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SYNOPSIS 

Ferrofluids are suspensions of nanometer sized magnetic particles dispersed in carrier fluids. 

The particles used in ferrofluids are single-domain, surfactant or polymer coated magnetic 

particles in the size range of 3-15 nm. Ferrofluids can be manipulated by an external magnetic 

field and thereby tune their physical properties such as optical, thermal and rheological and hence 

find use in several applications. An understanding of the rheological properties of ferrofluids 

under an external magnetic field is very important from both fundamental understanding as 

well as application point of view. Most experimental studies report results on the 

magnetorheological behavior of dilute ferrofluids. In addition the non availability of model 

ferrofluids with minimum polydispersity and well stabilized magnetic nanoparticles has led 

to non-reproducible results. This served as one of the motivations to carry out a systematic 

study of the magnetorheological properties of ferrofluids. Further, the relaxation dynamics in 

ferrofluids under oscillatory deformation and the effect of non magnetic additives have not 

been probed which is another motivation for the thesis. The thesis consists of eight chapters 

and the details of each chapter are summarized below. Chapter 1 gives an introduction to 

ferrofluids with a focus on the initial studies on viscosity measurements on ferrofluids in the 

presence of an external magnetic field with discussion on the concepts of rotational viscosity, 

magnetoviscosity, negative viscosity and the relaxation mechanisms involved and the factors 

affecting the magnetorheological properties of ferrofluids. Chapter 2 describes methods of 

preparation of ferrofluids and the experimental techniques used for their characterization. 

Chapter 3 discusses the magnetorheological properties of the ferrofluid containing Fe3O4 

nanoparticles of size ~12 nm coated with oleic acid and dispersed in kerosene at volume 

fractions of 0.038 and 0.05. Chapter 4 discusses the results on the study of magnetic field 



 
 

ii 
 

induced structures in dilute ferrofluids (φ = 0.00078 to 0.0063) using a rheomicroscope with 

custom-made solenoid set up. Chapter 5 presents the results of field-induced structures and 

their dynamics in ferrofluid (φ = 0.046) using oscillatory rheology. Chapter 6 discusses the 

effect of multiwalled carbon nanotubes on the magnetorheological properties of an oil based 

ferrofluid of volume fraction φ = 0.087. Chapter 7 discusses the effect of network forming 

hydrophilic silica nanoparticles on the rheology of a nonpolar oil based ferrofluid under 

varying magnetic field using magnetorheometer and rheomicroscope. Chapter 8 summarizes 

the results obtained, conclusions drawn and the recommendations for future work. The key 

findings of this thesis work are: The application of magnetic field to a ferrofluid results in the 

increase in the viscosity of the ferrofluid due to the alignment of the magnetic moments of 

the particles along the field direction leading to the formation of chains and columns. When 

subjected to a shear force, the ferrofluid exhibits a shear thinning behavior due to the 

breaking of the field induced structures and their reorientation along the shear flow. A shear 

resistant “plateau-like region” due to the peculiar alignment of the chains with respect to the 

field direction is observed at high magnetic field. Mason number scaling shows a collapse of 

viscosity curves at different magnetic fields onto a single master curve. The hysteresis area 

decreases with shear rate as a power law. Under oscillatory shear, the ferrofluid exhibits a 

viscoelastic behavior. The amplitude sweep measurements show elastic behavior at low 

strain amplitudes and viscous response due to the destruction of field induced structures at 

higher strains. A transition from the high frequency elastic to low frequency viscous response 

is observed in the frequency dependent measurements. The microstructure of the ferrofluid 

under magnetic field and shear, observed along the field direction perpendicular to the plane 

of shear, shows columnar aggregates whose diameter increases with magnetic field due to the 
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zippering transitions and form larger size aggregates with diameter varying from 7 to 37 μm. 

Under shear, the columns begin to dealign from the direction of the magnetic field and 

reorient along the shear flow direction. The changes in the ferrofluid microstructure are 

evident from the increase in the macroscopic viscosity and shear thinning response. Using the 

SRFS, the relaxation occurring at low frequencies was shifted to an accessible frequency 

regime. The structural relaxation resulting from rearrangement of particles occurred more 

easily as the strain-rate increases. The magnetic field dependence of the relaxation time and 

crossover modulus showed two distinct regions, indicating the different microstructures in 

those regions. In the presence of magnetic field, the ferrofluid containing CNTs shows lower 

viscosity, yield stress, hysteresis and viscoelastic moduli due to weakening of the ferrofluid 

microstructure. The weakened dipolar interaction in presence of silica lowers the viscosity, 

yield stresses and viscoelastic moduli of the ferrofluid. The silica network hampers the 

zippering transition in ferrofluids which is confirmed from the diameter of the columns. The 

ferrofluid with silica exhibits a dominant elastic behavior in frequency sweep measurements 

and a longer viscoelastic regime in strain dependent measurements. The findings of this 

thesis provide new insights into the magnetorheological properties of oil based ferrofluids 

that would enable their better utilization in applications such as electronic cooling for micro- 

and nanomechanical devices, smart dampers, dynamic liquid seals, etc. The fast switching of 

Brownian particles to linear structures and their retention under flow are essential for cooling 

and also dynamic sealing applications. 
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        Introduction 
 

1.1 Soft Matter 

Soft matters comprise a wide range of systems including emulsions, foams, colloidal 

suspensions, polymers, surfactants, liquid crystals, gels, granular and biological materials 

which self-organize into mesoscopic length scales ranging from a few nanometer to 

micrometers wherein the forces involved are weaker as compared to interatomic or 

intermolecular forces.
1
 They have neither the three-dimensional atomic long-range order of 

crystalline solids nor the uniform disorder of liquids. Soft matter is easily deformable by 

thermal fluctuations. The lower energy scale allows a plethora of symmetries and 

morphologies in soft matter. The macroscopic behavior of soft matter is determined by the 

overall properties and interactions of the mesoscopic structures. A schematic picture showing 

the different classes of soft matter is provided in Fig. 1.1. 

Some soft materials have an ability to alter their physico-chemical properties by responding to 

external stimuli such as light, temperature, pH, ionic strength, electric and magnetic fields.
2-5

 For 

example, liquid crystals and block copolymer solutions exhibit one or more mesophases upon 

heating or changing solvent conditions.
6-9

 The optical and rheological properties of a class of soft 

materials called electrorheological (ER) fluids can be tuned by an electric field.
10-14

 The 

hydrogels can swell or collapse under varying pH
15

 and can change their viscoelastic moduli 

significantly under varying ionic strength.
16, 17

 Tuning the rheological properties of surfactant 

solutions has been achieved by exposure to light.
18

 For instance, when the surfactant solution of 

cetyl trimethylammonium bromide together with a photosensitive organic acid is irradiated with 

an ultra violet light its viscosity decreases by almost 4 orders of magnitude due to the trans to cis 
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photoisomerisation.
18

 The stop bands of colloidal photonic crystals can be magnetically tuned 

to cover the entire visible spectrum.
19, 20

 Telechelic cationic polyelectrolytes exhibit pH 

tuning of their rheology.
21

 The degradability of hydrogels can be tuned by varying the cross-

linker molecular weight, functionality and polymer density.
22

 

 

Hydrogels
Membranes

Liquid Crystals
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Colloidal Photonic crystals
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Figure 1.1: Schematic showing the different types of soft matter. 

1.2 Magnetic Field Tunable Soft Matter 

There exists a class of soft matter whose properties can be tuned by applying a magnetic 

field. Magnetic fluids and magnetic gels fall under this category.
23-32

 Magnetic fluids are 

suspensions of micro
33, 34

 or nano
35-37

 sized magnetic particles in a base fluid. The former are 

called Magnetorheological (MR) fluids and the latter are called Ferrofluids. Magnetic gels 
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are formed by incorporating magnetic particles within gel forming matrices which have 

several biomedical applications such as biomimetic actuators, drug release etc.
38-43

  

1.2.1 Magnetorheological Fluids 

Magnetorheological fluids were first developed by Jacob Rabinow.
44, 45

 They exhibit 

reversible and very fast (fraction of a millisecond) transition from a liquid to a nearly solid 

state in the presence of external magnetic fields and hence have applications in seismic 

vibration dampers, shock absorbers, torque transducers, clutches, brakes, ultrafine polishing 

technology, clutches and thermal energy transfer.
46-48

 Fig. 1.2 (a) shows the viscosity 

variation of an MR fluid with increasing magnetic field. The schematic of an MR fluid 

damper is shown in Fig. 1.2 (b). 
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Figure 1.2: (a) Variation of viscosity of Magnetorheological fluid with magnetic field.
49

 (b) 

Schematic showing the set up of an MR fluid damper. Inset of (a) shows the MR fluid in the 

absence and presence of magnetic field. 

Carbonyl iron (CI) is one of the most commonly used particles in MR fluids due to its high 

magnetic permeability, soft magnetic property and common availability. Mineral oil, silicone 

oil, polyesters, polyethers, synthetic hydrocarbons, vegetable oils, water etc. are used as 

carrier fluids. However, MR fluids suffer from a serious problem of sedimentation owing to 
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the large sized particles used. The sedimentation problem in MR fluids was overcome by 

several ways such as addition of surfactants to provide electrostatic or steric repulsion, 

addition of magnetic nanoparticles, addition of thickening agents like carbon fibers, silica 

nanoparticles, use of ionic carrier liquids etc.
50-54

  E.g. Choi et al.
55

 found that the addition of 

fumed silica to MR fluids reduced the sedimentation of micron-sized CI particles and 

improved the flocculation stability. Organoclay additives in MR fluid was also found to 

prevent sedimentation due to the formation of three dimensional network.
54

 Polymer coatings 

on the CI particles were found to decrease their sedimentation rate due to decreased density 

of the CI-polymer composite.  
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Figure 1.3: (a) Flow curves of CI-PMMA based MR fluids at CI:PMMA ratio of 2:1 (open 

symbols) and 1:2  (closed symbols)
56

 (b) Sedimentation ratio as a function of time for pure 

Fe3O4 and PS/Fe3O4 based MR fluids.
57

 

For example, Poly methyl methacrylate (PMMA) encapsulated CI particles showed a larger 

yield stress and an enhanced sedimentation stability.
58

 Core-shell structured 

Polystyrene(PS)/Fe3O4
57

 and multi walled carbon nanotubes (MWCNT)/Polyaniline/CI
59

 

particles used in MR fluids displayed remarkable stability against sedimentation. Another 
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method of improving the stability of MR fluids was by the use of magnetizable fibers that 

have good sedimentation stability as against the spheres.
60

 Single walled carbon nanotubes 

(SWNTs) added to MR suspensions were also able to reduce the sedimentation of the CI 

particles.
61

 Enhancement of yield stress in CI-PMMA based MR fluids and better 

sedimentation stability of PS/Fe3O4 MR fluids are shown in Fig. 1.3. The 

magnetorheological studies on MR fluids showed that the addition of 3 wt% of stearic acid to 

silicone oil based MR fluid resulted in 92 % stability enhancement of the suspensions which 

is eight times more than that of common MR fluids.
62

 The maximum observed yield stress of 

27 kPa was more than the yield stress of common MR fluids. 

The viscosity and yield stress values decreased with increase in temperature. MR fluids 

containing rod shaped particles showed an enhanced MR performance under oscillatory shear 

when compared to MR suspensions containing spheres.
63

 A lower magnetic field strength is 

sufficient for the structuration of rod-based MR fluid. The viscoelastic moduli are almost one 

order of magnitude larger for the rod-based fluid than that of the sphere based fluid. 

Magnetorheological properties of MR fluids containing cobalt wires and rigid filaments of 

chemically linked iron microspheres were compared with those of suspensions containing 

spherical cobalt or iron particles.
64

 It was observed that the yield stress of suspensions of 

cobalt wires is three times higher than that of cobalt spheres suspension. On the other hand, 

suspension of iron filaments showed a lower yield stress than that of iron spheres suspension, 

probably due to the lower magnetization of the former. Time dependent rheological 

measurements on MR fluids showed that slippage and phase separation of the fluid occurred 

under high magnetic fields and shear rates leading to a decrease in the magnitude of the shear 

stress.
65
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Table 1.1: Summary of the magnetorheological studies on MR fluids. (YS- Yield stress, MS – 

saturation magnetization) 

 

S. 

No. 

Particle/base 

fluid 

Size 

(μm) 

Concentrati

on (vol%) 

Key findings Ref 

1. CI@PMMA/s

ilicone oil 

4.3 30  Larger YS and enhanced 

sedimentation stability 

58
 

2. Iron 

microwires/ 

silicone oil 

5.4 & 7.6 2-6  Larger YS and enhanced 

sedimentation stability for 

wires than spheres 

60
 

3. CI@SWNT/Y

ubase 8 

lubricant oil 

4.25 20   YS α H
3/2

 

 G’ & G” independent of 

ω 

61
 

4. CI/ 

silicone oil 

2.7 15   YS = 27 kPa 

 YS decreases with T 

62
 

5. 

 

Magnetite 

spheres/ 

silicone oil 

0.68±0.15 0.5 -5   

Enhanced MR performance 

of rods than spheres  

63
 

Magnetite 

rods/ silicone 

oil 

0.56±0.12

×6.9±3.8 

(dia 

×length) 

6. Cobalt wires/ 

silicone oil 

32-69 

×1.8-5.1 

(Length × 

width) 

5   

YS of Co wires = 3 times 

YS of Co spheres  

64
 

Cobalt 

spheres 

1.34 ± 0.4  

7. CI/ silicone 

oil 

4.5 46-50  Compression leads to high 

YS of 800 kPa 

66
 

8. Iron / silicone 

oil 

- 0.5-2.1  YS scales with Ms 

 

67
 

As the yield stress of the MR fluid depends on the magnetic field induced structure, a change 

in the fluid microstructure can improve the yield stress. Tang et al.
66

 reported that 

compressing the MR fluid along the field direction, soon after the application of magnetic 

field, pushes the thick columns together resulting in a static yield stress value of 800 kPa 

under moderate magnetic field while the uncompressed fluid had a yield stress of 80 kPa. 
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Vereda et al.
67

 reported that the average particle magnetization is a parameter for the scaling 

of the yield stress of MR fluid at low particle concentration. They observed a collapse of the 

yield stress values of suspensions containing iron spheres and plates of different saturation 

magnetization. For highly anisotropic iron rods, the yield stress of suspensions did not scale 

with magnetization due to interparticle mechanical friction. The key findings of the studies 

on the magnetorheological properties of MR fluids are summarized in Table 1.1. 

1.2.2 Ferrofluids 

The suspensions containing nanometer sized magnetic particles dispersed in carrier fluids are 

called ferrofluids. The particles used in ferrofluids are single-domain, surfactant or polymer 

coated magnetic particles in the size range of 3-15 nm.
68

 The commonly used particles are 

ferrites such as Fe3O4, Fe2O3, CoFe2O4 etc. Ferrofluid was invented in 1963 by NASA's 

Steve Papell
69

 with an idea of controlling liquids in gravity free space as their properties can 

be maneuvered by an external magnetic field. The smaller size of the particles in ferrofluids 

keeps them under constant Brownian motion thus preventing their gravitational settling while 

MR fluids, due to larger size of the particles, are prone to settling. However, the large surface 

area to volume ratio of magnetic nanoparticles leads to aggregation due to van der Waals 

attraction. The larger aggregates subsequently settle down thus rendering the fluid unstable. 

This problem was overcome by inducing either electrostatic or steric repulsion between 

particles in the fluid by making the particles charged or coating them with surfactants. 

Ferrofluids can be manipulated by an external magnetic field and thereby have tunable physical 

properties such as optical,
70

 thermal
71

  and rheological.
72

 This has lead to the use of ferrofluids in 

numerous applications which exploit the change in the physical properties of the ferrofluid in 

the presence of an external magnetic field. Some of the interesting applications of ferrofluids 
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are magnetofluidic leak free seals,
73

 lubricants,
74

 density separation,
75

 ink jet printers,
76

 

refrigeration,
77

 clutches,
78

 tunable dampers,
79

 tunable heat transfer fluids,
80

 optical filters,
81

 

optical grating
82

, defect sensors,
83

 biosensors,
84, 85

 cell separation,
86

 magnetic resonance 

imaging based drug targeting,
87

 quantification of biomolecule agglutination,
88

 ultrasound 

contrast agents,
89

 diagnostics in medicine,
90

 hyperthermia agents,
91

 magnetic field activated 

gels
92

 and single-nucleotide polymorphism genotyping.
93

 A schematic depicting some of the 

applications of ferrofluids is shown in Fig. 1.4. Their applications span a wide range of 

industrial sectors including defense, space, refrigeration and medicine. The field induced 

changes in the properties of ferrofluids have been studied using several techniques such as light 

scattering,
36

 thermal conductivity measurements,
71

 rheology
94

 and Brownian dynamics.
95

 

Of the several interesting physical properties of the ferrofluid, their rheology has drawn 

considerable interests from both fundamental understanding as well as application point of 

view. Rheology is the study of deformation and flow of matter.
96

 Rheology is a mechanical 

method of probing the structure and dynamics of soft matter in general. In rheology the 

material is subject to a shear and the resulting stress is measured, from which quantities such 

as viscosity, shear stress, viscoelastic moduli and yield stress are determined. 

Magnetorheology is the study of rheological properties of the material under the action of an 

applied magnetic field. Since ferrofluids respond to an external magnetic field, their rheology 

is strongly influenced by the magnetic field. The detailed description of rheological 

techniques is given in Chapter 2 of this thesis. 
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Figure 1.4: Schematic showing the different applications of ferrofluid such as coolants, 

sealants, light switch, hyperthermia, defect sensor and drug targeting. 

1.2.3 Inverse Ferrofluids 

A class of fluids containing nonmagnetic particles dispersed in ferrofluids is called “inverse 

ferrofluids”.
97-100

 The nonmagnetic particles used are silica and polystyrene latex spheres 

which are typically several orders of magnitude larger in size than the magnetic nanoparticles 

that constitute the ferrofluid and hence they experience a magnetically and hydrodynamically 

continuous medium. On application of a magnetic field, dipolar interactions are induced 

between the nonmagnetic particles, whose strength can be varied by changing the magnetic 

field or the saturation magnetization of the ferrofluid. A schematic of an inverse ferrofluid is 

shown in Fig. 1.5. 
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Figure 1.5:  Schematic picture of an inverse ferrofluid. The arrows represent the magnetic 

moment of the particles. 
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Figure 1.6: Storage modulus as a function of magnetic field strength and volume fraction of 

nonmagnetic silica particles in the inverse ferrofluid at a frequency of 1 Hz.
98

 

The formation of linear particle chains under magnetic field in inverse ferrofluids was first 

reported by Skjeltorp.
101

 Inverse ferrofluids produce viscosity enhancements comparable to 

MR fluids.
100

 Since the size and shape of the nonmagnetic particles are well defined, inverse 

ferrofluids also serve as suitable systems for model studies of the magnetorheological 
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effect.
98

 The variation of storage modulus with H for an inverse ferrofluid
98

 is shown in Fig. 

1.6. 

Table 1.2: Summary of the magnetorheological studies on inverse ferrofluids. (η – viscosity, 

Mn – Mason number)  

S. 

No

. 

Particle/ 

base fluid 

Size of 

non 

magneti

c 

particle 

(μm) 

Concentra

-tion 

Key findings Ref 

1. Polystyrene 

spheres/ 

Hydrocarbon oil 

based ferrofluid 

1.9 10
7
 

spheres/ 

cm
2
 

Attractive or repulsive dipolar 

interactions by tuning B 

 

101
 

2. Silica/ 

Nonaqueous 

ferrofluid 

0.104-

0.378 

5.5 vol%  Mason number scaling with 

η 

 Low Mn – monotonic 

increase in η with 

decreasing  shear rate or 

low shear plateau  

 Medium Mn values – 

η/η∞ α MnΔ ; 1 < Δ < 2/3 

100
 

3. Silica/ Decalin 

based ferrofluid  

 

0.053-

0.189 

5.7 and18 

vol % 
 small particles - strong 

increase of η 

 Beyond critical size- 

limited size dependence 

 Crossover occurs when 

chain length equals gap 

height 

99
 

4. Silica/ 

Cyclohexane 

based ferrofluid 

0.177 3.1 to 26.1 

vol% 
 G’ >> G” 

 G’ weakly dependent on ω 

98
 

5. Silica/ 

Cyclohexane 

based ferrofluid 

0.199 1.1 to 18.1 

vol% 
 YS , η α θ 

 YS, η α m
2
 

 Mason number scaling of η 

curves 

 Agreement with Bead-rod 

model  

102
 

6. Silica/ 

Ferrofluid 

0.76 12.6 to 

26.1vol% 

η depends on flow point 
103
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There are also reports on a strong increase of viscosity of inverse ferrofluids with increase in 

magnetic field and size of the nonmagnetic particles.
99

 Beyond a certain particle size and 

field strength, the dependence of viscosity on particle size saturates. The transition to 

saturation occurs when the average chain length approaches the gap size of the measuring 

geometry. The summary of the studies on inverse ferrofluids is given in Table 1.2.  

1.3 Studies on Magnetorheological Properties of Ferrofluids  

1.3.1 Rotational Viscosity 

The first systematic study on the viscosity of ferrofluid was done by McTague
104

 where the 

capillary viscosity of a dilute cobalt ferrofluid with the magnetic field either parallel or 

perpendicular to the flow direction was investigated. It was observed that the viscosity of the 

ferrofluid increased in the presence of a magnetic field. The increase was almost two times in 

the parallel mode than in the perpendicular mode. The increase in viscosity under magnetic 

field is termed “rotational viscosity” (
R

). The particles were assumed to be non-interacting 

and the rotational viscosity was accounted for by the hindrance to particle rotation caused by 

the magnetic torque which tries to align the particles magnetic moment in the direction of the 

applied field.
105

 When a ferrofluid is subjected to a shear flow, the particles in the fluid will 

rotate about an axis parallel to the vorticity of the flow. If a magnetic field is applied along 

the direction of the vorticity as in Fig. 1.7 (a), the magnetic moment of the particle will align 

along the direction of the field and the particle will rotate around the field direction with no 

effect of the flow. However, when the field is applied perpendicular to the vorticity as in Fig. 

1.7 (b), the magnetic moment of the particle will be tilted by the viscous force acting on it, 

causing it to deviate from the field direction. This results in a magnetic torque that 

counteracts the viscous torque and tries to realign the moment along the field direction. The 
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free rotation of the particle is thus hindered by the counteraction of the magnetic and 

mechanical torques leading to an increase in the viscosity of the fluid. 

B

Ω

m

(a)

Ω
mB

(b)Magnetic torque

Mechanical torque
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Figure 1.7: Schematic showing the direction of the magnetic moment of the particle when 

the magnetic field is (a) parallel and (b) perpendicular to the vorticity direction. (c) Viscosity 

of cobalt based ferrofluid as function of magnetic field directed perpendicular and parallel to 

the flow from the work of McTague.
104

 

In the parallel mode, the magnetic field is perpendicular to the flow gradient preventing the 

particle rotation while in the perpendicular field there is a spatial distribution of angles 
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between the magnetic field and the flow gradient. The variation of viscosity of cobalt 

ferrofluid as a function of magnetic field for parallel and perpendicular orientations of the 

magnetic field and shear flow from the work of McTague 
104

 is shown in Fig. 1.7 (c). The 

expression for the viscosity increase in dilute magnetic suspensions under a magnetic field 

was derived by Shliomis
106

 in 1972. The applied field orients the particles thus impeding 

their rotation resulting in an increase in the effective viscosity while the Brownian and 

hydrodynamic forces try to disorient the particles‟ magnetic moment. For a liquid moving 

with a velocity v, an element of the liquid volume rotates with an angular 

velocity 2vx . In the absence of a magnetic field, the particles in the liquid rotate with 

an angular velocity . But when the particles are oriented by the magnetic field which 

prevents their free rotation, a difference ( ) in angular velocity between the liquid and 

particles arises leading to energy dissipation and an effective increase in viscosity. 

Considering all these factors, the contribution from rotational viscosity is given by  

2sin
tanh

tanh

2

3
c                                             (1. 1) 

where θ is the volume fraction of the particles, ηc is the viscosity of the carrier fluid, α is the 

angle between the magnetic field strength H and the angular velocity of the rotation of the 

liquid Ω, 
Tk

mH

B

0 , μ0 is the permeability of free space, m is the magnetic moment of the 

particle, kB is the Boltzmann constant and T is the temperature. When H is parallel to Ω, the 

viscosity is independent of the magnetic field. When H is perpendicular to Ω, maximum 

increase in viscosity is observed. This theory could satisfactorily explain the observation of 

McTague.
104

 Using the effective field method, Shliomis et al.
107

 derived the magnetization 

equation microscopically and obtained a more accurate expression for rotational viscosity. 
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Miguel et al.
108

 obtained an expression for the rotational viscosity of the ferrofluid as a 

function of the anisotropy parameter. Later Felderhof,
109, 110

 Shliomis,
111

 Muller et al.,
112

 

Patel et al.
113

 and Embs et al.
114

 proposed modifications and also verified the ferrofluid 

magnetization equations with experiments. 

1.3.2 Magnetoviscosity 

While the above theories could explain the origin of rotational viscosity in dilute ferrofluids, 

they failed to account for the observations in concentrated suspensions. Odenbach et al.
115

 

observed a large increase in viscosity in a ferrofluid containing 6.7 vol % of magnetite with 

increasing magnetic field. The viscosity increase was much larger than Shliomis‟
106

 

predictions. Such large increase in viscosity in concentrated suspensions under magnetic field 

is termed as “magnetoviscous effect” (MVE). The failure of the theories to predict the much 

larger viscosity increase in ferrofluid is attributed to the omission of the interactions between 

particles. In their subsequent work, Odenbach et al.
116-118

 found that the concept of rotational 

viscosity was insufficient to explain their experimental observations in ferrofluids where a 

large increase in viscosity under magnetic field and a shear thinning with increasing shear 

rate were observed. Fig. 1.8 shows the variation of viscosity change with magnetic field for a 

ferrofluid of θ = 7.2 vol% for a shear rate = 500 s
-1

 from the work of Odenbach.
118

 It is seen 

that Shliomis predictions of viscosity increment according to Eqn. (1.1) underestimates the 

experimental observations.  
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Figure 1.8: Variation of viscosity change as a function of magnetic field strength for a 

ferrofluid of concentration 7.2 vol% for a shear rate = 500 s
-1

 from the work of Odenbach.
118

 

The dotted lines are values obtained from Eqn. (1.1). 

The magnetic nanoparticles are under random Brownian motion in the absence of magnetic 

field. When an external magnetic field is applied, the particles acquire dipole moments. The 

magnitude of the induced dipole moment of an individual particle is given by 

Hdm 3

6
where d is the diameter of the particle and

 
χ is the effective magnetic 

susceptibility of the particle. For two particles with aligned dipole moments, the interaction 

energy is given by
119

 

3

2
0

2 cos31

4
),(

r

m
rU                                         (1. 2)                                                  

where r is the distance between the centres of the two particles and θ is the angle between the 

magnetic field direction and the line joining the centers of the particles. The interaction is 

attractive when the dipoles are in a head-to-tail configuration and repulsive when they are 
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side-by-side. The maximum attraction occurs when the separation between the particles 

equals their diameter i.e., r = d and θ = 0. The interaction strength is quantified by the 

dimensionless dipole strength also called the coupling constant (λ) given by
33

 

Tk

Hd

B72

223
0

                                                            

(1. 3)                                                           

The coupling constant quantifies the magnitude of the dipolar interaction relative to the 

thermal motion. The growth kinetics of the field induced structures depends on the dipolar 

interaction. In the absence of dipolar interaction between particles in a dilute suspension, the 

particle motion is purely Brownian with a characteristic time tB given by 

D

a
tB

2

6

1
                                                                 (1. 4) 

where a is the radius of the particle and D is the diffusion coefficient of the particle given by 

d

Tk
D

c

B

3
                                                                 (1. 5) 

In the presence of attractive interactions, a transition between a random and a ballistic motion 

occurs when the interparticle distance is such that U(r)/kBT = O(1). The coagulation flux is 

thus modified by the long range interparticle interactions so as to alter the characteristic time 

scale. The characteristic time scale accounting for the dipolar interactions is thus given by
119

 

3/4

2

6

16.9

D

a
tBW                                                      (1. 6) 

When the separation between chains is such that long chains are close enough, a sideways 

coalescence of chains is observed resulting in thickening of the chains to form fibers of 

particles. This lateral aggregation called zippering occurs at sufficient particle concentration 

since the attraction between chains is a short range interaction which decays exponentially as 

exp(-ρ/a)/ρ
3/2

 where ρ is the distance between two chains. On the other hand the aggregation 
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of particles into chains in a tip-to-tip fashion occurs through long range dipolar interaction 

which decays much slower as r
3
. Thus when the average chain length is such that the chains 

need to travel a long distance to undergo tip-to-tip aggregation, this process slows down. 

With large enough number density of chains the lateral aggregation of chains occurs resulting 

in the formation of thick columns of particles.
119, 120

 The rate of lateral aggregation is limited 

by diffusion as the lateral attraction is short range. Hence the time scale for lateral 

aggregation is long when compared to the tip-to-tip aggregation.
119

 The time scales for tip-to-

tip and lateral aggregation are given by  

D

a
sttip

2
5                                                          (1. 7) 

s

i
lat

Da

d
t

2

4

                                                        (1. 8) 

where s is the size of a cluster, 2/1

2
ei

d
d , and Ds is the diffusion coefficient of a cluster of 

size s. 

The crossover time *
ct  is given by 

*
ct                                                            (1. 9) 

From the Eqn. (1.9) it is seen that the transition from tip-to-tip to lateral aggregation occurs 

when the concentration of the particles (θ) is higher. The interaction between fluctuating 

chains is stronger than that between rigid chains and has a longer range than the 

exponentially decaying interaction between rigid chains.
119, 121, 122

 This is also a factor that 

favors lateral aggregation. Further, zippering leads to a lowering of the energy of the 

system.
33, 123

 Junaid et al.
124

 showed that the energy of the ferrofluid system before 

aggregation at the first critical field where the first instance of zippering occurs was 1.22×10
-
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26
 J while that after zippering was -5.36×10

-25
 J. Similarly at the second critical field, the 

energies before and after zippering were -1.2×10
-24

 J and -1.05×10
-24

 J, respectively. The 

interaction energy for two rigid parallel chains consists of two parts, approach energy for all 

chains that approach one another laterally and an attractive energy well if the chains have a 

net attraction once they are zipped.
33

 At larger separations, the chains have repulsive 

interaction. As they approach each other, the repulsion increases. The interaction remains 

repulsive when the chains are of same length and not shifted vertically with respect to one 

another (on registry). On the other hand, when the chains are of different length or shifted 

with respect to one another (off registry), the interaction energy curve has a „zipped‟ energy 

well. The presence of chains and thick columns offers hindrance to the flow of the ferrofluid 

leading to an increase in the viscosity under magnetic field. In the presence of shear, the field 

induced chains and columns are broken down by the hydrodynamic force resulting in a 

decrease of viscosity.
116

 

1.3.3 Negative viscosity 

As described in Section 1.3.1, the application of a stationary magnetic field increases the 

viscosity of the ferrofluid due to the hindrance of the free rotation of the particle which gives 

rise to a positive component to the total viscosity of the ferrofluid. However, in an alternating 

magnetic field the additional component to viscosity is positive at low frequencies of the 

alternating field and negative at high frequencies. Ferrofluids thus exhibit a decrease in 

viscosity in the presence of an alternating magnetic field which was first predicted by 

Shliomis et al.
125

 The experimental evidence for the existence of negative viscosity was 

provided by Bacri et al. in 1995.
126

 Brownian motion prevents the complete alignment of 

particles dipole moment along the direction of the magnetic field. Hence when the field 
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changes in either magnitude or direction, the particle magnetization is unable to follow the 

field. This lag between the applied field and the particle magnetization is responsible for the 

appearance of negative viscosity.
127

 The linearly polarized alternating magnetic field does not 

prefer a particular direction of rotation of the particle. At any instant, one half of the particles 

rotate clockwise while the other half rotates anti-clockwise and hence the average velocity is 

zero. This degeneracy in the direction of rotation is valid only as long as the fluid is 

motionless. A flow with non-zero vorticity breaks the degeneracy and leads to a nonzero 

macroscopic spin rate of the particles. A part of the magnetic energy is transformed into the 

angular momentum of the particles, which in turn is converted into the hydrodynamic motion 

of the fluid. This leads to a decrease in the viscosity of the ferrofluid. In presence of a 

constant magnetic field, the vorticity is balanced by the field and the rotation of the magnetic 

particles is impeded while an alternating magnetic field increases the vorticity and the 

particle rotation is favored.  

0 1000 2000 3000
-0.5

0.0
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Figure 1.9: Reduced viscosities as function of magnetic field strength for different 

frequencies of the alternating magnetic field.
126

 Full lines are guides for the eye. 
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The decrease in viscosity of the ferrofluid is more pronounced as the frequency of the 

oscillating field is increased as seen in Fig. 1.9. Rosensweig
127

 observed that the viscosity of 

a magnetic fluid increased from 0.077 N s m
-2

 in the absence of field to 0.22 N s m
-2

 at a field 

of 0.2 T. However the viscosity reduced to 0.100, 0.077 and 0.058 N s m
-2

 at the alternating 

field frequencies of 50, 250 and 700 Hz, respectively. The studies on the rotational, magneto 

and negative viscosity in ferrofluids are summarized in Table 1.3. 

 

Table 1.3: Summary of the results on rotational, magneto and negative viscosity in 

ferrofluids. (η║ and η┴ - viscosity in parallel and perpendicular mode, respectively) 

Rotational viscosity 

Particle/b

ase fluid 

Size 

(nm) 

Concentration Key findings Ref 

Cobalt 

/organic 

solvent 

5.5-12  10
15

 particles/ 

cm
3
 

η║ > η┴  
104

 

Fe3O4 / 

water 

15.3 18-42 vol% 1. Larger rotational viscosity for 

water based ferrofluid 

2.
iameterCapillaryd

R

1
 

3. )exp(R  

128
 

Fe3O4/Ker

osene 

13 11-17 vol% 

- - - 
2sin

tanh

tanh

2

3
 

106
 

Fe3O4 / 

water 

10 7 vol% Competition between magnetic 

and mechanical torques 

105
 

Magnetoviscosity 

Fe3O4 /  

di-ester 

10 6.7 Chain formation under magnetic 

field. 

 

Shear thinning in ferrofluids 

116
 

Fe3O4 / 

petroleu

m oil 

8.3-10.1 7.2 Depends on the amount of larger 

particles (greater than critical size) 

present 

105, 

129, 130
 

Fe3O4 / 

di-ester 

10 6.7 
131
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1.3.4 Magnetization Relaxation in Ferrofluids 

Magnetoviscous effect is attributed to the ability of particles to interact with each other. In order 

for the dipolar interaction between particles to be significant, it is required that particles size 

should be above a certain critical size. This was demonstrated by Odenbach et al.
129, 131

 who 

showed that the magnetoviscous effect in the ferrofluids is due to contributions from larger 

particles. In their study, five ferrofluids (designated as F1 to F5) each containing different 

concentration (0.09, 0.14, 0.22, 0.26 and 0.8 vol%) of large particles were used. The viscosity 

change 
0

 at H = 22 kA/m was about 0.4 and 0.05 for the ferrofluid concentrations of 0.8 

and 0.09 vol%, respectively indicating that the larger particles are responsible for the 

magnetoviscous effect. The magnetoviscosity has its origin in the magnetization relaxation of 

the magnetic particles. When the magnetic moment of the particle is fixed within the particle, 

the relaxation occurs by the rotation of particle as a whole. This process is called the Brownian 

relaxation which is characterized by the time  

Negative viscosity 

Cobalt 

ferrite / 

water  

10 20  η decrease under AC field 

 

126
 

Magnetit

e/ water 

12.2 3.9  η decrease under AC field 
132

 

Theoretical studies AC field aids the free rotation of 

particles 

125
 

 

η decreases as the frequency of the 

AC field increases 

125, 

127, 

132-134
 

 1. Frequency range of negative η 

effect widens with amplitude of B 

field. 

2. Θ > Ω  

135
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Tk

V

B

c
B

~
3

                                                                      (1. 10) 

where V
~

is the hydrodynamic volume of the particle. On the other hand, the magnetic 

moment is free to rotate within the particle without the rotation of the particle. This process is 

termed the Neel relaxation and is characterized by the time 

Tk

KV

f B

N exp
1

0

                                                        (1. 11) 

where 0f is the attempt frequency typically 10
9 

Hz, K is the anisotropy constant and V is the 

magnetic volume of the nanoparticle. In general, the Neel and Brownian mechanisms occur 

in parallel with the effective relaxation time (ηeff) given by  

BNeff

111
                                                         (1. 12) 

From Eqn 1.12 it is clear that the magnetization relaxation is dominated by the process with 

the shortest relaxation time.
136

 A plot of the size dependence of Brownian, Neel and effective 

relaxation times from literature
136

 is shown in Fig. 1.10. 
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Figure 1.10: Relaxation time as a function of particle diameter for single domain magnetite 

nanoparticles.
136
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Figure 1.11: Schematic showing (a) the magnetic moment of the particle aligned along the 

direction of magnetic field (b) rotation of the moment within the particle (Neel relaxation) 

and (c) rotation of the particle as a whole (Brownian relaxation). 

From Fig 1.10, it is seen that Brownian relaxation dominates for larger particles while Neel 

relaxation dominates for smaller particles. There exists a critical size for the transition from 
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Neel to Brownian process. Particles smaller than the critical size relax by Neel process while 

those larger than that relax by Brownian process.
137

 The schematic of the mechanism of Neel 

and Brownian relaxation is shown in Fig. 1.11. Particles relaxing by the Neel process do not 

contribute to the field dependent viscosity increase as their free rotation is not hindered by 

the magnetic torque produced by the interaction between the applied field and magnetic 

moment. Such particles are considered to be magnetically weak. On the other hand, particles 

relaxing by the Brownian process are acted upon by the magnetic torque which impedes their 

rotation. Such particles contribute to both rotational and magnetoviscosity. The critical size 

depends upon the particle used. For example, Cobalt particles have a critical size of 5 nm for 

the Neel to Brown transition while for magnetite (Fe3O4) particles the critical size is14 nm.
129

 

Thus only particles larger than the critical size contribute to the rotational viscosity. 

Moreover, the magnetoviscous effect also requires certain critical size for the particles to 

overcome the thermal energy and form chains.
105, 129

 

1.3.5 Nature of Field Induced Structures in Ferrofluids 

Over the years researchers have focused on ascertaining the nature of the field induced 

structures such as linear chains, droplike aggregates, etc. that are formed in the ferrofluid. 

The nature of field induced structures were initially reported in model systems of inverse 

ferrofluids where they are shown to evolve from linear to zippered aggregates.
119, 120

  In 

ferrofluids, Zubarev et al.
138

 reported that the increase in viscosity of the ferrofluid composed 

of particles with frozen magnetic moment (i.e., those that follow Brownian relaxation) is due 

the formation of straight and rigid chainlike aggregates without any interchain interaction. 

They also showed that the hydrodynamical relaxation time increases in the presence of a 

magnetic field. Under a weak or moderate magnetic field, normal stresses responsible for the 
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Weissenberg effect in ferrofluids arise and disappear under strong field. The behavior of a 

free ferrofluid surface at a rotating axis immersed in the liquid depends on whether or not the 

fluid exhibits normal stress differences.
139

 For liquids without normal stress differences, the 

fluid surface will bend downward due to action of centrifugal forces while for liquids that 

exhibit normal stress differences, the centrifugal forces is countered by a force radially 

inward which drives the surface to bend upward. This effect is called the Weissenberg effect.   

However, there are also reports that under specific conditions the linear chainlike aggregates 

are transformed to bulk dense drops due to condensation phase transitions.
140

 When the ratio 

(
Tkd

m

B
3

2
0

2
) of the energy of magnetic particle interaction and thermal energy is lower 

than a critical value ε’, the system is spatially homogenous with chainlike aggregates. If ε > 

ε‟, the system undergoes phase separation into dilute and dense phases. The dense phase is 

considered to constitute bulk droplike aggregates. This phase transition occurs when the total 

number of magnetic particles exceeds a threshold value which varies between hundreds and 

thousands depending on the applied magnetic field, volume concentration of particles and ε’. 

Usually in computer simulation studies the appearance of such bulk dense drops is not 

observed since the number of particles used in the simulations are far lesser than the ones that 

appear in real ferrofluids. The influence of droplike and chainlike aggregates on the rheology 

of ferrofluids was theoretically studied by Zubarev et al.
94

 who showed that droplike 

aggregates were formed in magnetic fluids when the magnetic field exceeded a threshold 

value. As the field increased, the individual particles formed linear chains. Above the 

threshold field, the longest chains transformed into compact dense globules which acted as 

nuclei for a new dense phase. The shape and volume fraction of the drops influence the 
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macroscopic rheology of the ferrofluid. The drop shape is determined by the balance between 

surface tension and demagnetizing field. The surface tension tries to transform the drop to a 

ball like aggregate while the demagnetizing field tries to make it into a long thin needle. The 

appearance of drops that span the gap between the rheometer plates induces elastic and yield 

stress effects in ferrofluids. The bridging of the gap between the plates leads to quasielastic 

behavior.  

 

Shear

H

(a)

Shear

H

(a)

 

Figure 1.12: Schematic of (a) gap-spanning and (b) non gap-spanning drops in a ferrofluid in 

presence of magnetic field. 

When the applied deformation exceeds a certain magnitude, the bridges are destroyed and 

form smaller drops that are non gap-spanning (Fig. 1.12) and hence the behavior changes 

from quasielastic to fluid regime. The destruction of the larger gap-spanning drops into small 

drops is thermodynamically favored as the smaller drops align along the direction of the 

magnetic field while the larger drops are slopped with respect to the field direction. The 

destruction is associated with a minimum stress thus giving rise to an yield stress effect. 

The effect of droplike aggregates on the macroscopic rheological properties of ferrofluids 

was studied by Zubarev et al.
141

 Their study showed that the presence of drops leads to an 
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increase in viscosity when the magnetic field is parallel to the gradient of flow. In a shear 

flow the shape of the drop is determined by the competition between the magnetic force 

which causes particles to adsorb on the drop and the hydrodynamic force which tends to 

destroy the drop. When a balance is reached between the two forces the drop attains a critical 

volume. Drops larger than the critical volume are destroyed. They also studied the influence 

of polydispersity on the observed magnetoviscous effect by neglecting the interdrop 

interaction and found that the polydisperse ferrofluids with larger particles in the fluid form 

drops even at weak field. With increasing field, the magnetoviscous effect due to such large 

particles tends to saturate. On the other hand, at high magnetic fields, the smaller particles 

begin to participate in the drop formation. The combined effect due to both small and large 

particles leads to an increase in the viscosity of the system. 

1.4 Factors Affecting the Magnetorheology of Ferrofluids  

The magnetorheological properties of ferrofluid are affected by several factors such as the 

shear rate, magnetic field, particle morphology, volume concentration of nanoparticles and 

presence of additives.  

1.4.1 Effect of Shear Rate 

Odenbach et al.
116

 observed a decrease in magnetoviscosity of the ferrofluid subjected to 

increasing shear rates. The breaking down of field induced aggregates under shear was found 

to be the reason for the observed shear thinning behavior. The magnetic force between two 

aligned magnetic dipoles at a distance of d+2b is given by  
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Fm                                                        (1. 13)                                                                

where b is the thickness of the surfactant layer covering the particle and M0 is the 

spontaneous magnetization of the magnetic material of the particle. The field induced 

structures are disrupted by the viscous force given by 

2

2

)2(

2

1
6

bdN
F cv

                                               (1. 14)                                                       

where N is the number of particles in the chain and  is the shear rate. The number of 

particles in a chain is computed from the balance between the magnetic and viscous forces. 

For a ferrofluid of θ = 0.067 containing magnetite nanoparticles of mean diameter 10 nm, the 

typical values for the number of particles in a chain in presence of magnetic field were found 

to be 130, 80 and 60 for shear rates of 1, 2.6 and 5.2 s
-1

, respectively.
116

 Thus, the number of 

particles in a chain decreases as the shear rate increases. In addition to shear and magnetic 

forces, the number of particles in a chain also depends on the thermal energy and hence the 

expression for chain length must also contain a kBT dependence. Chirikov et al.
142

 arrived at 

an expression for the maximal number (Nmax) of particles in a chain under a shear rate  as 



D
Nmax                                                            (1. 15)                                                                 

where ε is defined in Section 1.3.5 and D is given by Eqn. (1.5). Shear thinning arises when 

the microstructure of the system is disturbed by the shear forces and is unable to restore back 

to equilibrium. Most ferrofluids show decrease in viscosity (shear thinning) owing to the 

disruption of the field induced structures by the shear forces. The alignment of the field 

induced structures along the shear flow direction also reduces the suspension viscosity.
143
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This has been confirmed through Small Angle Neutron Scattering (SANS)
144

 in which the 

scattering from a single particle system at a shear rate of 200 s
-1

 was considered as the 

reference from which the scattered patterns at different shear rates and magnetic fields were 

subtracted to get the difference pattern which contains information about the microstructure 

of the ferrofluid. At high magnetic field and low shear rates, all the chains are aligned along 

the direction of the magnetic field. The cross-sections of the chains have the same size as that 

of single particles and hence the difference between the reference and the scattered pattern is 

almost zero. As the shear rate increases the deviation of the chains from the field direction 

becomes more pronounced and their projection as seen by the neutrons also increases. This 

results in a significant change in the difference pattern where the difference was more evident 

at higher shear rate. For a low magnetic field and low shear rate, the effect of the magnetic 

torque on the chains is weaker as compared to the high field resulting in shorter chains. 

Depending on the ratio between the magnetic and mechanical torques, the former acting to 

orient the chains along the magnetic field direction and the latter causing the chains to 

deviate from the field direction, the microstructure will give rise to a non-zero difference 

pattern. As the shear rate is increased, keeping the field fixed at a low value, the chains 

deviate significantly from the field direction showing a difference pattern. At very high shear 

rates, the chains are broken down to individual particles that are homogenously distributed in 

the carrier fluid resulting in the absence of a difference pattern. Shear thinning in ferrofluids 

under magnetic field has been reported by many groups.
72, 145-147

 The degree of shear thinning 

increases as the magnetic field increases.
72, 145

  

In a ferrofluid containing γ-Fe2O3 particles of size < 50 nm dispersed in paraffin at a 

concentration of 30 wt%, Masoud et al.
143

 found that at low shear rates (1 and 10 s
-1

), the 
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viscosity increased up to a certain magnetic field beyond which it decreased. However, at 

high shear rate (100 s
-1

) the viscosity increase with magnetic field was monotonic. The 

decrease in viscosity beyond a certain field at low shear rates is attributed to the phase 

separation occurring in such ferrofluids. The particles in the fluid get concentrated at a 

particular region which grows in size as the field increases resulting in their restricted 

movement in the suspension medium while the flow of the separated liquid between the 

concentrated regions becomes easier. This process in turn leads to a decrease in the viscosity 

of the ferrofluid. However, at high shear rates, the concentrated regions are prevented from 

being still and hence the viscosity increases continuously. From application point of view, in 

particular biomedical applications like magnetic drug targeting, the ferrofluids are often 

subjected to a high shear and magnetic field. Johannes et al.
148

 studied biocompatible 

ferrofluid containing 25 mg/mL of magnetite nanoparticles stabilized with starch in the shear 

rate range of 100 to 1000 s
-1

 and magnetic fields up to 650 kA/m. The particles were 

superparamagnetic with a mean diameter of about 200 nm. Almost 2000 % increase in the 

viscosity of the ferrofluid when subject to magnetic field of 280 kA/m was observed. The 

ferrofluid showed a shear thinning behavior with increasing shear rate with an apparent yield 

stress. 

1.4.2 Effect of Magnetic Field 

The magnetoviscous effect in ferrofluids is also associated with the presence of yield stress 

which is the minimum stress required to cause the suspension to flow. In ferrofluid 

containing magnetite particles of diameter 18 nm embedded in nanoscale silica and dispersed 

in silicone oil at 1.3 vol% of magnetic material in 4.1 vol% of nanocomposite, the application 

of magnetic field leads to an increase in yield stress of the suspension.
149

 The yield stress 
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increases from 0.19 to 2.5 Pa as the field increases from 0 to 35 kA/m. In oscillatory 

measurements at low magnetic fields, the imaginary part of the complex viscosity (η”) of the 

above ferrofluid was independent of the oscillating frequency while at higher fields the η” 

increased with ω and showed a maximum, followed by a decrease. In a study on the 

magnetorheological response of hydrophobic and hydrophilic silica-coated magnetite 

particles suspended in silicone oil, suspensions containing hydrophilic silica-coated 

magnetite nanoparticles showed an increase in the yield stress and a shear thinning response 

with increase in magnetic field due to the van der Waals and polar interactions between 

silica, while hydrophobic silica-coated nanoparticles showed a weak magnetorheological 

response with negligible yield stress.
150

 Yield stress effect was observed in ferrofluids when 

the particle size exceeded a critical value.
130

 Ferrofluid containing magnetite particles with 

size ~ 10 nm showed no yield stress while those containing a mixture of 10 and 16 nm sized 

particles showed an yield stress due to the formation of chains.
130

 The yield stress was also 

found to depend on the concentration of the large particles that are capable of forming 

chainlike structures which implied that the yield stress depends strongly on the interparticle 

interaction. The yield stress decreased as the gap height increases. The decrease in yield 

stress was about 3.3 times as the gap height was reduced from 2.5 to 0.2 mm.  

An increase in yield stress with magnetic field and volume fraction was reported in water 

based ferrofluids containing Tetramethylammonium hydroxide (TMAOH) coated magnetite 

particles of diameter 13 nm and saturation magnetization of 46 emu g
-1

.
151

 In the presence of 

magnetic field, frequency sweep measurements showed a frequency independent plateau for 

G’ and a dominant elastic behavior due to the formation of gap spanning chains. The G’ 

scales with the volume fraction as G’ α θ
4.62

. At a constant magnetic field the linear 
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viscoelastic region was found to decrease with increase in θ due to the brittle nature of the 

structures.  

A study showed that the capillary diameter as well as the angle between the magnetic field 

and vorticity influences the rotational viscosity of water based and kerosene based 

ferrofluids.
128

 The percentage contribution of rotational viscosity for water and kerosene 

based ferrofluids were found to be 32, 28, 16 % and 16.3, 13, 8.3 %, respectively for 0.5, 1.0 

and 2.0 mm diameter capillary, respectively which implies that the rotational viscosity varies 

inversely with the capillary diameter. The rotational viscosity also decreased exponentially 

with the angle between field and vorticity. The viscosity increase was minimum when the 

angle was 0
o
 and maximum when it was 90

o
. 

In contrast to the regular shear thinning response of ferrofluids, shear thickening behavior 

was observed in a ferrofluid when the yield stress was sufficiently small.
152

 Magnetite 

nanoparticles doped Polyethylene glycol (PEG) rods suspended in PEG at θ = 0.2 showed 

shear thickening which was masked by the presence of yield stress. Yield stress resulted in a 

smaller range of applied stresses over which shear thickening was observed. When the yield 

stress was large enough to encroach the upper limit of shear thickening, then the thickening 

effect was fully eliminated. 

1.4.3 Effect of Particle Morphology 

Particle morphology plays a significant role in controlling the rheology of ferrofluids. 

Anisotropic particles can lead to an enhanced magnetoviscous effect compared to 

suspensions of isotropic magnetic particles. Such a study on the rheology of ferrofluid 

containing cobalt nanodiscs was reported by Shahnazian et al.
153

 The interparticle interaction 
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for spherical particles quantified by the coupling constant is given by 
Tkbd

VM

B
3

2
2

00

)2(2
. 

In case of non-spherical particles the particle diameter d in the above expression is replaced 

by the characteristic distance L between the centres of the particles. It was observed that the 

interaction parameter for ferrofluid with nanospheres and nanodiscs were 2 and 178, 

respectively. Such a large value for λ for non-spherical particles strongly modifies the 

rheological quantities such as yield stress and viscosity. The nanodiscs containing ferrofluid 

showed an enhanced yield stress than its spherical counterpart. The yield stress increase with 

magnetic field was attributed to the enhanced interaction parameter.   

Lopez et al.
72

 studied ferrofluids containing cobalt particles of two different morphologies, 

spheres and nanofibers. The nanofiber based ferrofluid showed a larger yield stress and 

magnetoviscous effect than that of conventional ferrofluid with nanospheres. The magnetic 

field dependence of the yield stress for fiber based ferrofluid showed a positive curvature 

indicating a faster increase of yield stress with magnetic field while that of nanosphere 

suspensions showed saturation at high fields with a negative curvature. The domination of 

magnetostatic forces over the Brownian motion was more in the case of nanofiber 

suspension. The interparticle dry friction between the nanofibers was found to be the cause 

for the enhanced magnetorheological effects in the nanofiber nanofluids.  

1.4.4 Effect of Additives 

With the aim of achieving better enhancement in the magnetorheological properties, 

researchers have attempted to couple the spherical magnetic nanoparticles to anisotropic 

structures. For this purpose magnetic particles were attached to the surface of the carbon 

nanotubes (CNTs) and the resulting CNTs decorated with magnetic nanoparticles were 

manipulated by an external magnetic field.
154-156

 CNTs were also filled with ferrofluid to 
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produce magnetic nanotubes
157

 but their rheological behavior is not studied. Biological 

nanotubes introduced into ferrofluid were shown to enhance the magnetoviscosity of the 

ferrofluid.
158, 159
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Figure 1.13: Variation of relative viscosity as a function of magnetic field for ferrofluid 

containing Tobacco Mosaic Virus of different lengths at a concentration of 0.033 mg/mL.
158

 

A small amount of Tobacco Mosaic Virus (TMV) added in ferrofluid leads to more than one 

order of magnitude enhancement in the magnetoviscosity of cobalt-ferrite (CoFe2O4) based 

ferrofluid.
158

 The CoFe2O4 particles which were electrostatically bound to the surface 

functional groups on TMV formed quasi-linear aggregates of magnetic nanoparticles. 

Application of a magnetic field led to the alignment of these rod shaped structures which 

caused the observed viscosity enhancement. The longer TMV-based structures were 

mechanically stable and hence less susceptible to shear thinning. The viscosity enhancement 

increased with magnetic field, the length and concentration of the TMV. The maximum 

viscosity enhancement reached 2800 % at a magnetic field of 110 mT for the ferrofluid 

containing 300 nm long virus particles as seen in Fig. 1.13. 
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Table 1.4: Summary of the studies on the factors affecting the magnetorheological properties 

of ferrofluids.  

Effect of shear rate 

Particle/base fluid  Size 

(nm) 

Concentration Key findings Ref 

Fe3O4/  

di-ester 

10 6.7 vol% Shear thinning 
116

 

Fe3O4 /  

di-ester 

8.3 – 

10.1  

7.2 vol% Reorientation of chains 

along shear flow 

144
 

γ- Fe2O3 / paraffin 50 30 wt%  Low  - η decreases 

beyond critical H. 

 High  - monotonic 

increase in η with H. 

143
 

Iron  oxide 200 0.025 wt% Shear thinning with yield 

stress 

148
 

Fe3O4 @SiO2 

/PEG/water 

35 7.12 -  

17. 81 vol% 

Degree of shear thinning 

increases with B 

145
 

CoNi / mineral 

viscosity 

56× 6.6  

(L×W) 

5 vol% Degree of shear thinning 

increases with B 

72
 

Tb-doped Gd2O3 / 

Ethanol 

~ 8 0.0158 wt% Degree of shear thinning 

increases with γ-

irradiation dose 

147
 

Fe3O4/  

Silicone oil 

~ 8 - Shear thinning 
146

 

Effect of Magnetic Field 

Iron oxide embedded 

in silica/ oily 

medium 

18 1.3 vol% η and yield stress increases 

with B 

 

149
 

Hydrophobic  Silica-

coated 

magnetite/silicone oil  

35 ± 12 11.5 vol% Strong chain formation and 

yield stress with B 

  

150
 

Hydrophilic  Silica-

coated magnetite/ 

silicone oil  

32 ± 11 40 vol%  Weak chains with B 

 No yield stress 

150
 

Fe3O4 / Synthetic 

ester 

10-16 7.2 vol%  Yield stress α B
2
 

 Yield stress α 1/gap 

between plates 

130
 

Cobalt/ L9 8 2.83 vol% 

Magnetite filled PEG 

/ PEG 

254x 

32x25 

μm) 

20 vol% Shear thickening 

suppressed by yield stress 

152
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1.4.5 Effect of Volume Fraction 

The particle content in ferrofluid influences its magnetorheological properties. An increase in 

the capillary viscosity of ferrofluid with volume fraction was reported which is attributed to 

the formation of larger aggregates.
160

 Polyethylene coated magnetite nanoparticles showed an 

increase in viscosity with particle concentration. As the concentration is increased from 1 to 

15 wt%, the behavior of the ferrofluid changed from Newtonian to shear thinning.
161

 Shear 

Magnetite filled PEG 

/ PEG 

254x 

32x25 

μm) 

20 vol% Shear thickening 

suppressed by yield stress 

152
 

Fe3O4 / water 13 4 – 14 vol%  Increase in yield stress 

with B & θ 

 Viscoelastic behavior 

with B under 

oscillatory shear 

 LVE range deceases 

with increase in θ 

 G' constant with ω.         

 G'p α θ
4.62

 

151
 

Effect of Particle Morphology 

Cobalt nanodiscs/ n-

cetyl added oleic acid 

20 × 5  

(diamet

er × 

height) 

0.1 vol% Enhanced η and yield stress 

for disc shaped particles 

153
 

Cobalt nanospheres/ 

L9 oil 

8 2.83 vol% Large η and yield stress for 

Co fibers than Co spheres  

72
 

Effect of volume fraction 

Fe3O4 / Transformer 

oil 

8.6 1.8-6.4vol% 

 

η increases with θ 
160

 

PEG coated Fe3O4 48.5 0.78-11.66 

vol% 

Newtonian to shear 

thinning at high θ 

161
 

Fe3O4 / water 10 0.17 - 0.366 

wt% 

Shear thinning at high θ 162
 

α-Fe2O3 / Ethylene 

glycol 

29±18 6.6 vol% 

 

 

 Shear thinning 

 G’ > G”  

 Damping decreases at 

high θ 

 G’ α θ
4.6

 

163
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thinning and viscoelastic behavior were observed in 6.6 vol% of ethylene glycol based 

nanofluids containing α-Fe2O3 nanoparticles of size ~ 29 nm. With increasing θ, the damping 

factor of the ferrofluid decreased, indicating the evolution from fluid to elastic behavior.
163

  

The studies on the factors influencing the magnetorheology of ferrofluids are summarized in 

Table 1.4. 

1.5 Motivation 

Ferrofluids have emerged as reliable materials in solving several complex engineering 

problems.
164

 Applications demand ferrofluids with varying rheological properties. For 

efficient use of ferrofluids in applications such as sealants, coolants and dampers, a 

knowledge of the quantities such as viscosity, yield stress and hysteresis is essential to 

optimize the magnetorheogical behavior of ferrofluids. Irrespective of several theoretical and 

experimental studies, a systematic study of the magnetorheological properties of ferrofluids 

does not exist in literature probably due to issues such as high polydispersity of the ferrofluid 

and difficulty in preparing stable ferrofluids with reproducible properties. A model system of 

ferrofluid should have minimum polydispersity and particles be protected against 

destabilization mechanism by proper surface capping. A proper understanding of the 

microstructure in ferrofluid under an external magnetic field and shear and their influence on 

magnetorheological properties is still incomplete. Further, the effect of magnetic field on the 

dynamic rheological properties of ferrofluids has not been studied, which is also a motivation 

to take up this study. In addition, the effect of uncoupled nonmagnetic additives on the 

magnetorheological behavior of ferrofluids is also not explored. This thesis attempts to 

provide a systematic study of the magnetorheological properties of model ferrofluids 

synthesized and characterized in our laboratory.  
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1.6 Objectives 

The main objectives of the thesis are as follows: 

 To study the magnetorheological properties of oil based ferrofluid containing Fe3O4 

nanoparticles stabilized by a protective coating, especially to probe the effect of shear 

force and applied magnetic field on the formed internal structures, viscoelastic 

properties and the static and dynamic yield stresses of the ferrofluid. 

 To design and build a custom-made opto-rheological setup to gain insight into the 

formation of field induced structures in ferrofluid and their rheological behavior and 

to establish the relationship between the sizes of the field induced structures, the 

applied field strength and concentration of the ferrofluid. 

 To probe the lateral interaction mechanisms and their consequences on long-time 

coarsening of structure using a rheomicroscope. 

 To investigate the relaxation dynamics in ferrofluids using strain-rate frequency 

superposition (SRFS) principle. 

 To probe the effect of nonmagnetic additives such as silica nanoparticles and carbon 

nanotubes on the rheological properties of ferrofluid.  

1.7 Overview of the Thesis 

The thesis consists of eight chapters. Chapter 1 gives an introduction to ferrofluids with a 

focus on the initial studies on viscosity measurements of ferrofluids in the presence of an 

external magnetic field. The concepts of rotational viscosity, magnetoviscosity, negative 

viscosity and the relaxation mechanisms involved are discussed. The factors affecting the 

magnetorheological properties of ferrofluids such as shear rate, applied external magnetic 

field, concentration of the magnetic particles, presence of additives, and particle morphology 
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are also described. Chapter 2 describes the methods of preparation of ferrofluids and the 

experimental techniques used for their characterization. Chapter 3 discusses the 

magnetorheological properties of the ferrofluid containing Fe3O4 nanoparticles of size ~12 

nm coated with oleic acid and dispersed in kerosene at a volume fraction of 0.038. The 

results on the steady shear rheology of the ferrofluid, the yield stress, Mason number scaling, 

the hysteresis behavior and the dynamic response under magnetic field are described in 

detail. Chapter 4 discusses the results on the study of magnetic field induced structures in 

dilute ferrofluids (θ = 0.00078 to 0.0063) using a rheomicroscope with custom-made 

solenoid set up. This chapter provides the correlation between the microstructure of the 

ferrofluid and its macroscopic rheological properties. Chapter 5 presents the results of field 

induced structures and their dynamics in ferrofluid (θ = 0.046) using oscillatory rheology. 

These studies show that the ferrofluid exhibits a soft solidlike behavior whose relaxation is 

governed by the imposed strain-rate and the magnetic field. Chapter 6 describes the effect of 

multiwalled carbon nanotubes on the magnetorheological properties of an oil based ferrofluid 

of volume fraction 0.087. Chapter 7 discusses the effect of network forming hydrophilic 

silica nanoparticles on the rheology of a nonpolar oil based ferrofluid under varying magnetic 

field using magnetorheometer and rheomicroscope. Chapter 8 summarizes the results 

obtained, conclusions drawn and the recommendations for future work. 
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Materials and Experimental Techniques 

 

2.1 Materials 

The iron salts FeCl2.4H2O and FeCl3.6H2O and chemicals 25% Ammonium hydroxide 

(NH4OH), oleic acid, 35% Hydrochloric acid (HCl), hexane and acetone used for the synthesis 

of magnetite (Fe3O4) nanoparticles were procured from E-Merck. All the chemicals were of 

GR grade and used without further purification. Elga water with resistivity of 15 MΩ cm was 

used for all synthesis. Multiwalled carbon nanotubes were purchased from Nanostructured & 

Amorphous Materials, Inc. USA. The CNT has a length of 10-30 μm and an outer diameter 

less than 8 nm with a specific surface area of 350-420 m
2
/g. About 0.5 wt% of CNTs was 

added to the ferrofluid of volume fraction 0.087 (38 wt%) and sonicated for 30 minutes using a 

Sonics Vibracell horn sonicator (USA) to obtain a stable dispersion. The suspension was 

homogenized using a vortex mixer prior to experiments. Hydrophilic fumed silica 

nanoparticles were purchased from Sigma Aldrich. The primary particles were about 7 nm in 

diameter with surface area of 395 ± 25 m
2
/g. About 0.5 wt% of fumed silica was added to the 

ferrofluid of θ = 0.087 and sonicated for 20 minutes using a Sonics Vibracell horn sonicator.   

2.2 Preparation of Ferrofluid 

The ferrofluids used in this thesis work were prepared by dispersing surfactant capped 

magnetite nanoparticles in kerosene. The nanoparticles were synthesized by co-precipitation 

technique.
165, 166

 A 1:1 ratio of freshly prepared iron salt solutions of 0.2M FeCl2.4H2O and 

0.4M FeCl3.6H2O were mixed at a stirring speed of 1000 rpm. Ammonia was added until the 

solution pH reached a value of 10. This was followed by the addition of 20 mL oleic acid and 

adjusting the pH to 9.5 while the temperature was increased to 70 °C. At the same pH, 

Chapter 2 
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temperature and stirring speed, the solution was kept for 30 minutes to finish the coating 

process. The elimination of excess ammonia and the protonation of adsorbed and un-adsorbed 

ammonium oleate as oleic acid was achieved by increasing the temperature to 79 °C. The oleic 

acid coated magnetite nanoparticles were washed with triply distilled water at 60 °C, until the 

pH became 7 to remove the ionic impurities and later dispersed in hexane. Aggregation of the 

particles was induced by treating the hexane dispersion with acetone followed by 

centrifugation of aggregated particles at 2500 rpm for 30 minutes. The hexane-acetone washing 

procedure was repeated to remove excess surfactant. The surfactant-coated magnetite 

nanoparticles were finally vacuum dried at 35 °C for 48 hours and the dried particles were 

dispersed in kerosene at the required volume fraction.  

The oleic acid coating on the nanoparticles provides steric repulsion between the particles and 

thus prevents their agglomeration under van der Waals attraction while the small size of the 

particles ensures that the Brownian energy is sufficient to keep them apart against settling. A 

schematic representation of oleic acid coated magnetite nanoparticles and the net repulsive 

interaction as a function of interparticle spacing are shown in Fig. 2.1. 
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Figure 2.1: Schematic of (a) oleic acid coated Fe3O4 nanoparticles and (b) the net repulsive 

interaction as a function of interparticle spacing. 
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2.3 Rheology - Basics 

Rheology is the science of deformation and flow of matter
96

 whose behavior does not fall 

under the classical extremes of Hookean elastic solids or Newtonian viscous liquids. The 

behavior of the extreme case of elastic solids is best described in the words of Robert Hooke 

as “the power of any spring is in the same proportion with the tension thereof.”
96

 In a similar 

manner the behavior of liquids is described by Isaac Newton as “The resistance which arises 

from the lack of slipperiness of the parts of the liquid, other things being equal, is 

proportional to the velocity with which the parts of the liquid are separated from one 

another.”
96, 167

 Ideal solids subject to a force deform elastically while ideal liquids deform 

irreversibly (i.e., they flow). However, real bodies are neither ideal solids nor ideal liquids. 

As an example, from his experiments on silk thread, Wilhelm Weber
96, 168

 observed that 

application of a longitudinal load resulted in the immediate extension of the thread which 

was then followed by further lengthening with time. Similarly on removal of the load, there 

was an immediate contraction followed by a gradual decrease in length of the thread until its 

original length was restored. Thus the behavior of the silk thread could not be described by 

Hooke‟s law alone as there are also elements resembling a liquidlike response. Such 

materials exhibiting a behavior intermediate between the Hookean solids and Newtonian 

liquids are termed as viscoelastic materials. 

2.3.1 Rheological Parameters 

Consider a set up with two parallel plates separated by a gap h and filled with the viscoelastic 

material to be studied as shown in Fig. 2.2.  
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Fixed Plate

Moving plate

F

v = 0

v = vmax

h

 

Figure 2.2: Schematic showing a viscoelastic material confined between a bottom fixed plate 

and a top moving plate separated by a gap h. The top plate moves with a velocity vmax when 

subjected to a tangential force F. 

A tangential force (F) is applied to the top plate which causes the liquid layer adjacent to the 

top plate to move with a certain velocity vmax. The velocity of the fluid layers decreases down 

the gap to the bottom plate which is at rest resulting in a velocity gradient across the sample. 

The tangential force per unit area is called the shear stress, ζ (= F/A). The shear rate is 

defined as  

dh

dv
                                        (2. 1) 

where dv is the differential velocity and dh is the differential thickness of the flow layers. In 

laminar flow, the velocity differential between adjacent velocity layers of like thickness is 

constant. Hence the shear rate is given by   

h

v
                                                                         (2. 2) 

Viscosity (η) is a measure of the „resistance to flow‟ of the liquid. It is defined as the ratio of 

the shear stress to the shear rate. 
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                                                                       (2. 3) 

2.3.2 Rheological Response of Materials  

For some fluids, the stress exhibits a linear relationship with shear rate and their viscosity is 

independent of the shear rate. Such materials are called Newtonian fluids. The viscosity of 

Newtonian fluids is constant with the time of shearing and the stress in the liquid falls to zero 

immediately after the shearing is stopped. For most other materials such as dispersions, 

polymer solutions and emulsions, the viscosities are functions of shear rate. Such materials 

are called non-Newtonian whose viscosity either decreases or increases with increasing shear 

rate. The decrease in viscosity with increasing shear rate is termed as „shear thinning‟ or 

„pseudoplasticity‟ while increase in viscosity with shear rate is termed as „shear thickening‟ 

or „dilatancy‟. The stress-shear rate and viscosity-shear rate responses of Newtonian and non-

Newtonian fluids are shown in Fig. 2.3. 
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Figure 2.3: Viscosity and shear stress as functions of shear rate for (a,d) Newtonian (b,e) 

shear thinning and (c,f) shear thickening materials. 
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Systems like emulsions, suspensions and polymer solutions maintain an irregular internal 

order and hence have a considerable resistance to flow meaning they have high viscosity. 

When subjected to increasing shear rates, anisotropic particles in suspensions orient along the 

direction of flow, polymer chains disentangle and stretch to orient along the shear flow, 

elastically deformable materials like blood cells reshape themselves to structures with 

reduced diameters, particle clusters break up leading to the flow of entrapped solvent and 

particle alignments favor their easy slip past each other as shown in Fig. 2.4.
169

 

At rest

During shear

e f g h

a b c d

 

Figure 2.4: Schematics showing the microstructure at rest (top) and during shear (bottom) of 

(a,e) suspensions containing particles (b,f) polymer chains (c,g) anisotropic particles and 

(d,h) elastically deformable particles. 

In most cases at low shear rates, the materials behave as Newtonian with a shear rate 

independent viscosity since the Brownian motion keeps the particles at random despite the 

effect of shear orientation. However when the effect of shear exceeds the randomizing effect 

of the Brownian motion, the viscosity of the system decreases. A dimensionless number used 

to represent the relative dominance of the Brownian and shear forces is the Peclet number 

given by,  
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Tk

a
Pe

B

c
36 

                                                                    (2. 4)                                                               

where a is the radius of the particle dispersed in a medium of viscosity ηc. Shear thinning is 

caused by the decrease of the Brownian contribution to the viscosity. As the strength of the 

flow increases, the relative time scale available for the Brownian movement to achieve the 

structural relaxation progressively decreases.
170

 As Pe increases with shear rate, the restoring 

effect of the Brownian motion reduces and the response becomes shear thinning. 

Shear thickening occurs in suspensions containing large volume fraction of solid particles. At 

high shear rates, as the particles approach each other closely, the lubrication hydrodynamics 

strongly couples the relative motion between particles.
171

 This coupling leads to the 

formation of hydroclusters as shown in Fig. 2.5 which are driven and sustained by the 

applied shear field.  

At rest

(a)

During shear

Hydroclusters

(b)

 

Figure 2.5: Schematics showing the microstructures (a) at rest and (b) during shear of a 

shear thickening suspension. 

The higher particle concentration in these transient clusters causes greater stress in the fluid 

leading to energy dissipation and consequently a higher viscosity.
171

 The formation of 

hydroclusters is mostly reversible implying that reducing the shear rate brings the suspension 
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viscosity back to its low value. Shear thickening depends on the phase volume, particle size, 

their distribution and particle morphology.
96
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Figure 2.6: Stress-shear rate curve for Bingham plastics showing the yield stress. 

 

Certain materials such as clay suspensions, drilling mud, toothpaste, mayonnaise, chocolate, 

and mustard have flow behavior similar to Pseudoplastic liquids but with a yield point. Such 

materials are called „Bingham plastics‟.  No flow is observed in Bingham plastics until the 

stress reaches a critical value called the yield stress (ηy). Beyond the yield stress, the Bingham 

plastics exhibit shear thinning response. The stress-shear rate curve of Bingham plastics is 

shown in Fig. 2.6.  

Apart from viscosity changes under varying shear, the viscosity can also change with the 

time of shearing. A description of the time dependence of viscosity under shearing is given 

below. A decrease in the viscosity with the time of shearing followed by recovery of the 

structure on removal of the shear is termed „Thixotropy‟. Liquid crystals, micellar structures, 

greases, biological systems, clay dispersions, emulsions, molten salts, etc. exhibit thixotropic 

behavior. The microstructure of thixotropic systems consists of flocculated particles, 
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entangled polymer chains, randomly oriented particles and fibers leading to a high viscosity. 

Application of shear leads to alignment of fibres along flow, asymmetrical spatial 

distribution of particles and minimum polymer entanglement resulting in lower viscosity.
172, 

173
 On removal of the shear, the microstructure begins to recover to its initial state. The 

typical viscosity response of a thixotropic system is shown in Fig. 2.7 (a). Thus shearing 

induces loss of the initial order, while resting leads to rebuilding of the lost order. The 

timescales for the breakdown of the structure and its rebuilding are different, with the 

breakdown time being typically in the range of a few milli-seconds to few minutes and the 

rebuilding time in the order of hours to days. Thixotropy is a reversible process.  
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Figure 2.7: Viscosity as a function of time for (a) thixotropic and (b) rheopetic materials. 

„Rheopexy‟ (or anti-thixotropy) is the opposite behavior of thixotropy where the viscosity 

increases with shearing time and recovers back to its lower value on cessation of shear. In 

systems where the right kind of attraction between particles exists, shearing promotes 

temporary aggregation rather than their breakdown as a result of the collision between the 

attractive particles.
173

 When the shear is removed, the change in configuration, orientation or 

interaction field are sufficient to restore the rest condition which has a less structured 

microstructure. An example of rheopetic material is the suspension of ferric-oxide in mineral 
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oil which is found to flocculate.
174

 Under shear the flocs become looser and occupy a higher 

effective phase volume causing an increase in viscosity. The typical viscosity response of a 

rheopetic system is shown in Fig. 2.7 (b). In comparison to thixotropy, rheopexy occurs less 

frequently and is an irreversible process.  

2.3.3 Linear Viscoelasticity 

All real materials have both elastic as well as viscous properties. The type of response 

exhibited by materials depends on the time scale of the measurement relative to the natural 

time of the material. At a faster time scale the material may respond as elastic while at slower 

time scales it may appear as viscous. At intermediate times the behavior is viscoelastic. 

Linear viscoelasticity is based on the superposition principle which means that the response 

(e.g. strain (γ)) at any time is directly proportional to the value of the initiating signal (e.g. 

stress). The linear viscoelastic behavior is represented by the following equation. 
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21           (2. 5) 

In the above equation if β0 is the only nonzero coefficient, the behavior is termed elastic and 

the resultant Eqn. (2.6) represents the Hooke‟s law of elasticity where β0 = G is the rigidity 

modulus. 

0                                                                               (2. 6) 

If β1 is the only non-zero parameter then Eqn. (2.7) represents a Newtonian behavior with β1 

= η being the coefficient of viscosity.  
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11

t
                                                         (2. 7) 

If β0 and β1 are non-zero while all other constants are zero then Eqn. (2.5) leads to Eqn. (2.8) 

which represents a viscoelastic behavior. Eqn. (2.8) is the representation of the Kelvin Voigt 

model that combines both the elastic and viscous responses of a viscoelastic material. 

G                                                                        (2. 8) 

 If a stress ( ) is suddenly applied to a viscoelastic material at time, t = 0 and held constant 

thereafter, the strain is given by  

)]/exp(1)[/( KtG                                                    (2. 9) 

The strain does not reach its final value instantaneously but does so with a time constant ηk, 

which controls the rate at which the strain grows on imposition of the stress. ηk is called the 

retardation time. The growth of strain on application of a stress at time t = 0 is shown in Fig. 

2.8 (a). 
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Figure 2.8: (a) Growth of strain following the application of stress at time t = 0. (b) 

Mechanical representation of the Kelvin Voigt model showing the spring and dashpot 

connected in parallel. 
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Mechanical models are often employed to describe viscoelastic behavior. The Kelvin model
96

 

is physically visualized using a spring and dashpot connected in parallel as shown in Fig. 2.8 

(b), in which the spring represents Hookean deformation and the dashpot represents 

Newtonian flow. On sudden application of stress, the spring will reach the strain but the 

dashpot will retard the growth of the strain. 

(b)

Time

(a)

Spring

Dashpot

 

Figure 2.9: (a) Decay of stress following the removal of the steady shear at time t = 0 for 

Maxwell model. (b) Mechanical representation of the Maxwell model showing the spring and 

dashpot connected in series. 

Another model used to describe linear viscoelasticity is the Maxwell model. In Eqn. (2.5) if 

α1 and β1 are the only nonzero parameters, then  


M                                                                      (2. 10) 

where α1 = τM and β1 = η. On application of strain at a particular rate ( ), at time t = 0 which 

is held constant thereafter, the stress is given by 
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)]/exp(1[ Mt                                                         (2. 11) 

This implies that on start up of shear, the growth of stress is delayed by a time constant ηM. 

Similarly, if the strain rate which had a certain value for t < 0 is removed at t = 0, the stress is 

given by 

)/exp( Mt                                                           (2. 12) 

The stress relaxes exponentially from its equilibrium value to zero with a relaxation time ηM 

as shown in Fig. 2.9 (a). Mechanically this is modeled using a spring and a dashpot in series 

as shown in Fig. 2.9 (b). 

The linear viscoelastic behavior is investigated using two methods namely the static and the 

dynamic methods. The static method employs either creep test at constant stress or relaxation 

tests at constant strain.
96

 In dynamic method, an oscillatory strain is imposed on the material 

and the resulting stress response is measured. The strain and the stress are mathematically 

expressed by Eqn. (2.13) and (2.14) as 

tsin0                                                                   (2. 13) 

)sin(0 t                                                             (2. 14) 

where γ0 and ζ0 are the amplitudes of the strain and stress, respectively, ω is the angular 

frequency of oscillation and δ is the phase lag between the imposed strain and measured 

stress. The total resistance of a substance against the applied strain is called the complex 

modulus (G*) and is given by the ratio of the stress to strain 
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*G                                                                   (2. 15) 

"'* iGGG                                                             (2. 16) 

G’ is the elastic/storage modulus which is a measure of the energy that is stored during the 

test which can be recovered back and G” is the viscous/loss modulus which is a measure of 

the energy that is lost as heat during the flow. The phase lag also called the damping factor is 

given by
'

"

G

G
. Purely elastic materials have δ = 0 while pure viscous materials have δ = 

90
0
. The waveforms of the oscillatory strain input and the stress output for different materials 

are shown in Fig. 2.10.  
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Figure 2.10: Schematic representation of the input strain and measured stress as functions of 

time for (a) elastic solid (b) viscoelastic material and (c) viscous liquids. 

In general the rheological properties of viscoelastic materials are independent of the applied 

strain up to a critical strain (γc) where the behavior is termed as linear. As the strain exceeds 

γc, behavior of the material becomes non-linear. The linear viscoelastic range (LVE) is 

limited to that amplitude range for which G* is ~ 0.9G*.  
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2.4 Experimental Techniques 

2.4.1 Rheometer  

Instruments which measure the viscoelastic properties of solids, semi-solids and fluids are 

called rheometers. Rheometers are broadly classified as rotational rheometers, capillary 

viscometers and falling ball viscometers. The rotational rheometer which is used for the 

present study is discussed in detail. In rotational rheometers the fluid is sheared in a narrow 

gap between two surfaces. Rotational rheometers have numerous experimental modes for 

controlling shear rate, shear deformation or shear stress. Rotational rheometers are classified 

into two, namely controlled stress and controlled strain, based on the preset and measured 

quantities.
169

 In controlled stress (CS) rheometers, the measuring system is driven by a motor 

whose torque values are preset. An electrical power supply results in a linearly related torque 

values on the motor shaft. The resistance offered by the sample against the applied torque 

allows the measuring system to rotate at a speed that is inversely related to the viscosity of 

the sample. Thus in CS rheometers the torque is preset and the angular velocity is measured. 

In controlled strain (CR) rheometers the velocity is preset and the torque is measured. The 

CR measuring system is driven by the motor at a controlled speed which forces the sample to 

flow. The resistance of the sample to flow results in a viscosity related torque which 

counteracts the torque provided by the motor. A spring that twists as a result of the applied 

torque is used as a torque detector. The twist angle of the spring is a measure of the sample 

viscosity. The measuring geometries in rotational rheometers include cone- plate, parallel 

plates and concentric cylinders. A schematic representation of the geometries is shown in 

Fig. 2.11. 
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Figure 2.11: Schematics representation of (a) cone-plate (b) parallel plate and (c) concentric 

cylinder geometries used in rotational rheometers.  

Cone-plate: A cone of radius R and angle θcp has its axis perpendicular to the plate, the 

vertex of the cone being in the plane of the surface of the plate as shown in Fig. 2.11 (a).
175

 

The cone rotates relative to the plate with an angular velocity Ω’. The cone angle is chosen 

such that for any point of the cone surface the ratio of the angular speed and distance to the 

plate is constant, i.e. the shear rate is constant from the cone tip to the outer radius. In order 

to avoid wear of the tip and indentation of the plate, the cone tip is usually truncated. Cone-

plate geometry is used for suspensions with smaller particle size (< 50 μm) and it requires 

only a small sample volume of ~700-800 μL.  

Parallel plate: The sample is sheared between two parallel plates separated by a distance h 

as in Fig. 2.11 (b). The top plate rotates about an axis trough its centre with an angular 

velocity Ω’. If the plate radius is R, the shear rate is given by  
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h

R '
                                                                          (2. 17) 

Parallel plate is ideal for samples of high viscosity such as gels and pastes and for 

suspensions with larger particles (micron sized). 

Concentric cylinder: In this geometry, the sample is sheared between two concentric 

cylinders which are in relative motion as shown in Fig. 2.11 (c). The shear rate throughout 

the tested region is almost constant. If r0 and r1 are the radii of the outer and inner cylinders, 

respectively and Ω’ is the angular velocity of the inner cylinder (outer is stationary) then the 

shear rate is given by  

10

0 '

rr

r
                                                                      (2. 18) 

This approximation is valid when the ratio of r0 to r1 is greater than 0.97. The concentric 

cylinder geometry is suitable for low viscosity samples. 

2.4.2 Construction of Rheometer 

The rheometer used in this work (Anton Paar, MCR series, Germany) is a CR type rheometer 

that has an air-bearing-supported synchronous Electrically Commutated (EC) motor which is 

accurate over a wide range of viscosities. The rotor of the EC motor drive is equipped with 

permanent magnets. Magnetic poles are produced in the stator which has coils of opposite 

polarity. A rotating flux of current in the coil windings produces a frictionless synchronous 

movement of the rotor due to the attraction of magnets in the rotor and stator coils. The 

torque of the motor is set and measured via the input current to the stator coils. From the 

measured torque, the sensor system calculates the rheologically relevant quantities such as 

shear rate (Eqn. (2.2)), viscosity (Eqn. (2.3)), complex modulus (Eqn. (2.15)), etc. The EC 
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motor is supported by radial and axial air bearings which are used to center and stabilize the 

shaft and hold the weight of the rotating parts, respectively. In the rotational mode the 

rheometer can measure torque in the range of 0.05 μNm - 200 mNm, with a resolution of 0.1 

nNm. In the oscillatory mode the minimum measurable torque is 0.01 μNm. The speed of 

rotation can vary between 10
-7

 and 3000 min
-1

 while the angular frequency range lies 

between 10
-5

 and 628 rad/s. The temperature of the samples is controlled using a Peltier 

controller (P-PTD200/56) and water circulator (Anton Paar Viscotherm VT2). 

2.4.3 Magnetorheometer 

 The magnetorheological measurements were performed using strain controlled rotational 

rheometer Anton Paar Physica MCR 301 equipped with a magnetorheological device (MRD 

180). The measuring system is a parallel plate with a diameter of 20 mm made up of non-

magnetized metal to prevent radial magnetic forces acting on the measuring shaft. The 

magnetic field is generated by coils and is directed perpendicular to the plane of shear as 

shown in the schematic in Fig. 2.12 (a). 
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Figure 2.12: (a) Schematic of the magnetorheological device with parallel plate geometry (b) 

photograph of magnetorheological device with the temperature controlled yoke and (c) 

magnified view of the encircled region in (b) showing the sample holder.  
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The photograph of the MRD and its magnified view showing the sample stage is shown in 

Fig. 2.12 (b) and (c). The current in the coil and the magnetic flux density are controlled 

using a separate power supply by the Rheoplus software. The magnetic flux density in the air 

gap can reach a maximum of 1 tesla corresponding to a current of 5A. The magnetic field is 

homogenous within the shear-rate-sensitive region of the geometry. The rheometer is also 

equipped with a demagnetizer to remove the residual magnetic field. 

2.4.4 Rheomicroscope  

Rheomicroscopic studies were performed using strain controlled rotational rheometer Anton 

Paar Physica MCR 102. The rheomicroscope consists of a microscope tube, long distance 

working objective and a charge-coupled device (CCD) camera as shown in the schematic in 

Fig. 2.13. The photographs of the rheomicroscope with the solenoid coil and power supply 

are shown in Fig. 2.14. 
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Figure 2.13: Schematic of the rheomicroscope set up showing the sample stage, light source, 

objective and CCD camera. 
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Figure 2.14: Photographs of (a) rheomicroscope set up (b) magnified view of the sample 

stage (c) DC power supply (d) solenoid coil surrounding the sample stage.  

The sample stage (Peltier Universal Optical Device (P-PTD 200/GL) is made of transparent 

glass and is illuminated by a light source (MI-150 high intensity illuminator, Edmund Optics 

Worldwide) from below. The microscope can be moved in the x and z directions for 

choosing areas of interest and focusing, respectively. The magnetic field is applied to the 

sample by a custom-made solenoid coil powered by a DC power supply, enclosing the 

sample stage. The image of the sample during rheological measurements is captured 

automatically by the CCD (Lumenera LM165C) camera using the Rheoplus software. 

2.4.5 Magnetorheological Measurements 

For steady state measurements, the sample was placed in the measuring system of the 

rheometer. The sample was presheared at a rate of 100 s
-1 

for 2 minutes and then subjected to 

a magnetic field for 2 minutes for the equilibrium structure to be established. Following this 
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the viscosity and shear stress of the sample were measured as functions of shear rate at a 

particular magnetic field. The procedure was repeated for different magnetic field strengths 

by changing the coil current. In magnetic sweep experiments, the shear rate was held 

constant at different values (0.001, 0.01, 0.1, 1, 10 and 100 s
-1

) and the viscosity of the 

ferrofluid was measured by varying the magnetic field from 0 to 350 mT and back to 0 mT. 

The oscillatory measurements in the ferrofluid samples were done by amplitude sweep and 

frequency sweep measurements. In the amplitude sweep measurements, the ferrofluid was 

subject to a magnetic field for 2 minutes following which an oscillatory strain of increasing 

amplitude ranging from 0.01 to 100 % was imposed on the sample at a fixed frequency of 10 

rad/s and the storage and loss moduli were measured. For the frequency sweep 

measurements, the strain amplitude was held fixed at a value within the LVE region and the 

frequency varied between 10
-2

 and 10
2
 rad/s. The Strain-rate Frequency Superposition

176
 

(SRFS) measurements were performed by simultaneously varying both the strain amplitude 

and frequency such that the product of the two is a constant. For the rheomicroscopic studies 

under magnetic field, a custom made solenoid coil enclosing the sample stage as shown in 

Fig. 2.14 was used. The current in the coil was varied from 0 to 2.34 A using a DC power 

supply. The rheomicroscopic images were acquired perpendicular to the plane of shear from 

the bottom of the sample stage using a 20X objective. For the experiments in Section 4.3.1, 

the shear rate was held fixed at 10
-3

 s
-1

. For the experiments in Section 4.3.2, the magnetic 

field was kept at a constant value of 176 gauss. 

2.4.6 Phase Contrast Optical Microscopy 

 

Phase contrast optical microscopy is a technique used to visualize transparent specimens, 

such as living cells, microorganisms, thin tissue slices, lithographic patterns, fibers, 
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dispersions containing micron sized particles, glass fragments, subcellular particles etc. with 

better contrast. It converts the change in phase of the light passing through the sample 

specimen into change in the intensities that can be perceived by the human eye. When 

passing through a sample specimen the light waves are shifted by a small degree due to the 

difference in refractive indices between the sample and the background slide. The light wave 

that passes through the sample lags behind the light wave that passes through the slide alone. 

The amount of lag called the phase shift depends on the refractive index of the sample. Phase 

contrast microscope converts differences in refractive indices between the specimen and 

background to differences in image brightness. 
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Figure 2.15: Schematic representation of phase contrast optical microscope showing the 

arrangement of light source, lenses, specimen, phase plate and image plane. 

In a phase contrast microscope, light from the source, usually a tungsten halogen lamp is 

directed through a collector lens and focused on a condenser annulus as shown in Fig. 2.15. 

The light wave passing through the annulus illuminate the specimen and is divided into two 

components. The undeviated component of the wavefront passes through and around the 

specimen without interacting with it and is termed the surround wave (S). The other 

component is diffracted by the specimen and is called the diffracted wave (D). Both the 
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surround and the diffracted wavefronts enter the objective front lens and are subsequently 

focused at the intermediate image plane where they interfere to produce the resultant particle 

wave (P). 

In order to maximize the differences in intensity between the specimen and the background 

in the image plane, the phase difference between the surround wave and the diffracted wave 

must be larger. The phase difference is generated using a two step process. Firstly, the 

diffracted waves are retarded in phase by a quarter wavelength at the specimen. The presence 

of the specimen retards the optical path of the portion of the incident light wavefront that 

passes through it. The velocity of light when it passes from one medium to another is altered 

proportional to the difference in refractive indices between the two media. When light passes 

through a specimen having a thickness t’, the wave is either increased or decreased in 

velocity. This in turn leads to a subsequent advancement or retardation of the phase of the 

wave in comparison to the surrounding medium. The phase shift (δ’) between the waves 

emerging from the specimen and surrounding medium is given by δ’ = 2πΔ/λ’, where Δ is the 

optical path difference given by Δ = (n2 - n1) × t’. Here, n1 and n2 are the refractive indices of 

the surrounding medium and specimen, respectively. Secondly the surround waves are 

advanced or retarded in phase by a phase plate that is positioned in or very near the objective 

rear focal plane as shown in Fig. 2.15. The phase and amplitude of the surround light wave is 

selectively altered by the phase plate that can give either positive or negative phase contrast. 

In positive phase contrast systems, the phase of the surround wavefront is advanced relative 

to the diffracted wavefront from the specimen while in negative phase contrast, the surround 

wavefront is retarded with respect to the diffracted wavefront. For the present work the 
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microscopic pictures were obtained using phase contrast microscopes from M/s Leica, 

Germany and M/s Carl Zeiss, Germany, using 40X objective. 

2.4.7 Vibrating Sample Magnetometer 

Vibrating sample magnetometer (VSM) is used to the measure the magnetization of the 

sample. It operates on Faraday's law of induction. VSM consists of a sample rod driven by a 

mechanical vibrator and positioned between the pole pieces of an electromagnet. The sample 

is vibrated perpendicular to the field produced by the electromagnet. The oscillating 

magnetic field produced by the vibrating sample induces a voltage in the stationary detection 

coils. A small permanent magnet or electromagnet is used as reference in which is induced a 

second voltage. Both the sample and the reference are driven synchronously and a known 

portion of voltage from the reference coils which is phased to balance the voltage from the 

sample coil is proportional to the magnetic moment of the sample.
177

 The measurements are 

insensitive to the vibration amplitude, frequency, small magnetic field instabilities, magnetic 

field non-uniformity, amplifier gain, or amplifier linearity. The measurements are also made 

insensitive to the exact sample position by employing suitable pairs of coils. For the present 

study, the magnetic properties of the ferrofluid were determined using cryogen free mini 

VSM (M/s Cryogenics, UK) for applied fields between -1.5 and 1.5 tesla. 

2.4.8 Dynamic Light Scattering 

Dynamic Light Scattering (also called Photon Correlation Spectroscopy or Quasi elastic light 

scattering) determines the size of the particle by measuring the time dependence of the 

fluctuations in intensity of the light scattered by particles in a suspension. The particles 

which are in constant Brownian motion due to the room temperature thermal energy are 

illuminated by a laser light. Scattering of the laser light by the moving particles produces 
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intensity fluctuations whose rate varies with the speed of the particle. Smaller particles move 

faster than larger ones. The measured intensity fluctuations are send to a correlator which 

measures the degree of similarity between the intensities over a period of time. The scattered 

intensity at time t and that at a short time t+δt afterward will be strongly correlated. However 

as δt becomes larger, the correlation between the intensities will decrease due to the random 

Brownian motion of the particles and finally fall to zero at longer time. Perfect correlation 

between the intensities is represented by unity and no correlation by zero. The correlation 

function depends on the size of the particle scattering light. The correlation of larger particles 

decays slowly when compared to that of smaller particles due to their rapid motion. The 

software then constructs the intensity-intensity auto correlation function g
(2)

(q,t) given by 

2
)2(

)(

),()0,(
),(

qI

tqIqI
tqg                                                 (2. 19) 

where q is the scattering vector. The intensity auto correlation function is converted to the 

electric field auto correlation function g
(1)

(q,t) using the Siegert‟s relation 

2
)1()2( ),(1),( tqgtqg                                                  (2. 20) 

For monodisperse particles g
(1)

(q,t) is a single exponential function given by 

)exp(),()1( ttqg                                                            (2. 21) 

where Γ = Dq
2
 is the relaxation rate and D is the translation diffusion coefficient of the 

particles. The diameter of the particle is then deduced from Stokes-Einstein equation given 

by 
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3
                                                                      (2. 22) 

In the present study, the hydrodynamic size of the particles was determined by dynamic light 

scattering using Zetasizer Nano ZS (Malvern Instrument, UK). 
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2.4.9 Thermogravimetry 

In thermogravimetry the mass of the substance is monitored as a function of temperature or 

time under controlled atmosphere. Thermogravimetric analysis (TGA) is used to characterize 

samples with regard to their composition and thermal stability. The TGA instrument includes 

a high precision analytical balance with a sample pan attached to it and a furnace 

programmed for a linear rise of temperature with time.
178

 In the present study the thermo-

gravimetric analysis of the ferrofluid was carried out using a Mettler Toledo TGA-DSC-1, 

1100LF system (Switzerland) under an inert atmosphere from 35-600 °C at a heating rate of 

10 °C min
-1

. 
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 Probing of Field Induced Structures and Tunable 

Rheological Properties of Ferrofluid  

3.1 Introduction 

The study of the magnetorheological properties of ferrofluids is important for both 

fundamental understanding and applications. Because of agglomeration and settling of 

nanoparticles in ferrofluids and lack of model dispersions (minimum polydispersity and 

particle size within single domain and superparamagnetic limit, long term stability, etc.), 

many of the results reported in the literature are often non reproducible. The metastable 

nature of such dispersions adds yet another complexity that results in a continuous evolution 

of nanostructures in ferrofluids. Literature reports are mainly on studies in dilute ferrofluids 

wherein interparticle or interchain interactions are neglected. However in most applications 

involving ferrofluids the concentration of the nanoparticles is higher and hence these 

interactions cannot be ignored. The objective of the present work was to undertake a 

systematic study of the magnetorheological properties of model ferrofluids. The questions 

addressed in this study are: (1) What is the role of the external field on the microstructural 

formation inside the fluid and the consequence of the formed structures on the 

magnetoviscous effect of the fluid? (2) What is the effect of shear force and applied magnetic 

field on the formed internal structures, viscoelastic properties and the static and dynamic 

yield stresses of the suspension? (3) Can the specific viscosity data against Mason number 

for different magnetic field strengths collapse on to a single master curve? To realize the 

above objectives, the steady state and dynamic magnetorheological properties of stable 

ferrofluids of two different volume fractions for a large number of applied magnetic field 

strengths were probed.    

 

Chapter 3 
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3.2 Experimental Details 

Magnetite nanoparticles dispersed in kerosene at volume fractions of 0.038 and 0.05 were 

used for the present study. These concentrations were chosen because the interparticle 

separations at these concentrations are significant. The particles were synthesized by co-

precipitation technique as discussed in Chapter 2. The magnetorheological measurements 

for samples of θ = 0.038 and 0.05 were performed as described in Chapter 2. The results for 

θ = 0.038 are shown in this chapter. 

3.3 Results and Discussion 

3.3.1 Properties of the Ferrofluid      
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Figure 3.1: (a) Hydrodynamic size distribution (b) magnetization curve and (c) 

thermogravimetric curve of Fe3O4 nanoparticles. 

The hydrodynamic size of the nanoparticles was obtained using dynamic light scattering 

measurements. From the size distribution shown in Fig. 3.1 (a), the average diameter of the 

particles was found to be ~12.5 nm. The magnetization curve for the iron oxide nanoparticles 

in Fig. 3.1 (b) shows that the particles are superparamagnetic in nature with a saturation 

magnetization of 59 emu g
-1

. The thermogravimetric curve for the magnetite nanoparticles in 

Fig. 3.1 (c) shows a two-step weight loss
 
at ≈199 and ≈320 °C. The first step is due to the 

removal of loosely bound or free surfactant (oleic acid) and the second step is due to the 
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removal of strongly bound surfactant molecules. The carboxylic acid group of oleic acid 

binds to the magnetite while the aliphatic chain extends out into the non-polar solvent thus 

providing steric hindrance between the particles. The charges at the carboxylate ion of oleic 

acid, de-localizes in between two oxygen atoms because of the resonance effect. The 

surfactant coating thus prevents the agglomeration of particles against van der Waals and 

magnetic attractive interactions. Besides, it passivates the nanocrystals against further 

oxidation. A simple calculation shows that the surfactant present in the system is slightly 

more than the amount required to form a close-packed monolayer on the surface of the 

spherical nanoparticles. For a monolayer coating, the amount of surfactant required for a 

particle of size 12.0 nm is ~13 wt%. 

3.3.2 Steady Shear Rheology 

Fig. 3.2 shows the viscosity curves for the ferrofluid of θ = 0.038 at different magnetic fields. 

In general, the addition of nanoparticles to a Newtonian carrier fluid increases the viscosity 

of the suspension, due to occlusion of the solvent within the temporary nanoparticle clusters. 

As the liquid occluded within the clusters does not participate in the flow, the effective solid 

phase concentration increases leading to an increase in viscosity.
179-182

 With increasing shear 

rates the clusters are broken down by the hydrodynamic forces allowing the entrapped 

solvent to flow thus reducing the viscosity. Hence the sample exhibits a shear thinning 

behavior.
179

 Weak attraction between the particles leads to the formation of dense aggregates 

(reversible) with a significant number of nearest neighbors. Such aggregates exhibit complex 

responses to applied flows and osmotic stresses. In such cases, the  hydration layer  between 

the particles of the aggregates  provides  a slippery bond  that is not shear resistant.
183
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Figure 3.2: Viscosity as a function of shear rate for ferrofluid of volume fraction 0.038 at 

magnetic fields of (a) 0, 10, 20 and 30 mT and (b) 40, 60, 80, 120, 150 and 200 mT.  The 

plateau region is shown by the encircled region. Inset (a) Magnified view of the viscosity 

curves for magnetic fields of 0, 40, 80, 120 and 200 mT at higher shear rates (> 10 s
-1

).  

The shear thinning behavior in the absence of magnetic field is observed up to a shear rate of 

10 s
-1

 followed by a Newtonian region. The Newtonian regime at higher shear rate is 

attributed to the breaking down of clusters into primary particles. For the studied volume 

fractions of 0.038 and 0.05, the corresponding particle number densities are 3.7×10
22

 and 

4.9×10
22 

m
-3

, respectively. For a well dispersed nanoparticle dispersion, the interparticle 

spacing for θ = 0.038 and 0.05 corresponds to 19.5 and 16.7 nm, respectively. Under such a 

scenario, the interaction between colloidal particles can be significant. Besides, the local 
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packing of the solvent around the nanoparticles can modify the effective interactions between 

nanoparticles strongly, thereby affecting both the structure and dynamics of the ferrofluid. 

Using a computationally tractable model, it was shown that the interparticle interaction and 

the solvent has important effects on both the structure and dynamics of nanofluids.
182

 The 

stronger interaction leads to an enhanced viscosity and a shear thinning behavior.   

When the sample was subjected to a magnetic field of 10 mT, the viscosity increased as 

compared to that in the absence of a field. For systems with non-interacting particles, the 

increase in viscosity in the presence of magnetic field is due to the rotational viscosity 

contribution as described in Chapter 1.
104

 For systems with interacting particles, the 

formation of chainlike structures that are aligned along the field direction results in a very 

large increase in viscosity (MVE).
184

 As described in Chapter 1, when the coupling constant 

is much greater than unity, magnetostatic particle interaction dominates the thermal motion 

leading to the formation of chains that are aligned along the direction of the magnetic field.
185

 

The aspect ratio of the chains depends on several factors such as size distribution of magnetic 

particles, applied field strength, the saturation magnetization of the particles and volume 

fraction of nanoparticles. Therefore, there is a distribution of chain lengths for a particular 

value of the magnetic field.
186, 187

 As the magnetic fields strengths used in our study are 

modest, the structures formed are mostly linear chains as against the bulk dense drops that 

are predicted to form at higher magnetic fields.
72, 140, 186, 188

 With increasing magnetic field, 

the linear chains grow with increasing aspect ratio.
189

 At sufficient field strength they span 

the gap between the rheometer plates. With further increase in field, zippering 
120, 190

 occurs 

leading to the formation of thick columns. These columns resist flow leading to very high 

values of viscosity. The chain with a dipole moment per unit length Haam 2

0
~  interacts 
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with the mean squared lateral field induced by chain fluctuations and the interaction energy 

(U ) per unit length a is given by
3, 191

 

2

2/52/1
02/1

2
)(

)/(
aTkH

HamU B                                        (3. 1) 

The time scale for chain coalescence is found by balancing the fluctuation force experienced 

by a chain segment and the viscous drag on the segment.
120

 For moderate and highly 

concentrated dispersions, the coalescence time scale is much smaller than the characteristic 

relaxation time of the fluctuations; that is the fluctuations persist long enough to drive the 

coarsening process. We observe such zippering transition in our dispersions that lead to the 

formation of interconnected fibrous structure (Fig. 3.3). Such lateral coalescence of dipolar 

chains using micron sized superparamagnetic latex particles  was first demonstrated with 

microscopy by  Fermigier and Gast.
190

 The modified Halsey-Toor (MHT) theory also 

predicts lateral aggregation of two chains under a large-amplitude fluctuation.
191

  

50μm

B = 0mT(a)

50μm

B = 8mT(b)

50μm

B = 40mT(d)

50μm

B = 16mT(c)

B 
 

Figure 3.3: The phase contrast microscopic images of ferrofluid (a) without magnetic field 

and at magnetic fields of (b) 8 mT (c) 16 mT and (d) 40 mT. Particles are not seen in (a) as 

the size of the primary particles is beyond the resolution of the microscope. In (b) relatively 

small chains with large inter-chain spacing is seen. In (c) longer chains are seen. In (d) 

fibrous structure due to zippering of large number of chains are visible. The direction of the 

magnetic field is shown by the arrow in (d). 
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When the sample under magnetic field is subjected to increasing shear rates, the field 

induced structures start breaking and the viscosity decreases
105, 116

 leading to shear thinning 

as shown in Fig. 3.2. In electrorheological fluids, Martin and Anderson
192

 showed that the 

fragmentation spontaneously occurs when the applied force is such that the pair potential 

reaches an inflection point and the lifetime of an electric field induced chain decreases with 

an increase in the applied force. Further, it was shown that the chains under confinements can 

behave very differently than unconfined chains.    

The shear thinning behavior persists even up to the highest shear rates indicating that the 

structures formed are not completely destroyed (inset of Fig. 3.2 (a)) by the hydrodynamic 

forces. For values of the magnetic field less than 40 mT, the suspension shows a strong shear 

thinning behavior for the entire range of shear rates studied. Above 40 mT, the suspension 

viscosity decreases drastically up to certain shear rate above which the rate of decrease slows 

down. This decrease of slope or slowing down of shear thinning (encircled region in Fig. 3.2 

(b)) can be explained as follows. The maximum number of particles ( maxN ) in a chain and 

the maximum chain length ( maxL )  for different field strengths are given by the relation
192

 

                            2/1
max )6(2 MnN and      5/34 maxmax aNL

                              

(3. 2) 

 Mn is the Mason number defined as the ratio of the shear (hydrodynamic) force to the 

magnetic force.
192-194
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(3. 3)                                                         

where μc is the relative permeability of the carrier fluid and β
 
is the contrast factor defined as 
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with μp
 
being the relative permeability of the particle which is taken as 2.7 for Fe3O4 

particles.
195

 

From the theoretical work by Martin and Anderson
192

, the maximum number of particles 

allowed for a just gap spanning chain is given by 

5/34
*

d

h
N                                                                     (3. 5) 

This occurs at a critical Mason number 

2

*

5

62

h

d
Mn                                                                 (3. 6) 

                                               

 

where h and d are the gap between the rheometer plates and the particle diameter, 

respectively. For smaller Mason numbers, the chains will span the gap and align more closely 

with the field. As the Mason number increases, the chain will increase from zero angle to a 

maximum of θc where 3/2tan c  , above which the chains part from the rheometer plates 

and maintain a constant orientation. A chain length distribution will result in a much broader 

chain angle distribution. The variation of maximum chain length (Lmax) with field is shown in 

Fig. 3.4 (a). It shows that the maximum chain length up to 180 mT is less than the gap 

between the plates of the rheometer. Thus at a critical shear rate, the

 

chains are oriented at an 

angle c accounting for the polydispersity in the chain lengths as well.  
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Figure 3.4: (a) Maximum chain length as a function of magnetic field for ferrofluid of 

volume fraction 0.038 (calculated using Eqn. (3.2)). The solid green line indicates the gap 

between the rheometer plates. Schematics showing the suspension microstructures (b) below 

the critical shear rate (c) at the critical shear rate (d) above the critical shear rate (e) at very 

large shear rates. The directions of the shear rate   and magnetic field B are shown by 

arrows. 

The microstructural arrangement of suspended particles greatly influences the suspension 

viscosity. The schematic representation of the microstructure of the system at very low shear 

rates is shown in Fig. 3.4 (b). Here the chains are long enough to span the gap between the 

plates and are more closely aligned with the magnetic field B. The microstructure of the 

system at the critical shear rate is shown in Fig. 3.4 (c) where the chains are oriented 

along c . When the shear rate is further increased, the inclined chains are broken down 

and they again tend to orient along c  which will create a microstructure as shown in Fig. 

3.4 (d). The viscosity change with shear rate is slow beyond the critical shear rate due this 

process where the chains continuously orient along c . This process continues until the shear 
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forces become very large, where the chains are more aligned along the shear direction than 

along B, which leads to a faster decrease in viscosity. The microstructure in this case is 

shown in Fig. 3.4 (e). At low fields (< 40 mT), the chains are too short (similar to Fig. 3.4 

(e)) that they are easily aligned along the shear flow and hence the plateau was not observed. 

Similar observations were made in systems of nanoemulsion gels under shear where the 

plateau region between two shear thinning regimes was attributed to the continuous breaking 

and reforming of the clusters.
183

 The shear thinning behavior observed in this system 

resembles those predicted for interacting nanoparticle dispersion using molecular dynamics 

simulations.
182

  In the simulations, the Hamaker constant was varied to tune the interaction 

whereas the magnetic field is varied to achieve the same in the present study. This shows the 

wonderful applications of magnetically polarizable dispersions for fundamental 

understanding of colloidal interparticle interactions.    

3.3.3 Yield Stress Measurements 

Yield stress is an important parameter that determines the flow behavior of a material. In 

magnetic fluids two types of yield stresses namely the static and the dynamic yield stress are 

present. The static (or frictional) yield stress is the minimum stress required to cause the 

suspension to flow. This yield stress is frequently associated with the slip of the aggregates 

on the plates rather than the structure collapse under shear and is obtained from the double 

logarithmic representation of stress versus shear rate curve (flow curve). The dynamic yield 

stress corresponds to the stress needed to continuously break the aggregates which have a 

tendency to reform in the presence of the magnetostatic forces once the stress exceeds the 

static yield stress. In general, the yield stress is obtained by fitting a constitutive model, such 

as the Bingham, Herschel–Bulkley or Casson equations, to the experimental data.
196-198

 



                        Chapter 3 

77 

 

In the present study the static and dynamic yield stresses were determined from the flow 

curves at different magnetic fields shown in Fig. 3.5 using the Herschel–Bulkley model 

given by 

n

y k 
                                                               

(3. 7)   

where ηy
 
is the yield stress and k and n are the consistency factor and power law index, 

respectively. 
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Figure 3.5: Flow curves for ferrofluid of volume fraction 0.038 (a) at magnetic fields of 0, 

10, 20 and 30 mT (b) at magnetic fields of 40, 60, 80, 120, 150 and 200 mT. 

The yield stresses are plotted as functions of H
2
 in Fig. 3.6 (a). According to the work of 

Ginder et al.
199

, the yield stress variation with magnetic field strength is dependent on the 

magnetization of the particle. They showed that in the linear regime of magnetization, the 

yield stress increases quadratically with magnetic field strength as given by 

22
0 Hcy                                                          (3. 8) 

In the intermediate region, the yield stress increases subquadratically with the external field 

strength and it becomes independent of the field at large field strengths when the particle 
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magnetization saturates. The yield stress for the intermediate and saturation regimes are 

given by Eqn. (3.9) and (3.10), respectively.  

 2/32/1

06 HM Sy                                                    (3. 9) 

2
0086.0 Sy M                                                      (3. 10) 
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Figure 3.6: (a) Static yield stress (triangles) and Dynamic yield stress (solid circles) as a 

function of H
2
for ferrofluid of volume fraction 0.038. Solid lines represent fit using Eqn. 

(3.8) with μc = 1 and β = 0.3617 (b) Field specific viscosity vs. Mason number for ferrofluid 

of volume fraction 0.038 and 0.05 at magnetic fields 20, 40, 60, 80, 120, 160 and 200 mT. 

As the field strengths used in our studies lie within the linear magnetization regime, the 

experimental yield stress values were fitted with Eqn. (3.8) (see Fig. 3.6 (a)) using the values 

μc = 1 and β = 0.3617. Such dependence of yield stress on magnetic field strength has been 

reported on MR fluids and inverse ferrofluids.
198, 200, 201

 In the present study it was observed 

that both yield stresses increased linearly with 2H , with the dynamic yield stress being larger 

than the static yield stress. The increase in static yield stress with magnetic field indicates 

that it becomes harder for the suspension to flow with increasing field strength. 
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3.3.4 Mason Number Scaling 

Mason number is an important quantity in magnetorheological analysis. It is defined as the 

ratio of the hydrodynamic force to the magnetic force (Eqn. (3.3)).
192-194

 The utility of this 

dimensionless number is that the shear rate and field strength dependence of the suspension 

viscosity can be described in terms of the single independent variable Mn.
194

 The forces 

governing the rheology of ferrofluids can be understood by representing the magnetic field 

strength and shear rate dependence of the viscosity using the Mason number. The Mason 

number scaling was obtained by plotting the field specific viscosity (ηF) 
192, 193

 defined below 

against the Mason number. 

                
c

F

                                                         

 (3. 11) 

where  is the viscosity of the suspension at infinite shear rate in the absence of field. It is 

observed that the Mason number produces a collapse of the viscosity curves at different 

magnetic field strengths and volume fractions onto a single master curve for magnetic fields 

of 60 mT and above as shown in Fig. 3.6 (b). Below 60 mT, deviation from the master curve 

is noticed which indicates the fact that at low magnetic fields, in addition to the magnetic and 

hydrodynamic forces, the rheology is also influenced by thermal energy contribution. 

However at high magnetic fields, hydrodynamic and magnetic forces are dominant over 

thermal forces. Mason number scaling has been reported for electro and magnetorheological 

fluids.
193, 194, 202

 This is the first time that Mason number scaling has been employed to 

analyze the behavior of  ferrofluids except one simulation study in dilute ferrofluid.
203
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3.3.5 Magnetic Field Sweep 
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Figure 3.7: (a) Viscosity as a function of magnetic field for ferrofluid of volume fraction 

0.038 at shear rates of 0.01, 0.1, 1, 10 and 100 s
-1

.  Closed and open symbols represent 

increasing and decreasing magnetic field, respectively. (b) Hysteresis area as a function of 

shear rate for ferrofluids of volume fraction 0.038 and 0.05. The symbols represent the 

hysteresis area obtained from (a). Solid lines represent power law fit ( qpA  ) to the data 

where the exponents for volume fractions 0.038 and 0.05 are found to be -0.64 and -0.65, 

respectively. 

Fig. 3.7 (a) shows the magnetic sweep for ferrofluid of θ = 0.038 at different shear rates 

wherein the viscosity of the ferrofluid as a function of increasing and decreasing magnetic 

fields was studied. It is seen that the viscosity of the ferrofluid increases with increase in 

magnetic field and tends to saturate at higher fields for all the shear rates which indicates the 

evolving nature of the ferrofluid microstructure. The viscosity increase is attributed to the 

formation of chain-like structures and their growth with increasing magnetic field. At higher 

magnetic fields zippering of chains that are off registry or of different lengths takes place 
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resulting in the formation of thick columns. When the entire particles assemble into space 

filling columns within the gap between the plates, saturation in the viscosity is observed. The 

viscosity is lower at higher shear rates. 

On removal of the magnetic field, however, the viscosity values do not trace those during the 

increase of the field. In other words, the sample shows hysteresis upon application and 

removal of magnetic field. The higher viscosity values during the reversal of the field 

indicate that field induced structures do not relax back to their initial configuration. The field 

induced structures require a larger time than the measurement time (which is about 10 s) to 

relax.
204

 As described in Chapter 1 the magnetic moment relaxation can occur by either the 

Neel or the Brownian mechanism
118, 137

 with timescales given by Eqn. (1.10) and (1.11). The 

typical values of B and N  for the nanoparticle used in the present study are 1.23×10
-6

 and 

2.56×10
-9 

s, respectively. However larger field induced structures formed in the presence of 

magnetic field can have quite larger relaxation times than a single particle depending on their 

aspect ratio. For example, the Brownian relaxation time for a particle of diameter 2 μm is 

about 5 s. When the measurement time is smaller than the actual relaxation time of these 

chains, they do not relax and hence the viscosity during the backward magnetic field sweep is 

higher than that during the forward sweep leading to the observed hysteresis. The area 

between the forward and reverse magnetic field sweeps termed as the hysteresis area gives a 

quantitative expression of the hysteresis behavior. It is found that the hysteresis area reduces 

with increasing shear rate as a power law qpA  with exponents q = -0.64 and -0.65 for the 

volume fractions 0.038 and 0.05, respectively as shown in Fig. 3.7 (b). The shear force 

breaks down the larger field induced structures and the resulting smaller structures have 

lower relaxation times. Therefore, larger the shear force, smaller will be size of the field 
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induced structures resulting in smaller relaxation times. The observed decrease in hysteresis 

area with increase in shear rate suggests that the shear forces drive the relaxation of the field 

induced structures. 

3.3.6 Dynamic Rheology  

Dynamic or oscillatory rheology is a valuable tool for studying the mechanical behavior of 

soft materials wherein a sinusoidal strain is imposed on the material and the stress response is 

measured.
205

 The relative contribution of the viscous and the elastic response of the material 

is obtained from the measured stress. The frequency of oscillation sets the timescale of the 

test. By varying the frequency of oscillation, the materials are probed at different timescales. 

This observation of material response at different frequencies is also referred to as 

mechanical spectroscopy. The oscillatory studies on ferrofluid under magnetic field provide 

valuable information on their microstructure. In the present study, the linear and nonlinear 

viscoelastic measurements were carried out in the ferrofluid at constant magnetic fields.   

The results of the amplitude sweep measurements in the ferrofluid of θ = 0.038 at different 

magnetic fields are shown in Fig. 3.8. In the absence of magnetic field, the storage and loss 

moduli show a decrease with increase in strain amplitude. The suspension is predominantly 

viscous without linear viscoelastic region at the measured strain amplitudes. In the presence 

of magnetic field, the storage modulus is greater than the loss modulus and both the moduli 

remain constant up to a certain value of strain indicating a predominant solidlike behavior of 

the ferrofluid. The elastic nature is imparted by the magnetic field, which induces the 

formation of gap-spanning chains and thick columns which undergo affine deformation. 

When the strain exceeds a critical value, the motion of the field induced structures is no 

longer affine leading to particle rearrangements within these structures. The larger strain also 
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leads to destruction of the field induced structures. As a result beyond γc, G’ decreases and 

falls off as power law. At the critical strain, the loss modulus shows a distinct maximum and 

then decreases as a power law - a typical characteristic of soft glassy materials. The peak in 

loss modulus (shown by arrow in Fig. 3.8 (b)) at the critical strain is due to the maximum 

dissipation of energy during the onset of destruction of chains (de-aggregation of particles). 

The critical strain is found to be about 2.5 and 3.9 % for θ = 0.038 and 0.05, respectively for 

almost all field strengths. Above the critical strain, G” dominates over G’, due to the viscous 

nature of the samples.                 
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Figure 3.8: (a) Storage (closed symbols) and loss (open symbols) moduli as function of 

strain amplitude for ferrofluid of volume fraction 0.038 at magnetic fields of 0, 40, 80, 160 

and 200 mT. (b) Loss modulus at magnetic fields 180 and 200 mT showing maximum energy 

dissipation at the critical strain indicated by the arrow. 

The observed increase in the magnitudes of both G’ and G” and a clearly distinct LVE region 

with increase in field (Fig. 3.8 (a)) suggests the continuous evolution of chains, which grow 

with field and span the gap between the rheometer plates. The storage modulus increases 
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from about 1.41 Pa at zero field to 75.6 Pa at 200 mT for a strain of 1 %. This is due to lateral 

coalescence (zippering) of gap-spanning chains into thick columns giving rise to a large 

increase in storage modulus. Interestingly, the loss modulus also increases with magnetic 

field from 1.33 to 21.2 Pa when the field is varied from 0 to 200 mT. As discussed earlier, a 

broad distribution of chains with different lengths (aspect ratios) is formed between the 

plates.
186, 187

 The unpinned or non gap-spanning chains align along the magnetic field in the 

absence of a shear. The application of a rapid shear deforms these structures but they relax 

back to their initial state on rheological time scales resulting in a viscous response.
98, 103, 206
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Figure 3.9: Storage (closed symbols) and loss (open symbols) moduli as function of angular 

frequency for ferrofluid of volume fraction 0.038 at magnetic fields of (a) 0, 10, 40, 80, 100, 

140 and 170 mT and (b) 110, 120, 140, 150, 160 and 190 mT. 

To obtain insight into the structural (rheological) relaxation occurring in the ferrofluid, 

frequency sweep measurements were carried out and the results are shown in Fig. 3.9. In the 

absence of magnetic field, both G’ and G” steadily increase with frequency. At low 
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frequencies, the loss modulus is higher than the storage modulus indicating viscous like 

behavior of the sample, while at higher frequencies the system behaves like elastic solid with 

the storage modulus greater than the loss modulus. The cross-over from viscous behavior to 

elastic behavior occurs at a cross-over frequency ωc, where stresses in the system relax 

within a finite time. The viscous and elastic response of the system is explained in terms of 

the time scale of observation (experimental time) which is inversely proportional to the 

frequency of deformation. If the time of observation te is greater than the relaxation time tr of 

the system, then the structures will have sufficient time to relax and the suspension behaves 

as a viscous liquid. For experimental time scale smaller than the relaxation time, the structure 

is unable to relax and hence it stores most of the energy. When both the times are equal, the 

system is viscoelastic with dissipation and storing of energy happening equally.
180

  

As the magnetic field increases, the magnitudes of both the storage and the loss moduli 

increase. The cross-over frequency is found to decrease with increase in magnetic field. The 

relaxation times for two different volume fractions of nanoparticles θ = 0.038 and 0.05, 

calculated from the cross-over frequencies, plotted as functions of magnetic field, are shown 

in Fig. 3.10. The relaxation times increase with magnetic field and saturate at high fields. 

This observation can be explained on the basis of the heterogeneous structure formation in 

the presence of magnetic field. The aggregation of particles into linear chains starts at low 

fields. At sufficient field strength the chains begin to span the gap between the rheometer 

plates. And finally at high fields lateral coalescence of these chains into thick columns 

occurs. 
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Figure 3.10: Left-bottom axes: Variation of structural relaxation time as a function of 

magnetic field for volume fractions of 0.038 and 0.05. Strain-rate amplitudes are 0.01 and 0.1 

s
-1

 for volume fractions 0.038 and 0.05 respectively. Right-top axes: Effective single particle 

relaxation time as a function of the particle diameter.  

It has been reported that single-sphere-width chains possess frequency independent storage 

modulus, while thick columnar structures show a significant relaxation time.
207

 This is yet 

another evidence for the existence of thick columns in our system at high fields. With no 

further coalescence, the relaxation time saturates. The magnetic field dependence of the 

structural relaxation time of the chains can be compared to the size dependence of the 

effective magnetization (magnetic moment) relaxation time (ηeff) of a single particle as shown 

in Fig. 3.10 (right-top axes). The effective relaxation time is given by Eqn. (1.12). 

Interestingly, both the effective single particle relaxation time and the structural relaxation 

times of the chains continue to increase with particle size and magnetic field, respectively. 

The saturation of structural relaxation time depends on factors like volume fraction of the 
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sample, saturation magnetization, applied magnetic field, confinement of fluid etc. This 

result shows that the aspect ratio of the formed structures increases with applied magnetic 

field and reaches saturation above certain magnetic field strength where the length of these 

structures equals the gap separation. 

3.4 Conclusions 

The magnetorheological properties of oil based ferrofluid containing magnetite nanoparticles 

of  average particle size ~12 nm stabilized with a  monolayer of surfactant for two different 

volume fractions 0.038 and 0.05 were studied. The formation of heterogeneous internal 

structures, of linear chains at moderate magnetic field and dense columns at larger fields, due 

to magnetic dipolar interactions between the particles results in a significant increase in the 

viscosity. The system, containing internal structures, exhibits a shear thinning behavior 

followed by a plateau region, where the „space filling microstructure‟ is able to resist the 

shear due to a  peculiar alignment of the chains with respect to the applied field direction (i.e. 

c ). At larger shear rates, the system exhibits further shear thinning due to the dominant 

shear force that is strong enough to disrupt the alignment. The collapse of specific viscosity 

data against Mason number for different magnetic field strengths and volume fractions onto a 

single master curve clearly shows the dominance of hydrodynamic and magnetic forces over 

thermal force. The increase in yield stress with magnetic field confirms that the field induced 

structures hinder the flow behavior of the suspension. The hysteresis observed in the 

magnetic sweep experiments confirms the inability of chains and columnar structures to relax 

within the measurement time. The decrease in hysteresis area with shear rate suggests that 

shear forces augment the relaxation phenomenon. The dynamic measurements also confirm 
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the evolution of field induced structures upon increasing magnetic field that provide elastic 

nature to the dispersion.  

This study gives several new insight into magnetorheological properties of oil based 

ferrofluids that are useful for better utilization of ferrofluids in static and dynamic 

applications such as electronic cooling for micro and nanomechaical devices (MEMS and 

NEMS), smart dampers, dynamic liquid seals etc. For example, in cooling applications, the 

fast switching of Brownian particles to linear structures and their retention under flow 

conditions is essential when the temperature of the gadgets becomes abnormally high. 

Further, on reducing the temperature to the desired level the system should undergo a 

reversible transition to Brownian particles. Both the above conditions are found to be 

satisfied in the investigated samples. Similarly for dynamic sealing conditions, the 1-

dimenional structures in the region of interest (radial gap for a shaft assembly) should remain 

intact under operation (shear forces), which is again found to be good for the samples 

studied. 
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 Study of Field Induced Structures in Ferrofluid using 

Rheomicroscope   

4.1 Introduction 

The magnetic field dependent viscosity increase in ferrofluid is attributed to the formation of 

field induced chains and their evolution under magnetic field which restricts the flow of the 

fluid. The evolution of the field induced structures in ferrofluids has been investigated using 

techniques such as light scattering,
36

 thermal conductivity measurements,
71

 rheology,
94, 142

 

Brownian dynamics
95

 and small angle neutron scattering.
144, 208

 While light scattering and 

thermal conductivity measurements provide qualitative information about the microstructure 

evolution under magnetic field from the scattered pattern and thermal conductivity values, they 

do not provide quantitative information about the size or spatial distribution of the field induced 

structures. In SANS experiments, the formation and evolution of heterogeneous structures under 

magnetic field is obtained from the scattered pattern produced by neutrons from these structures. 

The orientation of the field induced structures under simultaneous shear and magnetic field is 

deduced from the scattered neutron pattern. All the above techniques provide information about 

the ferrofluid microstructure through indirect means under static conditions i. e., in the absence of 

shear or flow. There are no experimental studies on the evolution of the ferrofluid microstructure 

from a rheological perspective except few neutron scattering studies.
144, 208

 Techniques that 

provide direct or visual observation of the microstructure of the ferrofluid during 

magnetorheological measurements have not been reported so far. Such a technique will not 

only provide first hand information of the formed microstructure in the ferrofluid but also 

provide insight into the field induced microstructure evolution during rheological 

measurements which is crucial to the understanding of rheological properties of ferrofluid. In 

this work, attempts are made to provide direct experimental evidence for the microstructure 

Chapter 4 
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evolution under simultaneous shear and magnetic field in dilute ferrofluids using a 

rheomicroscope. 

4.2 Experimental Details 

Magnetite nanoparticles of size 10 nm coated with oleic acid, dispersed in kerosene at 

volume fractions of 0.00078, 0.0012, 0.0031, 0.0046 and 0.0063 were used in the present 

study. The particles were monodisperse with a saturation magnetization of 70 emu g
-1

. The 

detailed characterization of the sample can be found in Chapter 6. For the rheomicroscopic 

studies under magnetic field, a custom made solenoid coil enclosing the sample stage as 

shown in Fig. 2.14 was used. The current in the coil was varied from 0 to 2.34 A using a DC 

power supply. The rheomicroscopic images were acquired perpendicular to the plane of shear 

from the bottom of the sample stage using a 20X objective. For the experiments in Section 

4.3.1, the shear rate was held fixed at 10
-3

 s
-1

. For the experiments in Section 4.3.2, the 

magnetic field was kept at a constant value of 176 gauss.  

4.3 Results and Discussion 

4.3.1 Magnetic Field Dependent Evolution of Ferrofluid Microstructure  

The application of magnetic field induces heterogeneous structures in the ferrofluid which 

evolve with increasing field. In order to gain insight into the evolution of the microstructure 

of the ferrofluid under magnetic field, magnetorheological measurements were performed in 

dilute ferrofluids with the simultaneous acquisition of the microscopic images. 
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Figure 4.1: Rheomicroscopic images of the ferrofluid of volume fraction 0.0063 under 

increasing magnetic field at a constant shear rate of 10
-3

 s
-1

. The scale bar corresponds to 100 

μm. 

Fig. 4.1 shows the microscopic images of the ferrofluid of θ = 0.0063 at different magnetic 

fields at a constant shear rate of 10
-3

 s
-1

. It is observed that up to a magnetic field of 17.2 

gauss, the field induced structures could not be resolved from the microscopic pictures 

probably, due their large number density. At 27.7 gauss, the image shows the presence of 

nearly circular objects which represent one end of the field induced columnar structures. As 

the magnetic field is increased to 42.7 gauss, the diameter of the columns increase. With 

further increase in the magnetic field, the diameter of the columns undergoes a drastic 

increase. The diameter increases from 15.63 μm at 42.7 gauss to 41.76 μm at 174.7 gauss as 

seen from Fig. 4.7 (a). On the other hand, the number density of the columns (number of 

columns per unit area) decreases from 0.0018 to 0.0011 μm
-2

 for change in magnetic field 

from 80.2 to 174.7 gauss as shown in Fig. 4.7 (b). The increase in diameter of the columns 

and decrease in their number density indicates that the columns grow in size due to the lateral 

coalescence leading to the formation of structures with larger diameter. As zippering 
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proceeds, the number of individual columns decreases resulting in a reduction in their 

number density. As the shear rate used is very small, the columns remain intact without 

undergoing destruction. The fact that field induced structures are observable at such a low 

ferrofluid concentration indicates that though the long-range dipole-dipole interaction is 

responsible for particle aggregation into columns, the thermal stability of such columnar 

aggregates is not possible without an additional attractive contribution. Tobias et al.
209

 have 

shown that the additional contribution arises from van der Waals interaction. In their study 

on ferrofluids, the coupling constant was found to be 0.37 while the thermal stability requires 

λ ≥ 1. By incorporating the van der Waals energy contribution to the formation of field 

induced clusters, the total coupling constant λtotal was found to be ≈1, which ensures the 

presence of thermally stable clusters. In the present study, van der Waals contribution is 

considered responsible for the thermal stability of the field induced structures.  

The changes observed in the microstructure of the ferrofluid influences its macroscopic 

rheology. From Fig. 4.2 it is seen that increase in the magnetic field leads to an increase in 

the viscosity of the ferrofluid. Thus it can be concluded that the growth of the field induced 

structures under magnetic field is responsible for the increase in the macroscopic viscosity of 

the ferrofluid.  
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Figure 4.2: Viscosity as a function of magnetic field for ferrofluids of different 

concentrations at a shear rate of 10
-3

 s
-1

. 

 

Figure 4.3: Rheomicroscopic images of the ferrofluid of volume fraction 0.0046 under 

increasing magnetic field at a constant shear rate of 10
-3

 s
-1

. The scale bar corresponds to 100 

μm. 

The results of the rheomicroscopic studies under increasing magnetic field at a fixed shear 

rate for a ferrofluid concentration of θ = 0.0046 is shown in Fig. 4.3. The columnar structures 

formed in the presence of magnetic field are well resolved at this concentration. The 
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microstructure evolves from columns of diameter 11.4 μm at 20 gauss to those of diameter 

34.7 μm at 176 gauss, while the number density decrease from 0.0039 to 0.001 μm
-2

, as the 

field increases from 20 to 176 gauss. 

 

Figure 4.4: Rheomicroscopic images of the ferrofluid of volume fraction 0.0031 under 

increasing magnetic field at a constant shear rate of 10
-3

 s
-1

. The scale bar corresponds to 100 

μm. 

As the concentration of the ferrofluid is further decreased to θ = 0.0031, it is observed that 

the columns are slightly smaller in diameter than the one at higher concentrations. The 

diameter of the columns at 10 gauss is found to be 7.1 μm. As the field increases, the 

columns grow in size, which is clearly seen in the microscopic pictures in Fig. 4.4. The 

columnar size increases from 7.1 μm at a field of 10 gauss to 26 μm at 167 gauss. On the 

other hand the number density of the columns decreases from 0.0046 to 0.0015 μm
-2 

as the 

field increases from 10 to 167 gauss.   
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Figure 4.5: Rheomicroscopic images of the ferrofluid of volume fraction 0.0012 under 

increasing magnetic field at a constant shear rate of 10
-3

 s
-1

. The scale bar corresponds to 100 

μm. 

Fig. 4.5 shows the microscopic images of the ferrofluid of θ = 0.0012. It is observed that up 

to a magnetic field of 80 gauss, the field induced structures formed in the ferrofluid are 

smaller and hence are not observable using a microscope. As the magnetic field is increased 

to 98 gauss, the columns with an average diameter of 16.5 μm are observed. With increase in 

magnetic field the columns grow in size, reaching a diameter of 22.5 μm at 168 gauss. The 

columnar number density here varies between 9.89×10
-4

 and 10
-3

 μm
-2

.  

For the lowest concentration of θ = 0.00078, the size of the columns are still smaller as seen 

in Fig. 4.6. The column diameter shows a weak increase from 17.5 to 21.4 μm while the 

number density decreases from 6.82×10
-4

 to 5×10
-4

 μm
-2 

as the magnetic field increases from 

75 to 167 gauss. At the concentrations of θ = 0.00078 and 0.0012, the size of the columns do 

not change much due to the lower column number density in the ferrofluid. 
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Figure 4.6: Rheomicroscopic images of the ferrofluid of volume fraction 0.00078 under 

increasing magnetic field at a constant shear rate of 10
-3

 s
-1

. The scale bar corresponds to 100 

μm. 

The macroscopic rheological measurements (Fig. 4.2) show that the viscosity for all the 

concentrations of the ferrofluid increases with magnetic field. However, as the studied 

concentration range is small (0.00078-0.0063) the viscosity values do not show much 

variation with ferrofluid concentration. The above results show that the microstructure of the 

ferrofluid undergoes evolution in the presence of magnetic field, which is reflected as an 

increase in its macroscopic viscosity. The concentrations above θ = 0.0063 could not be 

probed using rheomicroscopy as the samples became too dark.  
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Figure 4.7: Variation of (a) column diameter and (b) column number density with magnetic 

field for ferrofluids of different concentration.  

4.3.2 Shear Rate Dependent Evolution of Ferrofluid Microstructure  

Fig. 4.8 shows the rheomicroscopic images of ferrofluid of volume fraction 0.0063 under a 

constant magnetic field of 176 gauss at different shear rates. At the lowest shear rate of 10
-3

 s
-

1
, the columns are undisturbed and aligned along the direction of the magnetic field. As the 

shear rate is increased to 10
-2

 s
-1

, the columns are slightly disturbed and their number density 

decreases. As the shear rate is further increased, the columns are broken as seen from the 

decrease in their number density at 0.1 s
-1

. The columnar aggregates also begin to deviate 

from their perpendicular orientation. With further increase in shear rate, the columns become 

aligned along the shear and at the highest shear rate of 10 s
-1

 they are fully aligned along the 

shear direction. The breaking up of the field induced structures and their subsequent 

rearrangement under shear force influences the macroscopic rheology of the ferrofluid. It is 

seen from Fig. 4.9 that the ferrofluid exhibits shear thinning with increasing shear rate, which 

is attributed to the reduced resistance to flow owing to the destruction and reorientation of 

the field induced structures as observed from the rheomicroscopic images. The ferrofluids of 
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other concentrations also showed similar changes in their microstructure and a consequent 

shear thinning behavior. 

 

Figure 4.8: Rheomicroscopic images of the ferrofluid of volume fraction 0.0063 under 

increasing shear rates at a constant magnetic field of 176 gauss. The scale bar corresponds to 

100 μm. 
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Figure 4.9: Viscosity as a function of shear rate for ferrofluids of different concentrations at 

a fixed magnetic field of 176 gauss. 
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Figure 4.10: Rheomicroscopic images of the ferrofluid of volume fraction 0.0046 under 

increasing shear rates at a constant magnetic field of 176 gauss. The scale bar corresponds to 

100 μm. 

 

Figure 4.11: Rheomicroscopic images of the ferrofluid of volume fraction 0.0031 under 

increasing shear rates at a constant magnetic field of 176 gauss. The scale bar corresponds to 

100 μm. 
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Figure 4.12: Rheomicroscopic images of the ferrofluid of volume fraction 0.0012 under 

increasing shear rates at a constant magnetic field of 176 gauss. The scale bar corresponds to 

100 μm. 

 

Figure 4.13: Rheomicroscopic images of the ferrofluid of volume fraction 0.00078 under 

increasing shear rates at a constant magnetic field of 176 gauss. The scale bar corresponds to 

100 μm. 
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The rheomicroscopic images for other concentrations of the ferrofluid (θ = 0.0046, 0.0031, 

0.0012 and 0.00078) are shown in Fig. 4.10 to 4.13. The images show a clear change in the 

ferrofluid microstructure when subjected to increasing shear rates with the columns aligned 

along the magnetic field at low shear rate and column alignment along the shear flow 

direction at high shear rate. The macroscopic rheology shows a shear thinning response for 

all concentrations of the ferrofluid as shown in Fig. 4.9. However viscosity curves for 

different ferrofluid concentrations do not show much difference due to the small range of 

concentrations studied. 

4.4 Conclusions 

The microstructure of the ferrofluid under magnetic field and shear rate and its influence on 

the macroscopic rheological properties of ferrofluids are studied for the first time using 

rheomicroscope. This study provides insight into the evolution of the microstructure under 

simultaneous application of shear and magnetic field. The rheomicroscopic images show that 

the formation and growth of the field induced columns under increasing magnetic field is the 

cause for the increase in the macroscopic viscosity of the ferrofluids. The images also 

confirm that the disruption of columnar aggregates and their subsequent reorientation along 

the direction of shear at high shear rate gives rise to shear thinning response. 
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 Probing the Dynamics in Ferrofluid using Oscillatory 

Rheology 

5.1 Introduction 

Ferrofluid is a metastable colloidal system that exhibits soft glassy behavior and interesting 

rheological response.
210

 In contrast to other soft systems,
211

 ferrofluids offer easy 

maneuvering by external stimuli, which makes them suitable for stimuli responsive 

applications where their properties can be tuned by varying an external magnetic field.
92

 

Ferrofluid undergoes reversible phase transformation from a fluid to a viscoelastic solid 

under the influence of an external magnetic field. Most of the studies on the 

magnetorheological properties of ferrofluids report the steady shear behavior of the 

ferrofluids
118, 143, 153, 208, 212, 213

 while only a few studies concentrate on their oscillatory 

behavior.
214, 215

 Even in these studies the particle concentrations are so small that the particles 

are considered to be non-interacting and hence the results do not represent the true behavior 

of the ferrofluids used in applications. The objective of the present work is to gain insight 

into the dynamic rheology of a concentrated ferrofluid where the relaxation dynamics under 

magnetic field is probed using oscillatory rheology. 

5.2 Experimental Details 

Magnetite nanoparticles dispersed in kerosene at θ = 0.046 was used in the present study. 

The particles were synthesized by co-precipitation technique as discussed in Chapter 2. The 

magnetorheological measurements were performed as described in Chapter 2.  
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5.3 Results and Discussion 

5.3.1 Properties of the Ferrofluid 
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Figure 5.1: (a) Hydrodynamic size distribution (b) magnetization curve of the Fe3O4 

nanoparticle and (c) thermogravimetric curve of ferrofluid Inset of (c) phase contrast optical 

microscopic picture (in the presence of magnetic field) of ferrofluid. 

From the size distribution curve (Fig. 5.1 (a)), the average hydrodynamic diameter of the 

particles was found to be 13.5 nm. Fig. 5.1 (b) shows the magnetization curve of the particles 

used in the ferrofluid. The particles were superparamagnetic with a saturation magnetization 

of ~40 emu g
-1

. Fig. 5.1 (c) shows the thermogravimetric curve of the ferrofluid indicating 

three step weight losses at 143, 250
 
and 493 °C. The weight loss at 143 °C corresponds to the 

evaporation of the base fluid. The second and third step weight losses correspond to the 

removal of the weakly and strongly bound surfactant molecules, respectively. The optical 

microscopic image of the ferrofluid under magnetic field is shown in the inset Fig. 5.1 (c). 

The particles form linear chains and zippered structures aligned that are along the field 

direction.   
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5.3.2 Non-Linear Viscoelastic Measurements  

Non-linear oscillatory studies (Fig. 5.2 (a)) in the presence of magnetic field (40 to 530 mT) 

show that at a constant angular frequency, up to a critical strain (shown by the green arrows), 

the ferrofluid exhibits a strain-independent storage modulus where G’ is larger than the loss 

modulus. Above the critical strain, the storage modulus decays as a power law with strain 

amplitude i.e., G’(γ0) α γ0
-υ’

. The loss modulus exhibits a peak above the critical strain and 

then falls off as a power law G”(γ0) α γ0
-υ”

. 
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Figure 5.2: (a) Variation of storage (closed symbols) and loss (open symbols) moduli with 

strain amplitude at magnetic fields of 40, 80, 160, 340 and 530 mT. (b) Variation of the 

critical strain with magnetic field. 

The ratio of the exponents, υ’/υ” is close to 2 for all the magnetic fields. It is observed from 

Fig. 5.2 (b) that the critical strain marking the onset of nonlinearity decreases with magnetic 

field up to 160 mT and slightly increases thereafter. The  response of ferrofluid to an 

oscillatory shear studied by Pinho et al.
214

 revealed that the viscosity of the ferrofluid 

increased with magnetic field and monotonically decreased with oscillation frequency. A 

similar observation was recorded for the viscous damping force on an oscillating plate in 
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contact with the ferrofluid subjected to a constant magnetic field. The video microscopic 

studies in electrorheological fluids showed that during the transition from linear to the 

nonlinear regime of oscillatory shear flow, the particulate columns do not break but are 

structurally rearranged.
216

 Further simulation studies showed that the onset of nonlinearity is 

due to the slight rearrangements of particle clusters when the structures are sheared into 

unstable configurations.
217

   

5.3.3 Linear Viscoelastic Measurements  
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Figure 5.3: Variation of storage (closed symbols) and loss (open symbols) moduli with 

angular frequency at magnetic fields of 40, 80, 160, 340 and 530 mT. 

The linear viscoelastic measurements in Fig. 5.3 show that the storage modulus increases 

with increase in the magnetic field from 40 to 530 mT. The storage and loss moduli are 

weakly dependent on frequency for magnetic fields up to 160 mT. Above 160 mT, the 

moduli increase with increasing frequency and the storage modulus exhibits a plateau at 

higher frequencies. For all the magnetic fields, the storage modulus is greater than the loss 

modulus over the entire frequency range. However for magnetic fields above 160 mT, a 



                        Chapter 5 

106 

 

tendency for the moduli to cross-over is observed at the low frequency end. These 

observations indicate that above 160 mT the ferrofluid exhibits short-time structural 

relaxation while at lower fields the system is dominated by long-time relaxation. 

The field induced microstructural changes are reflected in the rheological properties of the 

ferrofluid. The increase in storage modulus with magnetic field observed in Fig. 5.2 and Fig. 

5.3 is attributed to the field induced aggregation of particles into chains when λ exceeds 

unity. With the number of chains increasing with field strength, the storage modulus 

increases. Under a strong magnetic field, the ferrofluid holds its weight on an inverted vial, 

which is a confirmation of the solidlike behavior. Interestingly the loss modulus also 

increases with magnetic field, which is attributed to the unpinning of chains from one or both 

ends of the rheometer plates.
103, 206

 These unpinned chains have equilibrium configurations 

when aligned along the magnetic field. On application of rapid step shear, they may deform 

affinely but will relax to alignment on rheological time scales.
103, 206

     

In conventional frequency sweep experiments (Fig. 5.3), G’ is weakly dependent on the 

frequency up to 160 mT. In the molecular dynamics simulation studies on ER fluids, 

consisting of purely single-sphere-width chains spanning the electrode gap, G’ was found to 

be independent of frequency and was always greater than G”.
218

 The ER suspensions were 

modeled as monodisperse, neutrally buoyant, hard spheres, suspended in a Newtonian fluid 

held between parallel-plate electrodes. The frequency independent G’ was attributed to the 

zero lag between the motion of the particles in the chain and the imposed shear, where near 

zero hydrodynamic resistance leads to a non relaxation mechanism.
218, 219

 On the contrary 

such suspensions display a significant relaxation due to competition between hydrodynamic 

and electrostatic forces on spheres within the thick clusters leading to frequency-dependent 
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moduli. The frequency-dependent moduli observed in the present study suggest that the 

microstructure of the ferrofluid is not composed entirely of single-sphere-width chains. The 

probable configuration is that small side chains are attached to the gap spanning single 

chains. The motion of particles in the side chain, perpendicular to the shear flow during 

oscillation gives rise to a weak hydrodynamic resistance leading to a relaxation mechanism 

and hence a weak frequency dependence of G’. But since the strain is less than the critical 

strain, the transition to nonlinearity is not witnessed and the relaxation time falls below the 

accessible frequency window. Above 160 mT, there is a tendency for the system to relax 

within the accessible frequency window, which is more pronounced at the highest applied 

field of 530 mT where the storage modulus decreases from a high frequency plateau and 

becomes almost close to the loss modulus value at the lowest frequency. Parthasarathy et 

al.
218

 reported that the thick columns of particles in ER fluids exhibit frequency dependent 

moduli. The loss modulus of the ER fluid increases with frequency at low frequencies, passes 

through a maximum and then decreases with further increase in ω. Near the loss modulus 

maximum, the storage modulus increases from a low frequency plateau value to a high 

frequency plateau value. Such a low frequency relaxation results from the large number of 

side chains laterally attached to the gap spanning center chain. The competition between the 

hydrodynamic and magnetic forces causes the perpendicular motion of particles in the outer 

most chain. In the present study the observation of a decrease in the G’ with decreasing 

frequency and the tendency to approach the G” (above a field of 160 mT) is an indication of 

the fact that the structures formed above 160 mT are composed of thick zippered clusters. 

These clusters show a tendency to relax even under linear deformation. The above results 

show that the magnetic field regime can be divided into two regions, based on the types of 
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microstructures between the parallel plates and their frequency responses. In the region 1 

(magnetic field range of 40-160 mT), the single-sphere-width linear chains with small side 

chains attached to them exist while in the region 2 (fields ≥ 160 mT) the microstructure is 

dominated by thick clusters containing more number of side chains. Simulation studies show 

that the chain-chain interaction depends on the relative shift along the chain direction.
220

 

There are reports by Modesto et al.
72

 and Zubarev et al.
141

, on the formation of dense drop-

like aggregates in ferrofluids, due to condensation phase transition where the possibility of 

linear chain formation is neglected because the gap between the plates (350 μm) is much 

larger than the primary particle size (~10 nm). These droplike aggregates span the gap 

between the rheometer plates and the breaking of drops into non-spanning smaller drops 

occurs above a critical strain. However, in the present study, as the gap separation is much 

smaller (about 100 μm) compared to earlier studies, gap-spanning nanoparticle chain 

formation is very much possible. Such gap-spanning structures are indeed evidenced in light 

scattering
124

 and microscopic
221

 studies.   

In order to study the low frequency structural relaxation in ferrofluids the strain-rate 

frequency superposition was used as the oscillatory behavior of the ferrofluid under magnetic 

field resembled that of soft materials. In soft materials such as hard sphere suspensions, 

emulsions, foams, etc, the strain-dependent viscoelastic measurements show that beyond a 

critical yield strain, the storage modulus decays as a power-law while the loss modulus 

exhibits a peak and decays as a power law. The ratio (υ’/υ”) of the exponents of G’ to G” is 

2.
222, 223

 Frequency sweep measurements show that both the storage and loss moduli are 

weakly dependent on frequency. A shallow minimum in the G” near the lowest 

experimentally accessible frequencies followed by a pronounced maximum is considered as 
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an indicator for a cross-over from solidlike to liquidlike behavior. The frequency independent 

modulus indicates that the structural relaxation occurs at a longer time scale or at a very low 

frequency. The cross-over from solidlike to liquidlike behavior due to low frequency 

structural relaxation is difficult to detect because such relaxation frequencies are below the 

accessible range of rheometers. This problem was circumvent by Wyss et al.
176

 by forcing the 

relaxation into an accessible frequency region using SRFS which has been applied to a broad 

variety of soft materials like suspensions,
176, 224

 emulsions,
224

 foams,
176

 polymers,
225, 226

 soft 

tissues
227

 and interfacial particle monolayers
228

.  

The structural relaxation time (tr) is related to the applied strain-rate amplitude ( 0
 ) as 

176
 

0

0

'
11

K
ttr

                                                (5. 1) 

To isolate the frequency response due to structural relaxation of the soft matter system, the 

strain-rate is maintained constant by simultaneously varying both the strain amplitude and the 

angular frequency. Wyss et al.
176

 observed that the response of hydrogel spheres dispersed in 

water was shifted to higher frequencies with increasing strain-rate amplitude while the 

general shape of the curves remains unaltered by 0
 . The low frequency response was 

liquidlike with the G” > G’ where both the moduli scaled with frequency as a power law, 

with a ratio of 2 between the exponents of G’ and G”. In the high frequency region, G’ was 

greater than G” and the storage modulus reached a plateau while the loss modulus showed a 

peak followed by a shallow minimum. Using this approach, the rescaled moduli in both 

magnitude and frequency were superimposed onto a single master curve. The underlying 

concept of this method is that factors other than the probe frequency can drive the relaxation 

in materials. The first ever such technique was employed in polymer melts where the 
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equivalence between probe frequency and temperature was used to study the dynamics of the 

system.
229

 In this method, termed as time-temperature superposition (TTS), the response of 

polymeric systems shifts to higher frequency by increasing the temperature. In electrostatic 

complexes time-salt superposition was demonstrated by Spruijt et al.
230

, where the salt 

concentration was the deciding factor in enhancing the process. Cramer et al.
231

 demonstrated 

time-humidity superposition where hydration played the role similar to temperature in TTS. 

These superposition experiments revealed that probing the dynamics of the system at very 

low frequencies is equivalent to probing the dynamics at higher strain-rate, temperature, salt 

concentration or humidity depending on the system under consideration. The observed 

similarity between viscoelastic responses of the ferrofluid and soft materials suggest that the 

low frequency response or the structural relaxation in ferrofluid can be probed by the SRFS 

method.  

5.3.4 Strain-Rate Frequency Superposition  

The SRFS experiments were performed in the ferrofluid under constant values of the 

magnetic field at different strain-rates between 0.02 to 1 s
-1

. The results are shown in Fig. 

5.4. At a field of 160 mT (Fig. 5.4 (a)), for a strain-rate of 0.02 s
-1

, the high frequency 

storage modulus is larger than the loss modulus and exhibits a plateau. This indicates that the 

suspension exhibits a solidlike nature at higher frequencies. 
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Figure 5.4: Frequency dependent storage (closed symbols) and loss (open symbols) moduli 

measured at constant strain-rates of 0.02, 0.1 and 1.0 s
-1 

at (a) 160 mT and (b) 340 mT. 

With decrease in frequency, both G‟ and G” decrease and the response becomes liquidlike 

beyond a frequency of 0.38 rad/s (G” > G’). This behavior is reminiscent of soft materials. 

As the strain-rate increases, the cross-over point shifts to a higher frequency. Thus the 

previously non-observable solidlike (elastic) to liquidlike (viscous) transition (Fig. 5.3) has 

been observed within an accessible frequency window. Similar results are observed at 340 

mT as shown in Fig. 5.3 (b). The experiments performed at other magnetic fields (40 and 

530 mT) also showed that the transition occurs within the accessible frequency range under 

constant strain-rate. In the frequency region between the cross-over point and the storage 

modulus plateau, it is seen that G’ decreases with decreasing frequency and becomes almost 

close to G”. In this region, the ferrofluid exhibits a weak solidlike or gellike behavior due to 

a weakened microstructure. The low frequency moduli at different strain-rates and magnetic 

field strengths are found to vary as a power law (G’ (ω) α ω
 –υ’

 and G” (ω) α ω
 -υ”

). The 

exponents υ’ and υ” and their ratio (υ’/υ”) at different magnetic fields and strain-rates are 
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summarized in Table 5.1. It is observed that at magnetic fields above 40 mT, the ratio is 

almost close to 2 as in the case of soft materials. 

Table 5.1: The exponents υ’ and υ” and their ratio (υ’/υ”) at different magnetic fields and 

strain-rates. 

Magnetic 

field (mT) 

Strain-rate (s
-1

) υ' υ" υ‟/ υ" 

 

40 

0.02 

0.05 

0.1 

0.5 

1.0 

0.86 

1.06 

1.29 

1.49 

1.64 

0.69 

0.71 

0.74 

0.86 

0.89 

1.25 

1.49 

1.74 

1.73 

1.84 

 

160 

0.02 

0.05 

0.1 

0.5 

1.0 

1.25 

1.39 

1.52 

1.49 

2.07 

0.67 

0.71 

0.83 

0.92 

0.99 

1.86 

1.96 

1.83 

1.62 

2.1 

 

340 

0.02 

0.05 

0.1 

0.5 

1.0 

1.31 

1.44 

1.47 

1.62 

1.80 

0.68 

0.78 

0.85 

0.90 

0.96 

1.93 

1.85 

1.73 

1.8 

1.9 

 

530 

0.02 

0.05 

0.1 

0.5 

1.0 

1.18 

1.45 

1.58 

1.66 

1.74 

0.55 

0.74 

0.81 

0.91 

0.92 

2.14 

1.96 

1.95 

1.82 

1.89 

On application of SRFS at a given strain-rate and magnetic field, a clear transition from a 

low frequency viscous response to a high frequency elastic response (Fig. 5.4) was observed. 

Here, the relaxation from the elastic behavior at high frequency to the viscous behavior at 

low frequency is induced by the applied strain. Parthasarathy et al.
216

 reported that in ER 

fluids nonlinearity due to the rearrangement of clusters is induced by decreasing the 

deformation frequency by maintaining a strain greater than the critical strain. In SRFS, for a 

particular magnetic field, the strain amplitude exceeds the critical strain in the low frequency 

region. In this region, the hydrodynamic forces appear to be negligible while the 



                        Chapter 5 

113 

 

magnetostatic force drives the particles into positions where the net force on the particle is 

zero at every instant. This results in the rearrangement of particles in the side chain leading to 

a viscous response. The rearrangement occurs due to the motion of particles in the side 

chains during an oscillation when the competing magnetostatic and hydrodynamic forces 

cause the particle to move a fraction of its diameter in the direction perpendicular to the shear 

flow.
216, 218

 In monodisperse ER fluids, this relaxation mechanism is characterized by the 

time which is independent of the size of the particle.
218

 As the frequency increases, 

hydrodynamic forces begin to dictate the particle motion. Though magnetic force influences 

the particle motion in the direction perpendicular to the applied shear, the time available for 

the structures to rearrange is not sufficient during the oscillation at such high frequencies.
218

 

Hence due to non rearrangement of particles at high frequencies, the response is linear (i.e. 

elastic). This explains the observed transition from a low frequency viscous behavior to a 

high frequency elastic behavior.  

For each magnetic field, the SRFS responses at different strain-rates were rescaled in moduli 

and frequency as Gscaled = G/Gc and ωscaled = ω/ωc using the method of Spruijt et al.
230

 The 

scaling factors ωc and Gc are the values of the frequency and modulus at the cross-over point. 

It is observed that on rescaling, the data at different strain-rates can be superimposed onto a 

master curve. Fig. 5.5 shows the master curve obtained for magnetic fields of 160 and 340 

mT. The master curve at 530 mT is shown in Fig. 5.6 (a). Indeed the curves at all magnetic 

fields can be collapsed onto one single master curve as shown in Fig. 5.6 (b). This collapse 

suggests that the cross-over modulus, Gc should scale with the magnetic field or in turn the 

coupling constant. The plot of Gc with λ is shown in the inset of Fig. 5.6 (b). It is seen that Gc 
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varies with λ as a power law with exponent of 0.7, 0.58, 0.54, 0.45 and 0.5 for the strain-rates 

of 0.02, 0.5, 0.1, 0.5 and 1 s
-1

, respectively. 
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Figure 5.5: Constant strain-rate frequency sweep measurements shifted onto master curves at 

magnetic fields of (a) 160 mT and (b) 340 mT. Solid symbols represent storage modulus and 

open symbols represent loss modulus. 
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Figure 5.6: (a) Constant strain-rate frequency sweep measurements shifted onto master curve 

at magnetic field of 530 mT (b) Constant strain-rate frequency sweep measurements shifted 

onto one single master curve at magnetic fields of 40, 160, 340 and 530 mT. Solid symbols 

represent storage modulus and open symbols represent loss modulus. The colors blue, green, 

orange and brown represent data at magnetic fields of 40, 160, 340 and 530 mT, respectively. 
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Inset of (b) shows the cross-over modulus as a function of coupling constant for different 

strain-rates. 

5.3.4.1 Effect of Strain-Rate 

The variation of the scaling factors ωc and Gc with strain-rate for different magnetic fields is 

shown in Fig. 5.7. The frequency scaling factor (ωc) increases with the strain-rate as a power 

law. The exponents for the power law dependence of ωc on strain-rate are 0.9, 1.0, 0.8 and 

0.8 for magnetic fields of 40, 160, 340 and 530 mT, respectively. These values are almost 

close to unity and are in agreement with that observed in soft materials (~1).
176
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Figure 5.7: (a) Cross-over frequency and (b) cross-over modulus as functions of strain-rate 

for magnetic fields of 40, 160, 340 and 530 mT. 

The increase in ωc is about two orders of magnitude as the strain-rate is increased from 0.02 

to 1 s
-1

. The amplitude scaling factor (Gc), on the other hand, varies weakly with the strain-

rate. The increase in the Gc is about half an order of magnitude for the lowest magnetic field 

(40 mT). As the field strength increases, Gc becomes almost strain-rate independent. The 

increase in ωc with strain-rate is attributed to the fact that the rearrangement of structures 
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happens quickly in the presence of a larger strain-rate as the strain amplitude is higher in this 

case. Hence the relaxation observed from such rearrangements is shifted to a higher 

frequency.  

5.3.4.2 Effect of Magnetic Field 

Having studied the structural relaxation process in ferrofluid and the effect of strain-rate on 

such relaxation the next objective was to probe the role of magnetic field on the relaxation 

phenomenon. 
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Figure 5.8: SRFS data under constant strain-rate of (a) 0.5 s

-1 
and (b) 1 s

-1 
at magnetic fields 

of 20, 80, 200 and 530 mT. Solid symbols represent storage modulus and open symbols 

represent loss modulus.  

The magnetic field dependence of the relaxation time and Gc were analyzed by performing 

the SRFS experiments at a fixed strain-rate by varying the magnetic field as shown in Fig. 

5.8. It was observed that at a strain-rate of 0.5 s
-1

 (Fig. 5.8 (a)), as the magnetic field is 

increased up to 200 mT, the transition from the linear to nonlinear behavior is shifted to 

higher frequencies. Above 200 mT, a decrease in the cross-over frequency is noticed. Similar 

results were observed for SRFS experiments performed at a strain-rate of 1 s
-1 

(Fig. 5.8 (b)).  
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Figure 5.9: (a) Relaxation time and (b) cross-over modulus as functions of magnetic field at 

three different strain rates - 0.1, 0.5 and 1 s
-1

. 

The cross-over parameters were plotted as a function of magnetic field in Fig. 5.9. In terms 

of the structural relaxation time, tr (=2π/ωc), we see that the tr decreases with increase in 

magnetic field up to ~ 200 mT and increases beyond this, as seen in Fig. 5.9 (a). For instance 

at a strain-rate of 0.1 s
-1

 the relaxation time decreased from 4.8 to 1.7 s as the field was varied 

from 40 to 200 mT and the relaxation time increased to 3.3 s at 530 mT. Similar observations 

were recorded at other strain-rates. This shows a striking similarity with the earlier 

observation that the field induced structures are different in the two magnetic field regimes; 

region 1(40-160 mT) and region 2 (≥ 160 mT). The variation of tr with magnetic field can be 

explained as follows. In region 1, the microstructure of the ferrofluid mainly consists of gap 

spanning chains with or without small side chains laterally attached (zippered chains)
232

 to 

them as shown in schematic Fig. 5.10 (a). The controlling factors for the relaxation of the 

structures here are the applied strain-rate and magnetic field. The magnetic field defines the 
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critical strain for transition from linear to a nonlinear behavior. From Fig. 5.2 (b) it is 

observed that the critical strain decreases as the magnetic field increases up to 160 mT and 

increases slightly thereafter. A decrease in critical strain with increasing electric field was 

also observed in ER fluids.
216

 As the critical strain decreases, the domination of the 

hydrodynamic forces on the microstructure begins at higher frequencies, which in turn leads 

 

Figure 5.10: (a) Schematic picture of the microstructure of the ferrofluid and (b) optical 

phase contrast microscopic images of the ferrofluid under increasing magnetic field. The 

scale bar in microscopic image corresponds to 10 μm. 

to a reduction in the relaxation time. In region 2, it is observed that tr increases with increase 

in magnetic field for all the strain-rates. This sudden change in the dependence of tr on 

magnetic field indicates that the nature of the field induced structures in this region is 

different from that of region 1. Clusters with larger sizes are known to exhibit relaxation at 

lower frequencies than those with smaller sizes as particles in the outer chains of the clusters 
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undergo large excursions perpendicular to the shear flow (z direction) during oscillation.
218

 

The hydrodynamic resistance on these outer spheres is larger than that on spheres in the side 

chains in region 1 resulting in a restricted motion at smaller frequencies.
218

 Hence the 

relaxation time increases for clusters with larger thickness. This coincides with our 

observation of increase in relaxation time with field in region 2 suggesting that in this region, 

the thickness of the field induced structures is larger than those of region 1. The evolution of 

the field induced structures is supported by microscopic images showing few chains and their 

subsequent growth into thick bundles comprising large number of chains under increasing 

magnetic field as shown in Fig. 5.10 (b). 

Chirikov et al.
142

 showed that relaxation time in ferrofluids continuously increases with 

magnetic field with time less than 10 s which is almost similar to those observed in our study. 

Kroell et al.
149

 demonstrated in ferrofluid containing silica-coated magnetic nanoparticles 

that the relaxation time is approximately 15 s as obtained from the maximum of the 

imaginary part of the complex viscosity although the dependence of relaxation time on the 

magnetic field was not clear from their study. Simulation studies on ER fluids
218

 also show 

that the time scales are almost similar to those observed in the present study. In the 

simulation studies by Soto-Aquino et al.
215

 it was observed that despite the particles being 

considered to be non-interacting an elastic response was obtained under oscillating shear. 

The cross-over frequency denoting the transition from elastic to viscous response 

monotonically increased with increase in magnetic field indicating a decrease of the 

ferrofluid relaxation time with increasing magnetic field.  

The variation of Gc with magnetic field further supports the claim about the nature of field 

induced structures in the two regions. Fig. 5.9 (b) shows that for all strain-rates, Gc increases 
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weakly with magnetic field in region 1 and drastically in region 2. The microstructure in 

region 1 as described involves the growth process where the length of the side chains 

attached to the gap spanning chain as well as the number of such structures increases. In 

region 2, the process of zippering involving the lateral coalescence of large number of side 

chains occurs. This leads to the formation of clusters with greater thickness than those in 

region 1 giving rise to a dramatic increase in Gc with magnetic field. ER fluids also exhibit 

similar increase in storage modulus with increasing electric field.
216

 Thus, the SRFS 

experiments give new insights into the nature and the evolution of field induced structures. 

Under sufficiently strong magnetic field, the Brownian and repulsive forces become 

negligible where the magnetic and hydrodynamic forces dictate the rheological behavior of 

the ferrofluid system. The competition between these forces decides the system response. In 

oscillatory measurements this competition is revealed in both the linear and nonlinear 

deformations. At low strain amplitudes and low frequency the magnetic force dominates and 

the response becomes linear. At higher strain or frequency, the hydrodynamic force begins to 

compete with the magnetic force leading to an effective motion of the particles through 

rearrangements and hence the behavior becomes nonlinear. 

5.4 Conclusions 

The field induced structural relaxation in ferrofluid is studied using oscillatory rheology. 

Using the scaling factors obtained from the frequency and modulus at the cross-over point in 

oscillatory rheological measurements, the constant strain-rate frequency sweep data are 

superimposed onto a single master curve. The frequency scaling factor (ωc) increased with 

the strain-rate as a power law with an exponent value close to unity whereas the amplitude 

scaling factor (Gc) is almost strain-rate independent at high magnetic field strengths. The 



                        Chapter 5 

121 

 

structural relaxation resulting from rearrangement of particles occurred more easily as the 

strain-rate increases. These rearrangements occur when the particles in the side chains 

attached to the single-sphere-width gap spanning chain undergo motion perpendicular to the 

shear flow due the competition between the hydrodynamic and magnetostatic forces and are 

reflected as transition from solidlike to liquidlike rheological response. The relaxation time 

exhibited a decrease with magnetic field up to 200 mT and an increase thereafter. The Gc on 

the other hand shows an increase with the magnetic field. The magnetic field dependence of 

the relaxation time and cross-over modulus indicates two distinct regimes. Region 1 

comprises of small and thin linear chains with a few particles attached to its side while the 

region 2 contains thick zippered structures. These results suggest that the ferrofluid 

microstructure under magnetic field is similar to a soft solid with relaxation governed by the 

imposed strain-rate and the magnetic field. The new insight into the relaxation behavior of 

field induced aggregates in ferrofluids may find use in applications ranging from medicine to 

opto-electronic devices.   
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 Effect of Multiwalled Carbon Nanotubes on the 

Magnetorheological Properties of Ferrofluid   

6.1 Introduction 

The tunable nature of the rheological properties of ferrofluids has been exploited in several 

applications such as in magnetofluidic seals,
73

 lubricants,
74

 density separation,
75

 ink jet 

printers,
76

 refrigeration,
77

 clutches,
78

 tunable dampers
79

 and tunable heat transfer fluids.
80

 

Magnetic field is the main parameter controlling the rheological properties of ferrofluids by 

tuning the dipolar interactions between the magnetic particles. However the 

magnetorheological properties of ferrofluids can be significantly altered in the presence of 

nonmagnetic entities. These nonmagnetic additives can alter the effective dipolar interaction 

and hence the microstructure of the ferrofluid under magnetic fields. Because the 

magnetorheological properties of ferrofluids is being exploited in several applications such as 

static and dynamic seals, dampers, actuators etc, optimization of the properties such as yield 

stress, magnetic hysteresis, etc using additives that do not influence the inherent physical 

properties of the ferrofluid is very important. Although studies have been carried out to 

understand how additives such as carbon nanotubes influence the mechanical behavior of 

MR fluids
233, 234

 such studies are scarce in ferrofluids. In MR fluids, multiwalled carbon 

nanotubes are mainly added to improve their sedimentation stability. Suspensions containing 

carbonyl iron coated MWCNT were found to show enhanced viscosity and stress in presence 

of magnetic field with better sedimentation stability and faster magnetic response.
233-236

 

However, the effect of such additives on the magnetorheological properties of ferrofluids has 

not been studied.  

The aggregation, caused by the highly attractive van der Waals (vdW) forces which results in 

poor dispersibility of CNTs in base fluids, is a major obstacle for their potential use. Several 

Chapter 6 
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dispersion techniques have been proposed to obtain stable dispersions of nanotubes. 

Mechanical methods such as ultrasonication produce CNT dispersions but are marred by the 

subsequent agglomeration of the dispersed CNTs. Chemical methods involve use of 

surfactants (non covalent) or functionalization (covalent) of CNTs that change their surface 

energy.
237

 However, surface modification which involves acid treatments to attach carboxylic 

acid groups that impart electrostatic repulsion between CNTs may digest the nanotubes 

leading to severe change in their aspect ratio. On the other hand non-covalent methods such 

as the use of surfactant or polymer molecules that get adsorbed on the CNT surface providing 

either charge or steric stabilization have been employed to disperse carbon nanotubes in 

basefluids. Surfactants such as sodium dodecyl sulfate (SDS), Triton X-100, lithium dodecyl 

sulfate (LDS), Polysiloxane, etc, polymers, biomacromolecules like DNA or polypeptides, 

etc are commonly used.
238-240

  

Studies on magnetic nanoparticles decorated CNTs showed that the CNTs can be 

manipulated by an external magnetic field.
154, 156

 A study by Zhenyu et al.
158

 showed that 

addition of biological nanotubes to ferrofluid resulted in an enhanced viscosity under a 

magnetic field. These studies revealed that coupling between magnetic nanoparticles and 

carbon nanotubes was responsible for the enhancement in magnetorheological property of 

ferrofluids. On the other hand when magnetic nanoparticles in a ferrofluid do not actually 

couple with the CNTs, a different result is expected. The CNTs instead of being manipulated 

by the field could alter the field induced properties which could lead to an opposite effect 

than the one observed with magnetic nanoparticles coupled to CNTs. Possible reduction in 

magnetorheological behavior could arise due to the hindrance to structure formation in the 

presence of CNT. This can be useful from the application point of view where ferrofluid is 
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used as a heat transfer fluid.
241

 Such applications require ferrofluid to flow easily, that is, to 

have lower yield stress so that heat is efficiently removed at low pumping power. Lowering 

the particle concentration will result in lower yield stress but with a compromise on the 

conductivity output. Under such circumstances, addition of pristine CNTs which have 

extraordinary mechanical and electronic properties could provide an optimal condition 

wherein the thermal conductivity is enhanced while the yield stress is reduced. Moreover 

pristine CNTs are preferred over surface modified CNTs, as the functional groups added to 

the surfaces of CNTs can distort the planar sp
2
 geometry of the carbon atoms thereby 

reducing the electrical conductivity of the nanotubes.
242

 The objective of the present study 

was to probe the role of pristine CNTs on the magnetorheological behavior of an oil based 

ferrofluid.  

6.2 Experimental Details 

Magnetite nanoparticles dispersed in kerosene at θ = 0.087 was used for the present study. 

The magnetite particles were synthesized by co-precipitation technique as discussed in 

Chapter 2. Multiwalled carbon nanotubes were dispersed in the ferrofluid as described by 

the method in Chapter 2. The pure ferrofluid and the ferrofluid containing CNT are 

henceforth referred as FF and CNT-FF, respectively. The CNT-FF was stable for a few days 

after which the CNTs showed a slight settling. The suspensions were homogenized using a 

vortex mixer prior to the experiments. The magnetorheological measurements were 

performed as described in Chapter 2. 
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6.3 Results and Discussion 

6.3.1 Properties of the Ferrofluid 
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Figure 6.1: (a) Hydrodynamic size distribution of Fe3O4 nanoparticles and (b) magnetization 

curve of FF and CNT-FF. Inset (i) Transmission electron microscopy image of pristine 

carbon nanotubes (ii) thermogravimetric curve of Fe3O4 nanoparticles Inset of (b) Zoomed 

view of the saturation magnetization of FF and CNT-FF. 

The average hydrodynamic diameter of the Fe3O4 nanoparticles obtained from dynamic light 

scattering measurements shown in Fig. 6.1 (a) was ~10 nm. The size distribution showed that 

the particles in the ferrofluid were monodisperse. The VSM measurements on the ferrofluid 

sample (Fig. 6.1 (b)) showed that the FF has a saturation magnetization of 27.1 emu g
-1

 and 

CNT-FF has a saturation magnetization of 26.8 emu g
-1

. The bare magnetite nanoparticles 

used in the ferrofluid were superparamagnetic in nature with a saturation magnetization of 

~70 emu g
-1

. The transmission electron microscopy (TEM) image of the CNT is shown in 

inset (i) of Fig. 6.1 (a). The TGA curve in inset (ii) of Fig. 6.1 (a) indicated three step weight 

losses at 90, 185 and 450 °C. The first loss which occurred at 90 °C was due to the removal 
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of the base fluid. The second and third steps were due to the removal of the free and bound 

surfactant (oleic acid) molecules, respectively.  

FF CNT-FF

(a)

FF CNT-FF

(b)
 

Figure 6.2: Photographs of FF and CNT-FF (a) without magnetic field and (b) under a 

magnetic field. 

Figs. 6. 2 (a) and (b) show the photographs of FF and CNT-FF without magnetic field and 

with magnetic field, respectively. It can be seen that both the dispersions (FF and CNT-FF) 

are lifted by the magnetic field indicating that the CNTs in CNT-FF are uniformly distributed 

(otherwise the CNT would have been phase separated from the ferrofluid). In general, a 

ferrofluid under a normal magnetic field exhibits spikes on its surface (called Rosensweig 

instability) when the magnetic force dominates over the forces of surface tension and 

gravity.
68, 243

 These spikes or distortions adopt a close-packed hexagonal pattern due to 

surface instability of suspended particles. The presence of CNTs reduces the net 

magnetization of the CNT-FF system (as seen from inset of Fig. 6.1 (b)) due to the non-

magnetic CNT that leads to a lower magnetic response of the CNT-FF fluid. Saad et al.
244

 

observed that the surface tension increases with increasing concentrations of bare 

nanoparticle and CNT in basefluids. When the CNTs get closer to each other, the van der 
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Waals force increases which in turn increases the energy at the surface resulting in a higher 

surface tension. The combined effect of the reduction in magnetization and increase in 

surface tension probably leads to the absence of Rosensweig instability in CNT-FF.  

6.3.2 Steady Shear Rheology  
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Figure 6.3: Viscosity curves of (a) FF and (b) CNT-FF at magnetic fields of 0, 20, 40, 60, 

80, 120, 200 and 340 mT. 

Fig. 6.3 (a) shows the viscosity curves for FF at different magnetic fields. In the absence of 

magnetic field, the nanoparticles are well dispersed in the fluid. On application of the 

magnetic field, the magnetic nanoparticles interact via dipolar interaction. When the λ >> 1, 

the individual particles aggregate to form chainlike structures aligned along the direction of 

the magnetic field with a distribution of chain lengths.
187, 245

 Zippering occurs at higher fields 

producing thick columns of particles eventually leading to a decrease in the energy of the 

system.
33, 119, 120, 123

 The field induced structures (chains and columns) hinder the flow of the 

ferrofluid resulting in an increase in the viscosity of the system. On application of shear, 

shear thinning of the ferrofluid is observed both in the absence and presence of magnetic 

field. In dilute suspensions, shear thinning is caused by the decrease of the Brownian 
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contribution to the viscosity. Brownian motion tends to restore the equilibrium configuration, 

but, as the strength of the flow increases, the relative time scale available for the Brownian 

movement to achieve structural relaxation progressively decreases.
170

 The ratio of Brownian 

to flow time is given by the Peclet number defined in Eqn. (2.4). As Pe increases with shear 

rate, the restoring effect of the Brownian motion reduces. This explains the typical shear 

thinning behavior observed at 0 mT below a shear rate of 10 s
-1

. Beyond 10 s
-1

, Newtonian 

behavior is observed wherein the viscosity of the ferrofluid remains constant with shear rate 

indicating that no further rearrangement occurs. Under magnetic field, shear thinning is 

caused by the breaking down of the field induced structures by the shear forces.
116

 The 

hindrance to flow of the ferrofluid is reduced and the viscosity decreases.  

For small magnetic field (20 mT), the shear thinning is followed by a Newtonian behavior for 

shear rates above 10
-2

 s
-1

. For magnetic fields lying between 20 and 80 mT, the suspension 

shows a strong shear thinning behavior for the entire range of shear rates studied. At 80 mT, 

a small hump like region is observed initially in the shear rate range of 10
-4

 to ~10
-2

 s
-1

 

followed by shear thinning. As the field strength increases the hump develops into a plateau 

which becomes more prominent at higher magnetic fields. The plateau region arises due to 

the fact that the field induced chains, that are shorter than the gap between the rheometer 

plates, are oriented at an angle c with respect to the magnetic field direction.
221

 The 

microstructure of the ferrofluid under these conditions of magnetic field can sustain the shear 

force and hence the system exhibits Newtonian viscosity. The width of the plateau region 

increases as the magnetic field increases. This means that the magnetic field strengthens the 

microstructure of the ferrofluid so as to accommodate a larger shear force. As the shear force 

gains momentum with increasing shear rate, the microstructure collapses leading to a 
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decrease in the viscosity. For fields greater than 20 mT, the shear thinning continues up to the 

highest shear rate (10
3 

s
-1

). This shows that the field induced structures are not fully broken 

down but persist even up to the highest shear rate.  

The viscosity curves of the system under magnetic field are altered by the presence of carbon 

nanotubes. A comparison between the viscosity curves of FF and CNT-FF (Fig. 6.3 (a) and 

(b)) reveals that at 20 mT, the viscosity of FF is greater than that of CNT-FF. This shows that 

CNTs affect the field induced structure formation by weakening the dipolar interaction 

between the particles. With increase in magnetic field the viscosity of CNT-FF increases but 

it is still lower than that of FF. The CNTs make the field induced structures more susceptible 

to shear deformation. Another important observation is that the hump seen in FF at 80 mT is 

suppressed in CNT-FF. The shear resistant plateau seen in FF at 120 mT occurs in CNT-FF 

only at fields greater than 200 mT. This indicates that CNTs disrupt structure formation in 

ferrofluid under magnetic field by weakening the dipolar interaction between particles thus 

making the microstructure weaker and susceptible to breakage by shear forces. 

6.3.3 Yield Stress Measurements  

The weakening of the microstructure of the ferrofluid in the presence of nanotubes is further 

evident from the yield stress measurements. The flow curves at various magnetic fields for 

both FF and CNT-FF were fitted with the Herschel-Bulkley model and the yield stresses 

were determined. The static yield stress for both the systems plotted as a function of the 

magnetic field strength is shown in Fig. 6.4 (a). 
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Figure 6.4: (a) Static yield stress and (b) dynamic yield stress of FF and CNT-FF as a 

function of magnetic field strength. The static yield stress varies as a power law with 

magnetic field strength with exponents of 1.6 ± 0.0018 and 1.3 ± 0.0048 for FF and CNT-FF, 

respectively. The dynamic yield stress varies as a power law with magnetic field strength 

with exponents of 1.92 ± 0.002 and 2.04 ± 0.005 for FF and CNT-FF, respectively. 

It is observed that the static yield stress of FF scales with magnetic field strength as a power 

law with an exponent of 1.6 ± 0.0018. For CNT-FF, the static yield stress is lower than that 

of FF. Obviously, the CNTs embedded in between the field induced structures lead to 

weakening of these structures. Thus the system starts flowing at lower stresses than that 

needed to cause flow in FF where the dipolar interaction between the particles is strong. The 

dependence of static yield stress on H for CNT-FF is sub-quadratic with an exponent of 1.3 ± 

0.0048 i. e., 3.1Hy . According to Ginder et al.
199

 in the linear magnetization regime, the 

yield stress scales quadratically with magnetic field as given by Eqn. (3.8).  However, Lopez 

et al.
54

 observed that the yield stress varies sub-quadratically with H if there are additional 

interactions other than hydrodynamic and magnetic in the system. For organo-clay added MR 

fluids, they found that the yield stress is given by 4.1Hy suggesting that the colloidal 
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interactions between the iron particles, clay-clay, and clay-iron interactions lead to deviation 

from the values reported by Ginder et al.
199

 In the present study, the deviation observed in 

case of FF could be due to the contributions from thermal energy while in CNT-FF, it should 

be due to both the thermal energy contribution and CNT interactions.  

The dynamic yield stress of both FF and the CNT-FF are almost similar as seen in Fig. 6. 4 

(b). The dynamic yield stress scales with magnetic field strength as a power law with 

exponents of 1.92 ± 0.002 and 2.04 ± 0.005 for FF and CNT-FF, respectively. The stress 

needed to break the aggregates that reform under magnetic forces at higher shear rates is 

expected to be almost the same for FF and CNT-FF as the influence of CNT on the ferrofluid 

microstructure at high shear rates is negligible. Hence the exponents are almost the same for 

both the systems.  

6.3.4 Mason Number Scaling 
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Figure 6.5: Field specific viscosity vs. Mason number for FF and CNT-FF at magnetic fields 

of 20, 40, 60, 80, 120, 140, 200, 280 and 340 mT. Closed symbols denote FF and open 

symbols denote CNT-FF. 



                        Chapter 6 

132 

 

In order to identify the interactions governing the rheology of pure ferrofluid and the CNT-

ferrofluid composite, the field specific viscosity (Eqn. (3.11))
192, 193

 is plotted against the 

Mason number (Eqn. (3.3)) in Fig. 6.5. It is seen from Fig. 6.5 that the field specific 

viscosity plotted against the Mason number gives a very good collapse of the experimental 

data at different field strengths onto a single master curve for both FF and CNT-FF, above 80 

mT. It is expected that if interactions other than hydrodynamic and magnetic are present in 

the system, viscosity curves do not collapse onto a single master curve as observed by Lopez 

et al.
199

 in a MR fluid containing additional interactions such as clay-clay, clay-iron etc. In 

the present study, the Mason number scaling is observed at higher magnetic fields (≥ 80 mT). 

At such high fields the effect of CNT is less pronounced or negligible. At lower magnetic 

fields, deviation from the master curve is observed as seen in Fig. 6.5 because of interaction 

between CNT and magnetic particles as well as the thermal energy which are present in 

addition to the hydrodynamic and magnetic forces. It is also observed that the field specific 

viscosity scales as a power law with Mason number with exponents lying between 0.58 and 

0.66 for the magnetic fields. 

6.3.5 Magnetic Hysteresis   

The viscosities of FF and CNT-FF under magnetic field sweep at different constant shear 

rates are shown in Fig. 6.6 (a) – (f).  
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Figure 6.6: Viscosity as a function of magnetic field for FF and CNT-FF at shear rate of (a) 

0.001 (b) 0.01 (c) 0.1 (d) 1 (e) 10 and (f) 100 s
-1

. 

At a shear rate of 10
-3 

s
-1

, the viscosity of FF increases as the magnetic field is increased from 

zero to 350 mT. On decreasing the field, the viscosity decreases but is higher than the 

viscosity during the increase of the field thus exhibiting a hysteresis behavior. The hysteresis 

is attributed to the fact that the relaxation time of the field induced structures is larger than 

the measurement time (10 s).
71

 Once the field is completely switched off the viscosity returns 

back to its initial value. On removal of the magnetic field, the magnetic moment of the 

particle relaxes by either the Neel or the Brownian mechanism
118, 137

 with timescales given 

by Eqn. (1.10) and Eqn. (1.11). The typical values of B and N  for the particle of diameter 

~10 nm used in this study are 6.27×10
-7

 and 2.46×10
-9 

s, respectively. However, as the field 

induced structures are of larger dimensions, they have quite larger relaxation times than that 

of a single particle. When the measurement time is smaller than the actual relaxation time of 
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these structures, they do not relax that causes the viscosity during the backward magnetic 

field sweep to be higher than that during the forward sweep. The hysteresis effect is found to 

reduce with increasing shear rates. The hysteresis area as a function of shear rate for FF and 

CNT-FF is shown in Fig. 6.7.  

For FF, the hysteresis area shows a power law decay y = ax
q
 with shear rate with an exponent 

of q = -0.68 ± 0.0016. The shear force breaks down the larger field induced structures, 

resulting in smaller structures that have lower relaxation times. The observed decrease in 

hysteresis area with increase in shear rate suggests that the shear forces drive the relaxation 

of the field induced structures. 
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Figure 6.7: Hysteresis area as a function of shear rate for FF and CNT-FF. The exponents for 

FF and CNT-FF are -0.68 ± 0.0016 and -0.49 ± 0.051, respectively. 

Similar measurements carried out on CNT-FF show that the viscosity increases with 

increasing magnetic field but the increase is lower when compared to that in FF. This can be 

explained on the basis of the weakening of microstructure of the ferrofluid due to the 
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presence of CNT. As the field increases, the dipolar interaction energy increases leading to 

the formation of larger heterogeneous structures. When CNTs are present, they disturb the 

formation of these structures by decreasing the effective dipolar energy between two particles 

or two smaller chains. The effective interaction between individual particles or chains 

decreases thus resulting in smaller field induced structures. Hence at a given shear rate, the 

increase in viscosity of CNT-FF is lower than that of FF. The most important consequence of 

the presence of CNT is that the hysteresis effect is reduced. The hysteresis area of CNT-FF is 

lower than that of FF and its decay with shear rate follows a power law with an exponent of -

0.49 ± 0.051. In many practical applications, hysteresis is an unwanted effect as it delays the 

switching behavior. Therefore, this finding may have important implications in practical 

applications as in ferrofluid sealants which require quick demagnetization of the ferrofluid on 

the removal of magnetic field.  

6.3.6 Dynamic Rheology 
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Figure 6.8: Storage (closed symbols) and loss (open symbols) moduli as function of strain 

amplitude at magnetic field of 40, 60, 80 and 220 mT for (a) FF and (b) for CNT-FF. 
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Oscillatory measurements were carried out to study the dynamic behavior of FF and CNT-

FF. Amplitude sweep measurements were performed under a constant angular frequency of 

10 rad/s under different constant values of the magnetic field. Fig. 6.8 (a) and (b) show that 

both the systems exhibit pure liquid like behavior in the absence of magnetic field. Even at 

20 mT (not shown here), FF shows viscous behavior as the field induced structures are 

smaller to span the gap between the rheometer plates. 

When the field is increased to 40 mT, the storage modulus becomes greater than the loss 

modulus and exhibits a strain independent LVE region. This elastic or solidlike behavior of 

the ferrofluid arises from the growth of chains and columns and the subsequent spanning of 

the gap between the rheometer plates by these field induced structures which impart a rigid 

nature to the ferrofluid. The LVE region extends up to a strain amplitude of 1.5 % beyond 

which, the structures breakdown under the action of the applied strain. The resulting 

microstructure dissipates most of the energy and hence the system exhibits a viscous 

behavior with G” > G’. As the magnetic field is further increased, the magnitude of the 

storage modulus as well as the length of the LVE region increases. At a strain amplitude of 1 

%, the value of G’ at 40 and 220 mT are 6.3 and 193 Pa, respectively. This show that under 

increasing magnetic fields, the microstructure continuously evolves from individual particles 

to chains to thick columns which are long enough to connect the rheometer plates and 

withstand a certain amount of strain. Yet another notable observation is that the loss modulus 

which is associated with the energy dissipation in the system also increases with magnetic 

field which is due to the presence of smaller non gap-spanning chains that do not move 

affinely with the applied deformation. The CNT-FF system on the other hand exhibits elastic 

behavior starting from 80 mT, below which the system is viscous with G” > G’. Comparison 
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with FF shows that a higher magnetic field is required to produce strain sustainable 

microstructure in CNT-FF, because of the interpenetration of the CNT in the ferrofluid 

matrix and the subsequent weakening of the ferrofluid microstructure. Though the 

microstructure of CNT-FF at 80 mT is capable of withstanding strain, quantitatively it is 

weaker than that of FF which is evident from the lower G’ at 80 mT for CNT-FF system (17 

Pa compared to 51 Pa for FF). 

The magnetite nanoparticles are stabilized with surfactant molecules which provide steric 

hindrance between particles, preventing aggregation of particles. Under an external magnetic 

field, the magnetic dipole moments of the nanoparticles interact through the potential energy 

U (r, θ) given by Eqn. (1.2).
124

  The dipolar energy tries to align the magnetic nanoparticles 

while the thermal energy randomizes them. When the coupling constant is much greater than 

one, the particles align to form chains. With increase in magnetic field the chains grow in 

length. The distribution of chain lengths favors energy minimization through the zippering 

phenomenon where the microstructure evolves from single chains to columns due to the 

lateral aggregation of single chains. The chains and columns can grow long enough to span 

the gap between the rheometer plates imparting solidlike nature to the ferrofluid under 

magnetic field. In CNT-FF, the unmodified CNTs are present as individual CNT and 

aggregates (owing to the large van der Waals interaction between them) interspersed between 

the magnetite nanoparticles. As the aggregation of particles into chains under magnetic field 

progresses, the CNTs get trapped between the particles. This reduces the effective dipolar 

interaction between particles at points where the CNTs are present. The same occurs during 

zippering wherein the nanotubes get trapped between chains. The trapping of CNTs within 

the zippered structures is evident from the microscopic pictures shown in Fig. 6.9.  
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Figure 6.9: Phase contrast microscopic images of (a) FF and (b) CNT-FF in the presence of 

magnetic field. 

The points where CNTs are present become points of preferred shear breakage. Thus in the 

presence of CNT, the overall field induced microstructure of the ferrofluid is weakened. This 

explains the observed decrease in viscosity, yield stress and storage modulus of the CNT-

ferrofluid composite as compared to the pure ferrofluid under an external magnetic field. 

6.4 Conclusions  

The effect of multiwalled carbon nanotubes on the magnetorheological properties of oil 

based ferrofluid of θ = 0.087 was studied. Both the pure as well as the composite ferrofluid 

showed enhancement in viscosity with magnetic field due to the formation of heterogeneous 

structures like chains and columns. At larger magnetic field, a shear resistant microstructure 

develops in the pure ferrofluid due to a peculiar alignment of the chains with respect to the 

applied field direction (i.e. c ). This was followed by shear thinning of the suspension 

viscosity due to the dominant action of the shear force in disrupting the field induced 

structures. On the other hand, carbon nanotube-ferrofluid nanocomposite exhibited a weak 

microstructure indicated by the shifting of shear resistant plateau in the viscosity curve to 

higher magnetic fields. The yield stress dependence on the magnetic field strength for the 
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pure and composite ferrofluid systems revealed that the presence of carbon nanotubes 

decreased the dipolar interaction strength of the ferrofluid and weakens their microstructure. 

Moreover, the composite system exhibited a lower yield stress than the pure system. Mason 

number scaling revealed very good collapse of the viscosity curves at different magnetic 

fields onto a single master curve for both the pure and composite ferrofluid systems for 

magnetic field above 80 mT, which showed that for such high magnetic fields, only the 

hydrodynamic and magnetic interactions were dominant. The composite system exhibited 

smaller hysteresis than the pure system which was attributed to the weakened microstructure 

of the ferrofluid in the presence of CNTs which relaxes faster when the magnetic field was 

decreased. The decrease in the hysteresis area with shear rate suggested that shear forces 

augment the relaxation phenomenon. The amplitude sweep measurements further confirm the 

weakening of the ferrofluid microstructure in the presence of carbon nanotubes. The 

observed lowering of yield stress and magnetic hysteresis in the presence of a small amount 

of CNT in ferrofluids has important implications in their technological applications.
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Effect of Hydrophilic Silica Nanoparticles on the 

Magnetorheological Properties of Ferrofluid   
 

7.1 Introduction 

The potential use of ferrofluids in technological applications depends on the coupling 

between the suspended magnetic nanoparticles and the hydrodynamics of the surrounding 

liquid.
158

 Even modest values of externally applied magnetic fields are sufficient to increase 

the viscosity of the ferrofluid by several orders of magnitude due to the strong coupling. 

However due to the substantial decrease in the magnetoviscosity of ferrofluids under shear, 

their use in applications is limited. Zhenyu et al.
158

 proposed a strategy to overcome this 

problem by replacing the conventional spherical magnetic particles with stiff magnetic 

nanotubes of Tobacco mosaic virus (TMV) coupled with magnetic nanoparticles. As the 

TMV-based structures are much longer and mechanically far more stable, the resulting 

viscosity enhancement is greater and is less susceptible to shear thinning. In a similar 

manner, the introduction of micron-sized silica in oil-based ferrofluids (inverse ferrofluids) 

has been found to enhance their magnetorheological properties.
98-100

 Inverse ferrofluids 

produce viscosity enhancements comparable to MR fluids.
246

 Dipolar interactions are 

induced between the nonmagnetic particles on application of a magnetic field.
101

 The effect 

of hydrophobic and hydrophilic silica particles added to magnetorheological fluids were 

studied by Alves et al.
247

 who observed that hydrophilic silica in MR fluid showed higher 

values of the viscosity, yield stress and viscoelastic moduli than those with hydrophobic 

silica. However, the effect of hydrophilic silica on the magnetorheological behavior of 

ferrofluids has not been studied. In the present work, the effect of hydrophilic fumed silica 

nanoparticles on the magnetorheology, yield stress, viscoelastic moduli, columnar aggregate 

Chapter 7 
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formation and zippering transitions in ferrofluids were studied. The objective of this work 

was to probe and understand this relationship between the micro-nanostructures in the 

presence of non-magnetic additives and rheological properties under practical situations from 

a technological applications perspective. 

Hydrophilic fumed silica particles contain silanol groups (Si-OH) on their surface and form 

stable nanofluids in polar medium.
248

 However, under certain conditions, fumed metal oxide 

particles in aqueous media also undergo gelation. Cao et al.
249

 have demonstrated the 

formation of silica gels by varying the ionic strength of the dispersion by the addition of salt 

solutions. Binks et al.
250

 reported the stabilization of emulsions using a mixture of oppositely 

charged nanoparticles. The stabilization was achieved through heteroaggregation in two 

particles mixtures which increases the hydrophobicity of the particles resulting in their 

adsorption on oil droplets thereby increasing their stability. Recently, Weston et al.
251

 have 

shown that pseudosolid gels are formed even at low concentrations (1.5 vol %) in aqueous 

dispersions of binary mixtures of fumed metal oxide nanoparticles in which one type of 

particle is positively charged and the other is negatively charged. The electrostatic 

interactions between the oppositely charged nanoparticles result in heteroaggregation of two 

different nanoparticle species creating a network of heteroaggregates spanning the entire 

fluid where the gel region lies between the isoelectric points of the two particles. When 

subject to shear, the binding forces are broken resulting in a flow. Such heteroaggregation in 

binary mixtures has been reported by several groups.
252-255

 On the other hand, in a nonpolar 

medium the solvent does not interact with the hydrophilic fumed silica particles. The 

bridging between the silica particles through hydrogen bonding between the surface silanol 

groups results in the formation of 3D network and a consequent gellike behavior even at 
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lower concentrations. Thus, in nonpolar medium particle-particle interactions dominate over 

the particle-solvent interactions while in polar medium vice-versa occurs.
248

 The different 

behavior of hydrophilic fumed silica in different solvents depends on the hydrogen bonding 

capability of the solvent.
256

 For liquids with strong hydrogen bonding ability, a solvation 

layer forms on the surface of silica through hydrogen bonding between liquid molecules and 

surface silanol groups (Si-OH) which gives rise to short-range non-DLVO repulsions while 

for liquids with no hydrogen bonding ability, the silanol groups on neighboring silica 

particles interact directly by hydrogen bonding leading to gelation.
256

 

7.2 Experimental Details 

Magnetite nanoparticles dispersed in kerosene at θ = 0.087 was used for the present study. 

The magnetite particles were synthesized by co-precipitation technique as discussed in 

Chapter 2. Hydrophilic Silica nanoparticles were dispersed in the ferrofluid as described by 

the method in Chapter 2. The pure ferrofluid and the ferrofluid containing silica are 

henceforth referred as FF and FF-silica, respectively. The suspensions were homogenized 

using a vortex mixer prior to the experiments. The magnetorheological measurements were 

performed as described in Chapter 2. 

7.3 Results and Discussion 

7.3.1 Properties of the Ferrofluid 

Fig. 7.1 (a) shows the hydrodynamic size distribution of the magnetite nanoparticles obtained 

from dynamic light scattering measurement. The nanoparticles are found to be fairly 

monodisperse with an average size of ~10 nm. The VSM measurements (Fig. 7.1(b)) show 

that magnetite nanoparticles used in the ferrofluid are superparamagnetic in nature with a 

saturation magnetization of ~70 emu g
-1

. 
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Figure 7.1: (a) Hydrodynamic size distribution (b) magnetization curve of Fe3O4 

nanoparticles and (c) thermogravimetric curve of ferrofluid. 

Fig. 7.1 (c) shows the weight loss curve obtained from TGA measurements indicating three 

step weight losses at 90, 185 and 450 °C. The first weight loss at 90 °C is due to the removal 

of the base fluid. The second and third steps are due to the removal of the free and bound 

surfactant (oleic acid) molecules, respectively.  

7.3.2 Steady Shear Rheology 

Fig. 7.2 (a) and (b) show the viscosity curves of FF and FF-silica under different magnetic 

fields. In the absence of magnetic field, the nanoparticles are under constant Brownian 

motion. On application of the magnetic field, the magnetic nanoparticles interact via dipolar 

interaction with the interaction energy given by Eqn. (1.2).
124

 When the dipolar interaction 

energy between the particles exceeds their thermal energy, the particles align in a tip-to-tip 

manner forming linear chainlike followed by zippering to form columnar aggregates aligned 

along the direction of the magnetic field.
119, 142
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Figure 7.2: Viscosity curves at magnetic field of 0, 20, 40, 80, 120, 200 and 340 mT for (a) 

FF and (b) FF-silica. The viscosity curve of silica of volume fraction 0.098 in kerosene is 

shown in (b). The magnified view of the boxed regions of (a) and (b) are shown in (c) and 

(d), respectively. 

The presence of chains and thick columns offer hindrance to the flow of the ferrofluid 

leading to an increase in the viscosity under magnetic field. In the presence of shear, the field 

induced chains and columns are broken down by the hydrodynamic force resulting in a 

decrease of viscosity.
116

 

FF shows shear thinning behavior at all magnetic fields as seen in Fig. 7. 2 (a). However at 

80 mT and above, a small hump is seen at low shear rates followed by a shear thinning 

response. The hump develops into a plateau at higher magnetic fields. This is due to the 

arrangement of chains at a specific angle with respect to the magnetic field.
221

 The FF-silica 

also exhibits an increase in viscosity with magnetic field and a shear thinning response (Fig. 
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7.2 (b)). However, the viscosity of FF-silica is lower than that of FF at all magnetic fields. 

Interestingly, the shear resistant plateau observed in FF disappeared in FF-silica. The shear 

resistant plateau in FF and its absence in FF-silica are shown magnified in Fig. 7.2 (c) and 

(d).  

7.3.3 Degree of Shear Thinning 

The addition of silica nanoparticles to the ferrofluid has a profound effect on the degree of 

shear thinning. The degree of shear thinning is given by the exponent (c) of the power law fit 

( c ) to the viscosity curves at different magnetic fields in the high shear rate region 

between 10 and 1000 s
-1

. The exponents plotted as a function of magnetic field for FF and 

FF-silica are shown in Fig. 7.3. 
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Figure 7.3: Degree of shear thinning at shear rate above 10 s
-1

 as a function of the magnetic 

field for FF and FF-silica. 



  Chapter 7 

146 

 

It is observed that FF exhibits higher degree of shear thinning than FF-silica in the high shear 

rate region. The degree of shear thinning of both the systems increases with magnetic field 

and saturates above 200 mT.  

7.3.4 Yield Stress Measurements 

The influence of silica on the rheology of ferrofluid is seen in the yield stress values whose 

dependence on the magnetic field strength is shown in Fig. 7.4. The yield stress values were 

obtained by fitting the stress-shear rate plots to Herschel-Bulkley model.
196-198

 It is observed 

that both the static and dynamic yield stresses of FF-silica are lower than that of FF for all 

values of magnetic field. The yield stress dependence on magnetic field strength for both FF 

and FF-silica follows a power law. The exponents of static yield stress for FF and FF-silica 

are 1.6 ± 0.002 and 1.02 ± 0.008, respectively. The exponents of dynamic yield stress for FF 

and FF-silica are 1.92 ± 0.002 and 1.59 ± 0.005, respectively.  
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Figure 7.4: (a) Static yield stress and (b) dynamic yield stress of FF and FF-silica as 

functions of magnetic field strength.  

Ginder et al.
199

 reported that yield stress scaling with magnetic field strength depends on the 

magnetic field regimes as described in Section 3.3.3. In the linear magnetization regime, the 
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yield stress depends on the square of the magnetic field strength as given by Eqn. (3.8). In 

systems with interactions other than magnetic and hydrodynamic, the yield stress was found 

to depend on H in a sub quadratic manner by Lopez et al.
54

 in organo-clay added 

magnetorheological fluids where 4.1Hy . The deviation from the quadratic dependence as 

reported by Ginder at al.
199

 is attributed to the colloidal interactions between the iron 

particles, clay-clay and clay-iron. The decrease in exponent below 2 for the plot of yield 

stress vs. magnetic field strength was also reported by Fei et al.
61

 in magnetorheological 

fluids containing carbonyl iron particles with single walled carbon nanotubes as filler 

material. This decrease is attributed to the saturation of the particle magnetization. As the 

field strength increases, the polarization forces between magnetic particles increase favoring 

the formation of chainlike structures and columns. At high magnetic fields, the particle 

magnetization saturates, which in turn leads to a saturation of the polarization force resulting 

in decrease in the exponent from 2.0 to 1.5 which occurred at a critical magnetic field Hc. In 

other words,  

2Hy
, H < Hc                                                              (7. 1) 

2/3Hy
, H > Hc                                                                                          (7. 2) 

For the MR fluid studied by Fei et al.
61

 the critical field strength for the exponent change was 

found to be 151.74 kA/m. Similar observations were reported in MR fluids containing 

carbonyl iron particles coated with polyaniline (PANI) shell and a multiwalled carbon 

nanotube nest.
59

 In the present study, the magnetic fields used are below the saturation 

magnetic field and hence the lower exponents in both FF and FF-silica in the present work 

are attributed to contributions from the thermal motion and colloidal interactions between 

silica particles. 
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7.3.5 Mason Number Scaling 

Fig. 7.5 shows the plots of the field specific viscosity as a function of the Mason number,
192-

194
 which signifies the ratio of the magnetic and hydrodynamic forces. If the rheology of a 

system is purely controlled by magnetic and hydrodynamic forces, then the viscosity curves 

at different magnetic fields will scale onto a single master curve. If additional forces like 

Brownian, colloidal, etc. act on the system, then the scaling will not be perfect. 
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Figure 7.5: Field specific viscosity vs. Mason number at magnetic fields of 40, 60, 80, 120, 

140, 160, 200, 280 and 340 mT for (a) FF and (b) FF-silica.  

The viscosity curves at different magnetic fields collapse onto a single master curve above 80 

mT for FF and 60 mT for FF-silica, which signifies that the rheology of the suspension is 

controlled entirely by the magnetic and hydrodynamic forces. The deviation from the master 

curve is an indication of the presence of additional interactions such as thermal, colloidal etc. 

in the system.
54

 In the present study, the deviations observed in FF below 80 mT can be 

attributed to the dominant thermal energy contributions. In FF-silica, the silica-silica 

colloidal interactions show up as deviation in the low Mason number region, which is 

prominent at low magnetic field (40 mT). 
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7.3.6 Magnetic Hysteresis 

The evolution of field induced structures and its effect on rheological properties is studied by 

performing magnetic field sweeps at constant shear rates, the results of which are shown in 

Fig. 7.6.  
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Figure 7.6: Viscosity as a function of magnetic field for (a) FF and (b) FF-silica at shear rate 

of 0.01, 0.1, 1, 10 and 100 s
-1

.  Closed and open symbols represent increasing and decreasing 

magnetic field, respectively. 

The viscosities of both FF and FF-silica increase with magnetic field. On reversal of the 

field, the viscosities of both the systems decrease but with a hysteresis behavior, which is 

attributed to the higher relaxation time of the field induced structures than the measurement 

time (10 s).
71

 The hysteresis area of FF-silica is smaller than that of FF. The reduction in 

hysteresis implies that the size of the field induced structures in FF-silica is lower than those 

present in FF as the colloidal interactions between silica particles dominate over the dipolar 

interactions between magnetic nanoparticles. In FF-silica, a 3D network is formed by silica 

particles which interact via hydrogen bonding between the silanol groups present on the 

particle surface. On application of magnetic field, the magnetic nanoparticles confined within 
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the 3D network begin to interact through dipolar forces thereby forming chains aligned along 

the field direction. The structures thus formed are smaller and weaker as the silica network 

hinders the interaction between the magnetic nanoparticles.  

7.3.7 Rheomicroscopic Experiments 
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Figure 7.7: The rheomicroscopic images of FF and FF-silica at (a,e) 0.01 s
-1

 (b,f) 0.1 s
-1

 (c,g) 

1 s
-1

 and (d,h) 10 s
-1

 at a magnetic field of 18.5 mT. The images were taken perpendicular to 

the plane of shear (top view) for diluted samples of FF and FF-silica. The scale bar 

corresponds to 100μm. The corresponding line profiles of the images for (i-l) FF and (m-p) 

FF-silica. The direction of the magnetic field is perpendicular to the plane of the images and 

is indicated by . 
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The field induced microstructures during rheological measurements were directly visualized 

using a rheomicroscope. The microstructural evolution of the field induced structures at a 

magnetic field of 18.5 mT is shown in Fig. 7.7 (a) - (d) for FF and Fig. 7.7 (e) – (h) for FF-

silica. The images were taken perpendicular to the plane of shear (top view) for diluted 

samples. For FF, at 0.01 s
-1

 (Fig. 7.7 (a)), the microstructure consists of columnar structures 

seen as dots in the image. As the shear rate increases to 0.1 s
-1 

(Fig. 7.7 (b)), the columnar 

structures are disrupted and their number decreases. With further increase in shear rate, the 

structures begin to align along the shear flow direction as seen at 1 s
-1 

(Fig. 7.7 (c)) and 10 s
-1

 

(Fig. 7.7 (d)). In the case of FF-silica, at 0.01 s
-1 

(Fig. 7.7 (e)) and 0.1 s
-1 

(Fig. 7.7 (f)) the 

columnar structures are seen as smaller dots and silica flocs are seen as big spheres 

(encircled). As the shear rate is increased to 1 s
-1

 (Fig. 7.7 (g)) and then to 10 s
-1 

(Fig. 7.7 

(h)), the columnar structures as well as the silica network are disrupted slightly and are 

aligned along the shear flow direction. The line profiles for the images are shown in Fig. 7.7 

(i) – (l) for FF and Fig. 7.7 (m) – (p) for FF-silica. The diameter of the columns varies 

between 9.92 and 13.98 μm. For FF-silica, the average diameter of the field induced columns 

is 5.32 μm while the silica flocs appear larger with size of about 27 to 40 μm. The smaller 

diameters columnar structures observed in FF-silica indicates that the intervening silica 

matrix hamper the zippering transitions in FF-silica. 
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Figure 7.8: (a) Maximum increase in viscosity and (b) hysteresis area as functions of shear 

rate for FF and FF-silica. The exponent of the power law fit in (b) for FF is -0.68 ± 0.013. 

FF-silica (dotted line in (b)) has exponents of -0.9 ± 0.016 and -0.092, between the shear 

rates 10
-2

 to 1 s
-1

 and 10 to 100 s
-1

, respectively. 

Fig. 7.8 (a) shows that the maximum viscosity increase in FF-silica is almost an order of 

magnitude lower than that of FF at lower shear rates. The difference decreases at higher shear 

rates. The hysteresis area decreases with shear rate for both FF and FF-silica as shown in Fig. 

7.8 (b). The larger field induced structures are destroyed by the shear forces and the resulting 

smaller structures have lower relaxation times which lead to a decrease in the hysteresis 

effect. The hysteresis area exhibits a power law decay with shear rate (i.e., qaxy ) with q = 

-0.68 ± 0.013 for FF. For FF-silica the plot shows two different regions 10
-2

 to 1 s
-1

 and 10 to 

100 s
-1

 with exponents -0.9 ± 0.016 and -0.092, respectively. The smaller exponent above 10 

s
-1

 indicates the insignificant hysteresis at higher shear rates.  

7.3.8 Dynamic Rheology 

The linear and nonlinear viscoelastic measurements were carried out on both FF and FF-

silica under constant values of magnetic field.   
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Figure 7.9: Storage (closed symbols) and loss (open symbols) moduli as function of strain 

amplitude at magnetic fields of 40, 60, 80, 100, 120, 160 and 220 mT for (a) FF and (b) for 

FF-silica. The right axis of (b) corresponds to storage and loss moduli for silica of volume 

fraction 0.098 in kerosene. 

The amplitude sweep measurements in FF at a fixed angular frequency and magnetic field, 

(Fig. 7.9 (a)) show LVE region at lower strain amplitude with the strain independent storage 

modulus being greater than the loss modulus. In the LVE region, the system is predominantly 

elastic with G’ > G”. The elastic or solidlike nature is attributed to the gap-spanning field 

induced structures, which undergo affine deformation. As the strain amplitude exceeds 

certain a critical value, G’ begins to decrease and falls below G” due to the rearrangement of 

particles within the chains and also due to the destruction of the field induced structures. The 

system becomes predominantly viscous with G” > G’. The magnitudes of the storage and 

loss moduli increase with magnetic field as the number and the size of the field induced 

aggregates increase. At any given field there is a distribution of chain lengths.
187, 245

 The gap-

spanning structures contribute to the increase in G’ while the unpinned or non gap-spanning 

ones contribute to G”.
103, 206

 The increase in magnitude of the viscoelastic moduli with field 
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and the elastic to viscous transition under increasing deformation are also observed in FF-

silica (Fig. 7.9 (b)). However, the elastic behavior is evident in FF-silica only for fields 

above 60 mT (at low strains) while FF exhibits such behavior even at 40 mT. Also, the 

storage moduli in the LVE region at 220 mT are 187 and 20 Pa for FF and FF-silica, 

respectively. The almost one order reduction in the magnitude of G’ in the presence of silica 

is attributed to the hindrance to the formation of field induced structures in the presence of 

the intervening silica and colloidal interactions.  
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Figure 7.10: Storage (closed symbols) and loss (open symbols) moduli as function of 

angular frequency at magnetic fields of 60, 80, 120, 160 and 200 mT for (a) FF and (b) for 

FF-silica. The right axis of (b) corresponds to storage and loss moduli for silica of volume 

fraction 0.098 in kerosene. 

The results of the linear viscoelastic measurements in Fig. 7.10 (a) show transition from 

elastic to viscous behavior in the presence of magnetic fields for FF. The storage modulus is 

greater than the loss modulus at high frequencies. As the frequency decreases, both the 

moduli decrease and the response of the ferrofluid becomes predominantly viscous (G” > G’) 

below a particular frequency. Thus a transition from elastic to viscous behavior is observed 
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under a magnetic field. The transition is attributed to the rearrangement of particles within 

the zippered chains.
218

 On the other hand, in FF-silica both the moduli decrease as the 

frequency decreases but with a fully elastic behavior (G’ > G”) throughout the frequency 

region. The predominant elastic response in FF-silica is due to the presence of silica network. 

In FF-silica, the hydrophilic silica particles do not interact with the surrounding carrier fluid 

due to the inability of the latter to form hydrogen bonds. On the other hand, the silanol 

groups on the surface of the silica particles interact via hydrogen bonding forming aggregates 

which in turn results in the formation of a continuous 3D network of silica particles. On 

application of a magnetic field, the magnetite particles within the 3D network begin to form 

structures aligned along the direction of the magnetic field. When subject to an oscillatory 

shear, both the silica network and the field induced structures, undergo deformation. At 

higher frequencies, the time available for deformation is much smaller than the relaxation 

time of the silica network and that of the field induced structures and hence an elastic 

behavior is observed. At low frequencies, the time scale of deformation is larger than the 

time required for particle rearrangements within the field induced chains and hence 

relaxation occurs within the field induced structures. However, the surrounding silica 

network does not relax within the experimental time scale, which is evident from the 

frequency dependent measurements on pure silica (θ = 0.098) in the base fluid shown in Fig. 

7.10 (b). While the silica network does not relax, the field induced structures within the 

network do so at smaller frequencies. Thus, the observed decrease in G’ with decrease in 

frequency is attributed to the particle rearrangements within the field induced structures 

while the predominant elastic behavior throughout the frequency region probed is due to the 

non relaxation of the surrounding silica network.  
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The results show that the addition of hydrophilic silica nanoparticles influences both the 

steady shear as well as the dynamic rheology of the ferrofluid significantly under a magnetic 

field. The presence of hydrophilic silica lowers the magnetoviscosity, the yield stress and the 

viscoelastic moduli of the ferrofluid. It also reduces the degree of shear thinning at high shear 

rates and improves the elastic nature under linear deformation which finds useful applications 

in ferrofluid seals, and ferrofluid based actuators.
164, 257

 In FF-silica, the carrier fluid being 

nonpolar has no hydrogen bonding ability and hence does not interact with the silica 

particles. The silanol groups present on adjacent silica particles interact through hydrogen 

bonding to form a 3D network of silica aggregates. In the absence of magnetic field, the 

magnetic nanoparticles are interspersed within this 3D network. On application of magnetic 

field, the dipolar interactions come into picture. With increase in magnetic field, the 

microstructure of FF-silica develops from the one dominated by colloidal interactions to the 

one dominated by dipolar interactions. With increasing field strength, the microstructure of 

FF-silica evolves from 3D network of silica interspersed with magnetic particles to smaller 

field induced structures and ultimately to gap-spanning structures, all of them embedded 

within the silica matrix. The shear introduces an additional interaction in the system. The 

interplay among the three interactions namely, colloidal, magnetic and hydrodynamic 

determines the rheology of the FF-silica system. 

In the presence of a magnetic field, the low shear rate region (< 10 s
-1

) in FF shows a strong 

shear thinning behavior. This region is dominated by the presence of 3D network with field 

induced structures embedded within them. The breakage of the silica network results in a 

strong shear thinning. This is in agreement with shear thinning observed in a dispersion of 

silica (θ = 0.098) in the carrier fluid as seen from Fig. 7.2 (b). The destruction of the field 
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induced structures also contributes to shear thinning. However, the major contribution is 

from the breakdown of silica network. Above 10 s
-1

,
 
the silica network is completely broken 

down and exists as isolated silica flocs along with the field induced structures that were 

destroyed by the hydrodynamic force (Fig. 7.7). The flocs prevent the dipolar aggregates 

from orienting along the shear planes leading to a decrease in the degree of shear thinning. 

The presence of silica lowers the yield stress of the ferrofluid as seen in Fig. 7.4 indicating 

that FF-silica starts to flow at lower stresses than FF. In the presence of silica, the dipolar 

interactions between magnetic particles are weakened and the resultant microstructure starts 

to flow at lower stress than that required in FF and hence the static yield stress of FF-silica is 

lower than that of FF. The dynamic yield stress which corresponds to the stress required to 

break aggregates reforming in the presence of magnetic forces at high shear rates, is also 

lower for FF-silica due to the reduced dipolar aggregation in presence of the intervening 

silica. The yield stresses of FF-silica increase with magnetic field as a power law. The lower 

exponent of FF-silica (1.02 and 1.59 for static and dynamic, respectively) corroborates the 

prominent role of colloidal interactions in the system. 

The colloidal interactions among silica aggregates hinder the formation of dipolar aggregates 

among magnetic particles. Hence, as in the case of viscosity, the viscoelastic moduli in FF-

silica are lower than that of FF. The linear viscoelastic measurements show the absence of 

elastic to viscous transition in FF-silica. In ferrofluids and magnetorheological fluids, when 

the microstructure is composed of central gap-spanning chains with side chains attached to 

them (zippered structures),  a transition from high frequency elastic to low frequency viscous 

response is observed. When the microstructure is subjected to an oscillatory deformation, the 

particles in the side chains undergo motion perpendicular to the shear direction.
218

 At higher 
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frequencies the time scale available for particle rearrangement is greater than the 

experimental time scale and hence no relaxation occurs, which leads to an elastic 

behavior.
216, 218

 Single particle-width chains undergo affine deformation without any 

relaxation and hence G’ in such case is independent of the frequency.
218

 In FF-silica, under 

magnetic field, G’ dominates over G” over the entire frequency regime probed and both the 

moduli decrease with decreasing frequency. The decrease in the moduli is attributed to the 

slight particle rearrangements within the field induced structures while the predominant 

elastic response over the entire frequency range probed is due to the non relaxation of the 

surrounding silica network. Relaxation may occur at larger time scales or at lower 

frequencies than that are probed here. 

The amplitude sweep measurements in FF-silica shows purely viscous behavior below 40 

mT. At 60 mT and above, the LVE region at lower strains becomes prominent, the reason 

being that the dipolar force is not strong enough to overcome the colloidal silica interactions. 

As the strain increases, the storage modulus begins to decrease and becomes smaller than the 

loss modulus at higher strains. The critical strain, at which G’ decreases, is larger than that of 

FF at magnetic fields below 100 mT, above which the critical strain becomes smaller than 

that of FF. The pure silica in the base fluid shows a critical strain of ~9 %, which supports 

the argument that colloidal interactions dominate at low fields while dipolar interactions 

dominate at high fields. 
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Figure 7.11: The schematic of the microstructure of hydrophilic silica nanoparticles in (a) 

polar and (b) nonpolar solvent, magnetic nanoparticles (c) in the absence and (d) in the 

presence of magnetic field, magnetic nanoparticles within silica network (e) in the absence 

and (f) in the presence of magnetic field. 

The schematic of the ferrofluid microstructure drawn based on the findings of the present 

study is shown in Fig. 7.11. The schematic of the microstructures of hydrophilic silica 

particles alone in polar and nonpolar solvents are shown in Fig. 7.11 (a) and (b), 

respectively. In polar solvents, the silanol (Si-OH) groups present on the particle surface 

form hydrogen bonds with the surrounding solvent molecules giving rise to a well dispersed 

suspension of particles as seen in Fig. 7.11 (a). In nonpolar solvents, the adjacent silica 

particles interact through the formation of hydrogen bonds between the silanol groups due to 

the inability of the solvent molecules to form hydrogen bonds with the particles. Thus, a 



  Chapter 7 

160 

 

flocculated network of particles is formed as shown in Fig. 7.11 (b). Fig. 7.11(c) and (d) 

show the schematic of the microstructure of pure FF in the absence and presence of magnetic 

field, respectively. In the absence of field, the magnetite particles are well dispersed in the 

base fluid while in the presence of field, chains and columnar structures are formed. Fig. 

7.11(e) and (f) show the schematic of the microstructure of FF-silica in the absence and 

presence of magnetic field, respectively. In the absence of field, the magnetite particles are 

dispersed within the silica network. In presence of field, the field induced structures aligned 

along the magnetic field direction are formed within the 3D silica network. However, due to 

the presence of colloidal silica network, the field induced structures are smaller in size in FF-

silica.  

7.4 Conclusions 

The effect of hydrophilic silica on the magnetorheological properties of an oil based 

ferrofluid containing Fe3O4 nanoparticles of size ~ 10 nm was studied. A small concentration 

of silica nanoparticles in ferrofluid is found to lower the yield stresses and viscoelastic 

moduli because of the weakening of dipolar interactions due to the intervening silica 

nanoparticles.  Furthermore, the presence of silica also reduces the degree of shear thinning 

and the yield stresses power law exponents were < 2. The ferrofluid containing silica exhibits 

a dominant elastic behavior over the entire frequency region probed under the linear 

oscillatory shear, a reduced hysteresis during the magnetic field sweeps and a longer linear 

viscoelastic regime under nonlinear deformation. The rheomicroscopic images show that the 

columnar aggregate structures along the field directions at low shear rates are reoriented 

along the shear flow direction at high shear rates. The image analysis showed that the 

average diameter of the columnar aggregates in pure ferrofluid varies between 9.92 and 
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13.98 μm while it is ~ 5.32 μm in mixed FF-silica system. The lower size of the columnar 

aggregates shows that the intervening silica matrix hampers the zippering transition of 

columns at higher magnetic field and shear rates. Our results suggest that optimization of 

rheological properties of ferrofluids is possible by carefully adjusting the silica particle 

concentration and the results may find practical applications in dynamic seals, actuators, heat 

transfer, sensors and opto-fluidic devices, etc.  
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Conclusions and Recommendations for Future Work 

 
8.1 Conclusions 

The magnetorheological properties of ferrofluids containing sterically stabilized magnetite 

nanoparticles dispersed in kerosene are studied in the absence and presence of additives. 

The change in the microstructure is evident from the viscosity enhancement of the ferrofluid 

under the influence of a magnetic field. The application of magnetic field to the ferrofluid 

results in the alignment of the magnetic moments of the particles along the field direction 

leading to the formation of chains and columns when the coupling constant exceeds unity.  

When subjected to a shear force, the ferrofluid exhibits a shear thinning behavior due to the 

breaking of the field induced structures and their reorientation along the shear flow. Above a 

magnetic field of 40 mT, the low shear rate region of the viscosity curve shows a “plateau-

like region” due to the peculiar alignment of the chains with respect to the field direction 

where the structure is stable against fragmentation. The size and number of the field induced 

structures increase with increase in magnetic field leading to an increase in the viscosity and 

yield stresses. By employing the Mason number for the first time in ferrofluids, it has been 

shown that the viscosity curves at different magnetic fields scale onto a single master curve 

because of the dominant magnetic and hydrodynamic forces over the thermal force. As the 

magnetic field is decreased gradually, the field induced structures relax back leading to a 

decrease in viscosity, with a hysteresis because of the mismatch between the relaxation time 

of these structures and the measurement time. The hysteresis area decreases with shear rate 

as a power law with an exponent of -0.64, indicating the augmentation of relaxation by the 

shear force. Under oscillatory shear, the ferrofluid exhibits a viscoelastic behavior. The 

amplitude sweep measurements show linear response at low strain amplitudes and a 
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nonlinear behavior at higher strains due to the destruction of field induced structures. A 

transition from the high frequency elastic to low frequency viscous response is observed in 

the frequency dependent measurements, which is attributed to the movement of particles 

within the chains and columns.  

The microstructure of the ferrofluid under magnetic field and shear is studied using a 

rheomicroscope. In the absence of shear, columnar aggregates, formed by particle 

aggregation, are observed under a magnetic field. The size of the columnar aggregates 

increases drastically with magnetic field for the concentration range θ = 0.0031 to 0.0063 

while it increases slightly for the θ range of 0.00078 to 0.0012. The increase in the columnar 

size is attributed to the zippering transitions that occur when chains are in off registry 

undergo lateral coalescence to form larger size aggregates. For the ferrofluid concentrations 

studied, the typical diameter of the columns varies from 7 to 41 μm. Zippering is also 

confirmed from the decrease in the number density of the columns with magnetic field. The 

changes in the ferrofluid microstructure are reflected as increase in the macroscopic viscosity 

of the ferrofluid. Under shear, the columns begin to dealign from the direction of the 

magnetic field and reorient along the shear flow direction. The rheomicroscopic images show 

a disruption of columnar aggregates and their subsequent reorientation along the direction of 

shear. The corresponding macroscopic rheological behavior of the ferrofluids shows a shear 

thinning response. 

Probing of field-induced structures and their dynamics in ferrofluid (θ = 0.046) using 

oscillatory rheology shows that the structural relaxation occurring at low frequencies can be 

shifted to an accessible frequency regime using the strain-rate frequency superposition. Using 

the scaling factors obtained from the frequency and modulus at the crossover point in 
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oscillatory rheological measurements, the constant strain-rate frequency sweep data are 

superimposed onto a single master. The frequency scaling factor (ωc) increases with the 

strain-rate as a power law with an exponent value close to unity, whereas the amplitude 

scaling factor (Gc) is almost strain-rate independent at high magnetic field strengths. The 

structural relaxation resulting from rearrangement of particles occurrs more easily as the 

strain-rate increases. These rearrangements occur when the particles in the side chains, 

attached to the single-sphere-width gap-spanning chain, undergo motion perpendicular to the 

shear flow due the competition between the hydrodynamic and magnetostatic forces. Such 

rearrangement is reflected as a transition from a solidlike to a liquidlike rheological response. 

The magnetic field dependence of the relaxation time and crossover modulus showed two 

distinct regions, indicating the different microstructures in those regions. These studies show 

that the ferrofluid exhibits a soft solidlike behavior whose relaxation is governed by the 

imposed strain-rate and the magnetic field. 

The addition of multiwalled carbon nanotubes to an oil based ferrofluid of volume fraction 

θ = 0.087 shows a viscosity enhancement lower than that of pure ferrofluid which suggests 

a weakening of the ferrofluid microstructure by the CNTs. The onset of the shear resistant 

plateau observed at 120 mT in pure ferrofluid is shifted to 200 mT in the presence of CNTs. 

The weakening of the ferrofluid microstructure is evident from the decrease in the yield 

stress values of the composite system, indicating that a lower stress is sufficient to cause 

flow in CNT-FF. The static yield stress scales with magnetic field strength as a power law 

with exponents 1.6 and 1.3 for pure ferrofluid (FF) and composite system (CNT-FF), 

respectively against the theoretical value of 2. The lower exponent in case of CNT-FF is 

attributed to the influence of thermal fluctuations and the presence of CNT which weakens 
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the magnetic field induced microstructure of the ferrofluid. The Mason number plots for 

both the pure and composite scale onto a single master curve for magnetic fields above 80 

mT. The presence of CNT reduces the hysteresis behavior as a result of the weakened 

microstructure. The hysteresis area decreases with shear rate as a power law with exponents 

of -0.68 and -0.49 for FF and CNT-FF, respectively. The amplitude sweep measurements 

show that the linear viscoelastic region which is observed at 40 mT for FF is shifted to 80 

mT for CNT-FF, which further confirms the weakening of the ferrofluid microstructure in 

the presence of CNTs.  

Hydrophilic silica nanoparticles are found to modify the magnetorheological properties of 

ferrofluids. In a nonpolar oil based ferrofluid containing hydrophilic silica, the magnetic 

particles are embedded within the spanning silica network. On application of a magnetic 

field, the magnetic particles aggregate into chains and columns and are aligned along the 

field direction. The weakened dipolar interaction in presence of silica lowers the viscosity 

and yield stresses of the ferrofluid. The silica network hampers the zippering transition that is 

evident from the rheomicroscopic images. The diameter of the columns for pure ferrofluid 

varies between 9.9 and 13.9 μm and that for ferrofluid with silica is ∼5.3 μm. The degree of 

shear thinning at high shear rates is reduced in the presence of silica owing to the intervening 

silica flocs. The evidence for colloidal interactions between silica particles is seen as lower 

power law exponents (1.02 and 1.59 for static and dynamic, respectively against the 

theoretical value of 2) of the yield stress-magnetic field strength curve. The weakened dipolar 

interactions in the presence of silica network results in an easy relaxation of field induced 

structures during the reversal of the magnetic field and hence a lower hysteresis. The 

oscillatory measurements show that the viscoelastic moduli are drastically reduced in FF-
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silica. Under linear oscillatory shear, the FF-silica exhibits a dominant elastic behavior over 

the entire frequency region due non relaxation of the silica network. During strain dependent 

measurements, a longer linear viscoelastic region (~9%) is observed at magnetic fields below 

100 mT for FF-silica. These studies suggest dominant colloidal interactions at low magnetic 

fields and dipolar interactions at high fields. 

The findings of this thesis show several new insights into the magnetorheological properties 

of oil based ferrofluids that would enable better utilization of these smart fluids for static and 

dynamic applications such as electronic cooling for micro and nanomechanical devices, 

smart dampers, dynamic liquid seals, etc. In particular for cooling applications, the fast 

switching of Brownian particles to linear structures and their retention under flow conditions  

is essential. Further, on reducing the temperature to desired level, the ferrofluid should 

undergo a reversible transition to Brownian particles. Similarly for dynamic sealing 

conditions, the 1-dimenional structures in the region of interest (radial gap for a shaft 

assembly) should remain intact under operation (shear forces). These results also suggest that 

optimization of rheological properties of ferrofluids is possible by carefully adjusting the 

additive concentration for use in practical applications such as in dynamic seals, heat 

transfer, sensors, and opto-fluidic devices, etc. 

8.2 Recommendations for Future Work 

 To optimize the magnetorheological properties of ferrofluids using additives. 

 To study the magnetorheological properties of magnetic nanoparticle-polymer 

nanocomposites. 

 To develop stimulus responsive magnetic gels by optimizing the properties of 

nanoparticle-polymer nanocomposites. 

  To study temperature dependent magnetorheological properties of ferrofluids under 

different experimental conditions. 
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