magnetorheological fluids. MRS
Bull 23:26–29 (Aug)

14. Rosenfeld N, Wereley NM, Radakrishnan R, Sudarshan TS (2002)
Behavior of magnetorheological fluids utilizing nanopowder iron.
Int J Mod Phys B 16/17–18:2392–2398

15. Casson N (1959) In: Mill CC (ed) Rheology of dispersed systems,
vol. 84. Pergamon, Oxford

16. Dash RK, Mehta KN, Jayaraman G (1996) Casson fluid flow in a
pipe filled with a homogeneous porous medium. Int J Eng Sci 34
(10):1145–1156 doi:10.1016/0020-7225(96)00012-2

17. Fung YC (1981) Mechanical properties of living tissues, Chapter
3. Biomechanics Springer, New York

18. Jdayil BA, Asoud H, Brunn PO (2007) Effect of polymer coating
on the behavior of an electro-rheological fluid in slit flow. Mater
Des 28:928–940

19. Macosko CW (1994) Rheology: principles, measurements, and
applications. VCH, New York

20. Lemaire E, Bossis G (1991) Yield stress and wall effects in
magnetic colloidal suspensions. J Phys D 24:1473–1477
doi:10.1088/0022-3727/24/8/037

21. Laun HM, Kormann C, Willenbacher N (1996) Rheometry of
magnetorheological (MR) fluids—I. Steady shear flow in station-
ary magnetic fields. Rheol Acta 35:417–432 doi:10.1007/BF00
368993

22. Shorey AB, Kordonski WI, Gorodkin SR, Jacobs SD, Gans RF,
Kwong KM et al (1999) Design and testing of a new magneto-
rheometer. Rev Sci Instrum 70(11):4200–4206 doi:10.1063/
1.1150052

23. Odenbach S, Stork H (1998) Shear dependence of field induced
contributions to the viscosity of magnetic fluids at low shear rate.
J Magn Magn Mater 183:188–194 doi:10.1016/S0304-8853(97)
01051-2

24. Dang A, Ooi L, Fales J, Stroeve P (2000) Yield stress measure-
ments of magnetorheological fluids in tubes. Ind Eng Chem Res
39:2269–2274 doi:10.1021/ie9908276

Int J Adv Manuf Technol (2009) 42:656–668 667

http://dx.doi.org/10.1016/j.ijmachtools.2004.03.007
http://dx.doi.org/10.1016/j.ijmachtools.2004.03.007
http://dx.doi.org/10.1007/s003970050198
http://dx.doi.org/10.1007/s003970050198
http://dx.doi.org/10.1106/R9AJ-XYT5-FG0J-23G1
http://dx.doi.org/10.1106/R9AJ-XYT5-FG0J-23G1
http://dx.doi.org/10.1088/0964-1726/11/1/316
http://dx.doi.org/10.1088/0964-1726/11/1/316
http://dx.doi.org/10.1088/0964-1726/5/5/009
http://dx.doi.org/10.1063/1.112408
http://dx.doi.org/10.1142/S0217979296001306
http://dx.doi.org/10.1016/0020-7225(96)00012-2
http://dx.doi.org/10.1088/0022-3727/24/8/037
http://dx.doi.org/10.1007/BF00368993
http://dx.doi.org/10.1007/BF00368993
http://dx.doi.org/10.1063/1.1150052
http://dx.doi.org/10.1063/1.1150052
http://dx.doi.org/10.1016/S0304-8853(97)01051-2
http://dx.doi.org/10.1016/S0304-8853(97)01051-2
http://dx.doi.org/10.1021/ie9908276


25. Chin BD, Park JH, Kwon MH, Park OO (2001) Rheological
properties and dispersion stability of magnetorheological (MR)
suspensions. Rheol Acta 40:211–219 doi:10.1007/s00397
0000150

26. Van Wazer JR, Lyons JW, Kim KY, Colwell RE (1963) Viscosity
and flow measurement. Wiley, New York

27. Chhabra RP, Richardson JF (1999) Non-newtonian flow in the
process industries—fundamentals and engineering applications.
Butterworth Heinemann, Oxford

28. Jha Sunil, Jain VK (2006) Modeling and simulation of surface
roughness in magnetorheological abrasive flow finishing (MRAFF).
Process Wear 261(7–8):856–866 doi:10.1016/j.wear.2006.01.043

668 Int J Adv Manuf Technol (2009) 42:656–668

http://dx.doi.org/10.1007/s003970000150
http://dx.doi.org/10.1007/s003970000150
http://dx.doi.org/10.1016/j.wear.2006.01.043

	Rheological characterization of magnetorheological polishing fluid for MRAFF
	Abstract
	Introduction
	Magnetorheological polishing fluid
	Rheological behaviour of MRP fluid
	Rheological measurements of MRP fluid
	Design of a capillary magnetorheometer
	Rheological experiments
	Results and discussions
	Variation with SiC mesh sizes
	Variation with magnetic flux density

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


