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Abstract Magnetorheological (MR) finishing fluids are the backbone ofMR finish-
ing technology. The abrading forces acting on a workpiece surface can be controlled
flexibly and the fine finishing with close tolerances can be obtained by using proper
machining conditions and MR finishing fluid compositions. The structure of MR
finishing fluid under applied magnetic field provides useful rheological properties
which are helpful during finishing operation. The rheological properties of fluid
sample can be improved by the addition of magnetic nanoparticles which fills the
structural micro-cavities of fluid sample. In the present work, iron oxide nanoparti-
cles are used for preparation of bi-dispersedMR finishing fluid samples. Rheological
properties and finishing performance of both mono-dispersed and bi-dispersed fluid
samples are compared.

Keywords Magnetorheological finishing fluid ·Magnetic field strength ·
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1 Introduction

Surface finishing is one of the most desired operations used in manufacturing indus-
tries in the production of a final product. Surface quality of components plays an
essential part for the better lifespan of components, because the service life of dif-
ferent engineering component depends on it. Components with undesired surface
roughness exhibit various problems such as increased wear rate, undesired friction,
fluid flow problems, low corrosion and oxidation resistance. Finishing operations are
very time consuming and labor intensive which costs around 15% of the overall pro-
duction cost for producing a final product [1]. The traditional finishing processes such
as grinding, lapping and honing are most widely used in manufacturing industries.
But such processes alone are incapable to produce required surface characteristics
on complex shape parts due to the inability of rigid tool movement with respect to
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workpiece surface. Moreover, the heat generated during traditional finishing opera-
tion may cause certain defects on the surface of part being finished. To overcome the
issues related to traditional finishing processes and to provide in-process determin-
ism, a number of advanced finishing processes based on Magnetorheological (MR)
fluid technology have been developed by researchers [2]. MR fluid possesses unique
featured rheological property that can be tuned effectively with the help of magnetic
field strength (on-state condition) as per requirements [3]. Similar to conventional
finishing operations,MR fluid-based finishing operations are based onmechanism of
mechanical abrasion but in a more controlled manner. The involvement of MR fluid
technology in finishing operations provides selective control of abrading forces that
are otherwise difficult to control in conventional finishing operations. The perfor-
mance of MR finishing processes highly depends on various machining parameters
as well as on the composition of MR finishing fluid [4]. Researchers are much inter-
ested in unique rheological properties (yield stress and viscosity) of MR finishing
fluids which provides desired abrading force on a workpiece surface. MR finishing
fluid comprises mixture of micron size magnetizable particles and non-magnetic
abrasive particles which are dispersed in a carrier liquid along with additives.

The rheological behavior of MR finishing fluid can be controlled under applied
magnetic field strength. The change in rheological behavior under applied magnetic
field is reversible in nature after removal of magnetic field strength. Under the effect
of magnetic field, the magnetizable particles present in MR fluid aligned along mag-
netic field lines and the non-magnetic abrasives embedded in between columnar
chain like semi-solid structure of magnetizable particles [5]. The semi-solid struc-
ture thus formed exhibits a resisting force against the deformation applied and stiffen
more with the increase in magnetic field strength. The stiffened structure acts as con-
formable finishing tool that adapts surface shape easily and eliminates the problem
of “tool misfit,” faced during the finishing of complex geometries. The stiffened
structure gives a desired finishing action when moves selectively on a workpiece
surface. The material is removed from the workpiece surface by selective action of
active abrasives particles only or by combined action of abrasive and magnetic par-
ticles that actually acts on workpiece surface during finishing operation. A variety
of components having different geometrical shape and material which have been
nano-finished with the use of MR fluid-based advanced finishing processes includes
BK7 glass [6], K9 glass [7], KDP crystal [8], nickel-coated aluminum mirrors [9],
silicon micro-channel [10], aluminum [11], S.S work material [12], titanium alloy
[13], austenitic S.S (AISI 304), EN31 (ferromagnetic) and copper [14], etc. The
mentioned studies show that MR finishing processes have the ability to finish wide
spectrum of materials.

To improve their application area in finishing of more hard materials, the rheolog-
ical properties of MR finishing fluids need to be improved. Addition of nano-sized
iron particles in fluid composition helps to improve the strength of fluid structure.
Nanoparticles fill the micro-cavities of the fluid structure which is formed due to
alignment of micron-sized particles [15]. Due to this reason, the fluid structure
becomes more dense and rigid under applied same magnetic field. Therefore, in
the present work, nano-iron particles-based bi-dispersed MR finishing fluid samples
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have been prepared and their rheological properties have been compared with mono-
dispersed MR finishing fluid. Moreover, vegetable-based oil which is biodegradable
has been used as a carrier liquid in the present work. Most of carrier liquids used in
preparation of MR finishing fluids are based on mineral oil, silicon oil and deion-
ized water. Among all these carrier liquids, only deionized water is a biodegradable
medium. But it does not provide better suspension to micron-sized iron particles as
well as abrasive particles resulting in their fast sedimentation. Also, in water-based
MR finishing fluids, corrosion of iron particles takes place which degrades the MR
effect and hence the yield stress of the fluid sample. The finishing experiments have
been also carried out to compare the finishing performance of mono-dispersed and
bi-dispersed fluid samples.

2 Materials and Sample Preparation

In the present work, micron-sized flake shaped, spherical shaped-iron particles
(Sigma-Aldrich, product 209309 and 12310) and silicon carbide (SiC) abrasives
SFG LAP-25 (Speedfam Co. Ltd.) were dispersed in a vegetable oil (coconut oil)-
based carrier liquid. Green additive guar gum was used as thixotropic agent. The
nano-iron oxide particles (Sigma-Aldrich) with 50–100 nmmean particles size were
used to prepare bi-dispersed MR finishing fluid samples. The morphology of iron
particles and SiC abrasives was studied by scanning electron microscopy. The scan-
ning electron microscopic (SEM) images of micron-sized flake shaped, spherical
shaped-iron particles and SiC abrasives are shown in Fig. 1a, b and c, respectively.

The mono-dispersed MR finishing fluid sample has been prepared by mixing
micron-sized iron particles, SiC abrasives and guar gum in carrier liquid. In the same
way, three bi-dispersed fluid samples have been prepared by using different (5, 10,
15) vol.% fractions of iron oxide nanoparticles within total magnetic content of iron
particles. The compositional detail of fluid samples is given in Table 1.

3 Rheological Characterization

Rheological characterization has been carried out using modular compact rheometer
(MCR-102, Anton Paar, Germany) available at IIT, Ropar. The modular compact
rheometer equipped with magnetorheological device (MRD 180) provides homoge-
neous magnetic field which acts perpendicular to the shear flow direction of fluid
sample. All the fluid samples were tested at 25 °C using a parallel plate geometry
(PP/20) with 1 mm gap. Rheological behavior of all the fluid samples was tested
at 0.6 T magnetic field strength and the shear rate was varied from 0.1 to 1000 s−1

during testing.
The obtained flow curves (shear stress and viscosity as a function of shear rate) of

each sample at applied magnetic field strength of 0.6 T is shown in Fig. 2. Figure 2a
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(a) (b)

(c)

Fig. 1 SEM micrographs of a flake shaped iron particles, b spherical shaped iron particles and
c SiC abrasives

Table 1 Fluid sample compositions

Sample no. Sample type Composition includes

1 Mono-dispersed 35 vol.% micron-sized iron particles, 10 vol.% micron-sized
SiC abrasives and 5 vol.% guar gum in carrier liquid
(remaining constituent)

2 Bi-dispersed 5 vol.% iron oxide nanoparticles, 30 vol.% micron-sized iron
particles, 10 vol.% micron-sized SiC abrasives and 5 vol.%
guar gum in carrier liquid (remaining constituent)

3 Bi-dispersed 10 vol.% iron oxide nanoparticles, 25 vol.% micron-sized iron
particles, 10 vol.% micron-sized SiC abrasives and 5 vol.%
guar gum in carrier liquid (remaining constituent)

4 Bi-dispersed 15 vol.% iron oxide nanoparticles, 20 vol.% micron-sized iron
particles, 10 vol.% micron-sized SiC abrasives and 5 vol.%
guar gum in carrier liquid (remaining constituent)

represents the change of shear stress vs shear rate for all fluid samples. From Fig. 2a,
it can be seen that the flow curves of all the bi-dispersed fluid samples levelled up for
the entire shear rate region as compared to themono-dispersed fluid sample. The flow
curve of bi-dispersed fluid sample with 10 vol.% of iron oxide nanoparticles shows
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Fig. 2 a Shear stress versus
shear rate and b viscosity
versus shear rate, at a
magnetic field strength
of 0.6 T

the highest increase in shear stress for the entire range of shear rate. This may be
due to the reason that the structural micro-cavities formed in between micron-sized
particles are filled completely by iron oxide nanoparticles.

The appropriate filling of micro-cavities gives more robust structure of fluid sam-
ple under applied magnetic field strength. On the other hand, the flow curve of
bi-dispersed fluid sample with 15 vol.% of iron oxide nanoparticles leveled down as
compared to bi-dispersed fluid sample having 10 vol.% nanoparticles. This may be
due to the reason that at higher concentration of iron oxide nanoparticles from opti-
mum value, the overall magnetic properties of fluid sample decrease down. Figure 2b
shows the change in viscosity of fluid samples as a function of shear rate at applied
magnetic field strength. From Fig. 2b, it may be observed that the viscosity of all the
fluid sample decreases with the increase in shear rate which shows shear thinning
characteristics of fluid samples.
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Fig. 3 In-house developed MR fluid finishing setup

4 Magnetorheological (MR) Finishing Process

4.1 Experimental Setup and Working Principle

MRfinishing setup used in nano-finishing of external cylindrical surface of S.S-316L
workpiece is shown in Fig. 3. A mandrel is used to hold the cylindrical workpiece of
20 mm outer diameter and 10 mm inner diameter. The workpiece mandrel holds in a
collet chuck which is attached to the spindle of DCmotor. A double coil electromag-
net is placed on a Y-axis linear slide in such a way that both of the pole moves linearly
along the longitudinal axis of workpiece and the workpiece rotates between them
simultaneously. The linear movement of electromagnetic poles can be programmed
according to the requirement by controlling the Y-axis linear slide with the help of
stepper motor and control unit. The working gap between workpiece surface and
electromagnetic poles can be adjusted manually as per the requirement. When the
MR finishing fluid is supplied in the finishing region, it gets stiffened because of the
applied magnetic field. The iron particles having embedded abrasives are absorbed
immediately by the magnetic force and fill the gap between the electromagnet poles
and workpiece. The material is removed from the workpiece surface by the active
abrasive particles which are in contact with the surface asperities.

4.2 Experimental Work

After the rheological characterization of fluid samples, finishing experiments were
carried out to compare the finishing performance of mono-dispersed sample (mini-
mumyield stress) andbi-dispersed sample (maximumyield stress).Bi-dispersedfluid
sample with 10 vol.% iron oxide nanoparticles was selected for finishing because
it possesses maximum yield stress as compared to other bi-dispersed samples. The
experimental machining conditions used in finishing operation are given in Table 2.
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Table 2 Experimental conditions used during finishing

S. no. Parameters Values

1 Working gap 1 mm

2 Rotating speed 600 rpm

3 DC power supply 3 A

4 Linear feed 40 mm/min

5 Finishing time 30 min

Table 3 Roughness data before and after finishing operation

Finishing fluid type Initial Ra (nm) Final Ra (nm) Change in Ra Percentage change
in Ra

Mono-dispersed
fluid sample

517 273 244 47.19

Bi-dispersed sample
having 10 vol.%
iron oxide
nanoparticles

498 156 342 68.67

5 Results and Discussion

The different surface roughness parameters, i.e., arithmetic mean of roughness (Ra),
mean square of roughness (Rq) and maximum height (Rz) of workpiece samples
were measured before and after finishing operation with Mitutoyo surftest SJ-410
roughness tester. The observed surface roughness (Ra) values are given in Table 3.

Figure 4a, b shows surface roughness profile before and after finishing with bi-
dispersed MR finishing fluid sample having 10 vol.% of iron oxide nanoparticles.
The obtained finishing results were found to be better with bi-dispersed sample
as compared to mono-dispersed fluid sample. This may be due to the stronger fluid
structure of bi-dispersed samplewhich exhibits higher yield stress and imparts higher
magnitude of abrading forces on the workpiece surface.

6 Conclusion

In this research work, rheological characteristics and finishing performance of bi-
dispersed MR finishing fluid samples have been carried out. The addition of iron
oxide nanoparticles within fluid sample improves the rheological properties of fluid
sample. Better rheological properties obtained only after addition of an optimum
concentration of iron oxide nanoparticles. Bi-dispersed fluid sample having 10 vol.%
iron oxide nanoparticles exhibits better rheological properties as compared to other
samples. Better rheological properties of fluid sample found to be useful in finishing
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Fig. 4 Surface roughness profile a before and b after finishing operation

operation. Better finishing result has been obtained using bi-dispersed MR finishing
fluid as compared to mono-dispersed fluid.
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